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Abstract

Nutrient limitation for coastal areasand estuariesin the Baltic Sea Applying linear
regression analysand TN/TP ratido determine the limiting nutrient

Magnus Persson

The purpose of thistudy was to determine the limiting nutrient in acdfetoastal areas

and estuariem the Baltic SeaAlthoughthe subject as been studied for several decades,
no clear consensus has been reached in the scientific commasitityvhetheprimary
production is limited byhosphorus or nitrogen

A total offive coastal areas, all located on the east coast of Sywwded assessed
regarding their limiting nutriertty using three method3 he firstmethodwasapplying
linear regressionralysis ormeasured P and TNconcentration together with
chlorophylta ard Secchi depthl'he data was collected from sampling programs
stretching backo the 1970sand 80sstudying thesummerperiod May to Septembéor
all sitesbut one were the period April to October was studi&tde second method
calculaedthe TN/TP rai during the summer peric@hdcompaedit to the Redfield
ratio. Thirdly, basic mas$alance calculatiawerecarried outwith empirical data on
the external loads and calibrated wtitle yearly averageconcentration in the surface
water(0BLO m) Fromthe calculationshoth the annual external and internal load of TP
and TNwas obtainedThe different TRand TNloadswere likewiseested for a
correlation withthe measuredummerchlorophylta concentratiorand Secchi depth.

The results of using lineaegression analysis aneasuredoncentrations wenaostly
inconclusive, as the Téhd TNconcentrations for all sites and most yeaese related
to each other. Consequently both nutriesftengaveequal correlation coefficients.
Similarly the TPand N loads also matched each other for most sites and years,
inherently obtaininghe same inconclusivyéut alsocontradictoryresults aswhen
using themeasure@oncentrations. The TN/TP ratio indicated, for one site that it was
limited by phosphorus arahothersite possiblynitrogen limitation. The ratio in the
other sites periodically dropped between nitrogen and phasphoritation over the
years.Thusit wasdifficult to draw an overallconclusion as to what nutrient was the
limiting onefor all thesites. However analysing tihesults from thendividual sites
showed that three of the five sitesd signs ophosphorus limitation

Two factors were deemed as being the main reasons as to why the ndedhoats
achievemore conclusive result¥he first factor was thempiricaldata, which varied in
frequency and extent over the studied tpeeodsand between sitesjaking
represerdtive concentrations difficult tealculateand evaluateThe secondwvas the
matching trensbetween both the concenimts and the loads of TP and TN. To
achieve a bettaesult one nutrientouldbe increased or decreased while one remains
relatively constanfThe poblem with such an experiment would dentrollingthe

inflow of nutrientsfrom the adjacent se

Keywords: Eutrophication, Imiting nutrient TP, TN,the Baltic Sea, coastal areas,

massbalance calculations, TN/TP ratio, Redfield raliloear regression analysis
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Referat

Det begrSnsande nSngsSmnet fSrkustomrEden i ...stersjSAnvSndning av linjSr
regressionsanalysch TN/TP kvotfSr att bestSmma det begrSnsande nSringsSmnet
Magnus Persson

Syftet med detta projekt var att bestSauet begrSnsande nSringsSifimedtt antal
kustomrEden i ...stersjsrEgan huruvida fosfor eller kvSradet begrSnsande
nSringsSmnet i kustomr@&den runt ...stersjdn har varit omdiskuterad undevdtera GEr
undersskts vid ett flertal tillfSllen

| denna studi¢estades tre metodérfem olika kustomr@Edemed syftet att faststSlla det
begrSnsandeSringsSmreFsrst anvSndes linjSr regressionsanedgsiuppmStta

vSrden pE Teh TNkoncentrationer tillsammans med klorofgibch Secchidjup.
Empirisk data insamlades frEn Svervakmiragram dSr prover tagits sedan 199¢h
80-talet. MedelvSrden berSknades f@riodenma; till september 3r alla omrEden
fSrutom ett, dSr undersds perioden april till oktobeBommarmedelvSrdena f3r
TN/TP kvoten analyserades ocks( fSr alla omrEdeavseende pE Redfield kvoten.
Slutligen genomfsrdes massbal&esSkningar med data f8r de externa belastningarna
av TP och TNdessa berSkningar kalibrerades sedan med uppmStta vSrden pE
koncentrationen i ytvattnetf20 m). UtifrEn berSkningarna erhgisden pE den
externa och den interna belastningen. Dessa belastningar testades med linjSr regression
f8r ett samband med de uppmStta vSrdena p&E Secchidjup och 4dorofyll

Metoden att anvSnda linj&gressionsanalysed empiriskt uppmStta koncentratione
och djup, gav generelttt oklartresultat. Detta var en fSljd att halterna av b(Ede TP
och TNi regelfsljdes Etyilket fick konsekvensen att korrelatikaefficientenafsr TP
och TN oftavar lika storaSamma problem uppstod fSr regressionsanalysed
belastningarnaj@ven dessa ofta f§ljde varandreenSven motsade resultatet med
koncentrationernaAnalysen av TN/TP kvoten tydde pC att ett omrEde var
fosforbegrSnsat och ett omr@Ede mgjligen var kvSvebegrSnsat. F3r de 3vriga tre
omrEdena skiftad N/TP kvoten undeEren mellan kvSwach fosfobegrSnsning. De
oklara resultaten gjorde det sv@Ertle en Svergripande slutsaBSremovid analyen
avde enskilda omrEdena uppvisade tre av de fem omrEdena tecken p&E
fosforbegrSnsningven om dettmte kunde med sSkerhet faststSllas.

Det var huvudsakligen tv(E faktorer vars inverkan anses ha haft stor betydelse fSr det
oklara resultatet. Den f3rsta faktorn var uppmStt data, vars frekvens och omfattning
skiljde sig avsevSrt mellan Er och plaE#jaktligen fSrsvErades berSkningarna av
koncentrationerna och tillférlitligheten i hur representativa vSrdena var. Den andra och
avgsrande faktorn var de matchande trenderna hos bEde koncentrationerna och
belastningarna. F&r att fsrbSttra resultikamtett nSringsSmne Sndras, medan det andra
nSringsSmnet h@#dativt konstantProblemet med att genomfsra ett sEdant
experimenskulle varaatt kontrollera inflsdet av nSringsSmnen fr&En nSrliggande hav

Nyckelord: Eutrofiering, begrSnsande nSringsSmne, R, TstersjSrkustomrEden,
linjSr regressionsanalys, TN/TP kvot, Redfield kvot, massbalansberSkningar
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PopulSrvetenskaplig sammanfattning

Det begrSnsande nSringsSmnet f&r kustomr@Eden i ...stersfmvSndning av linjSr
regressionsanalys och TN/TP kvot f&r att bestSmma det begrSnsande nSringsSmnet
Magnus Persson

Eutrofiering, ellerdvergddning, Sr nEgam sker nSr ett stort tillskott av

nSringsSmnena kvSve och fosfor sISpps ut i vattenmiljSer. BEde kvSve och fosfor finns
naturligt i vattenmiljer och d&rnddvSndiga nSringsSmnen tiivSxten av bEde

vSxter och lankton. Men nSr kvSve och fosfor sISpps ut i stora mSigEer

mSnskliga kSllor sCE som jordbruk, industrier och reningsverk blir konsekvenserna
Sdesdigra fSr ekosystemen. Toxiska algblomningar, sken regelbundet under
sommahalvEret, fiskddd och sfnia bottnar Sr nEgra av f3ljdeavavergsdning.

Effekterna av SvergsSdningarsyntsi ...stersjSrsedan bSrjan av 1@0talet, men det var
fSrst pE 196@ilet som nSringsSmnet foskSnkades tilvergsdning Vid denna tid
framkombevis f8ratt fosfor \ar det nSringsSmsemreglerade Svergddningen i sjar
vilket Sven kom att tillSmpas fatt kontrollera $vergsdning .stersjsnUnder 1980

och 1996talet uppkondock Sven bevis f&r att kvSve kunde ligga bakom Svergsdning,
fast i kustomr@Eden och i havélera EtgSrder har tagits under Eren f3r att minska
utslSppen av b&Ede kvSve och fosfor, med mSrkbara resultat.

Problemet med ...stersj$n har varit att man inte lyckats bestSmma vilket nSringsSmne
som pEverkar Svergddningen mest, eller mer exakt vilkkegaSnme sorbegrSnsar
primSrproduktionefvSxtplanktonalger och bakterierpetta eftersom salthalten

varierar stort i ...stersjsn, fr@Sckt vattem Bottenviken till saltvatten i Kattegatt.
Generellt brukar fSrskvatten, sCE som sjSar antas vara bedeSnstsfor, medan
saltvatten antas begrSnsas av kvSpeciellt problematiskt hatet dSrfswvarit att

avgsra det begrSnsande nSringsSmnet i kustomr@slefirskvatten och saltvatten

msts.

| detta projekt testades tre metoder, pE fem kustomr@Edevsikten att bestSmma det
begrSnsande nSringsSmnet f&r kustomrEden runt ... dDensjirsta metoden var att
testa sommarmedelvSrdetkmncentrationerna awtakvSve(TN) ochtotaffosfor (TP)

mot ett samband med SvergSdningsindikatorerna Secchidjulorofyll-a. Med
totalkoncentrationerna menas att alla former av kvSve och fosfor mSts, allts@E bEde det
som finns I3st i vattnet och uppbundet i organiska f&renirg@echidjup Sr ett r@EE
siktdjupet, vilket minskar samband med $vergSdniragh $kal primSrproduktion
Klorofyll-a Sr ett mEtt p@EnSrproduktionens biomasisaattnet. Det antogs att det
nSringsSmnet som hade det bSsta sambandet med Svergsdningsindikatorerna ocks@E
skulle vara det begrSnsande. F3r att testa f3r ett samband anvS&ates linj
regressionsanalys, vilkegstar fSr statistiskt signifikanteorrelatoner (samband

mellan tv(E variabler.

Den andra metoden var att ta ut kvoten mellan totalkvSve och totalfosfor (TO¢TP)
jSmfsra den mot Redfield kvoten. Redfield kvoten angeni@Enga kvSveatomer som
behsvs i fsrhEllande till fosforatomer i vSxtplanktonceller, vilket Sr 16 kvSveatomer och
en fosbratom (7.27iktmSssigt Om kvoten Sr $ver 7.2 Sr primSrproduktionen

begrSnsat av fosfor och under 7.2 begrSnsar kvSve. Empiriskhaesteck visat att

denna kvokan ligganSrmare 15.



Den tredje metoden var att utfSra massbalansberSkrangaSve och

fosforbelastningarna i de olika omrEddmassbalansberSkningar byggerapideta hur
mycketav ett Smnesom kommer in och hur myckkeommerut urett system, utifr@En

detta karmSngden eller koncentrationen av SniweeSknasBelastningarna skiljer sig

frEn koncentrationermE koncentrationerna Sr pEverkade av primSrproduktion och ofta
flier samma trend, vilket n&dvSndigtvis intef&ltet f3r belastningarnaBelastningkan

delas in i extern och intern belastnin@r derexternabelastningersyftar till kvSve och

fosfor frEErexempelvis reningsverk, pappersbruk, CEar och inflsdet frEn havet till
kustomrEdenBata fr extern belastrininsamlades fr@En olika ISnsstyrelser,
vattenv@ErdsfSrbund och privata féretag. Mekanismer f&r den interna belastningen Sr
exempelvis att fosfor kan frigdras och fastiSggas i sedimenten, kvSve kan tas upp direkt
frEn luften av kvSvefixerande bakterier ménaft erhElla den interna belastningen
jSmfSrdes vad koncentrationerna blev med enbart de externa belastningarna i
massbalansberSkningarna, mot den faktiska uppmStta koncentrationen. Genom denna
skillnad kunde den interna belastningen berSknas. Slutkgéades den totala

belastningen (extern och intern) samt enbart den externa, fsr ett samband med de
uppmStta vSrdena pE siktdjup och klorafyll

Resultatet f3r mtoden att anvSnda de uppmStta koncentrationerna fr att avgsra det
begrSnsande nSringsSnisiet oklar. Eftersom koncentrationerna av kvSve och fosfor i
regel fsljdes Et, erh3ll de ungefSr lika starka samband aflerar@Eden F3ljaktligen

blev det sv(Ert att dra en slutsats om vilket av Smnena var begrSnsande utifrEn denna
metod.Samma probi@ uppkomvid undersskningen av ett samband mellan
belastningarna och $vergsdningsindikatorerna, d@E Sven belastningarna fsljde en
matchande trend. FSr att ytterligare fSrsvEra en Svergripande shatsistde resultatet

f&r belastningarnavissa omrEdelet resultat som erhslls frEn de uppmStta
koncentrationernaMetoden att undegka TN/TP kvoten gav inte heller nGEgon klar
fsrklaring till det begrSnsande nSringsSmhett omrEde visade kvoten pGE
fosforbegrSnsningch i ett annat omr@Ede msjligen kvSvebesning. F3r de andra
omrEdena skiftade kvoten mellan kv8eh fosforbegrSnsning under Eren. De oklara
resultaten gjorde det sv(Ert att dra en Svergripande slutsats. DSremot nSr de enskilda
omrEdena analyserades uppvisade tre av de fem omr(Edena fesf@begESnsning
Dock kunde inte detta med sSkerhet faststSllas.

Det var huvudsakligen tv(E faktorer vars inverkan anses ha haft stor betydelse fSr det
oklara resultatet. Den f3rsta faktorn var de uppmStta vSrdena av olika koncentrationer
och siktdjupvilket hade samlats ifiCEn olika Svervakningsprogra@mfattningen av
mStningarna och antalet mStningar som genomfSres varje r skiljde sig nSmnvSrt mellan
omrEdena. Fljaktligen f&rsv@Erades berSkningarna av koncentrationerna och
tillfsrlitigheten i hur representéta vSrdena kunde anses vadan andra och

avgsrande faktorn var de matchande trenderna hos bEde koncentrationerna och
belastningarna. Eftersom dessa trender $kade och minskade samtidigt fick bCEde kvSve
och fosfor ungefSr lika bra samband meBaergsdningsindikatorerna. F&r erhElla ett
bSttre resultat bdr dSrfsr ett av nSringsSmnena Sndras medan det andra hElls konstant.
PE detta sStt kan responsen pE primSrproduktionen frEn de enskilda Smnena ISttare
undersskas.
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1 INTRODUCTION

The term eutrophication was first used, witayOmearing, in the 1920s by Eima
Naumann whaisedthe term to eplain the increase of nutriestipply inlakes. The
termhas since been used by scientists to describe the complex changes that occur in
aquaticecosystems as a resofthigher nflux of plantnutient (Schindler and

Vallentyne, 2008)

To understanthe termeutrophicatiorone must first understand that natural aquatic
ecosysterndiffer on a wide scale regarding hawtrientrich theyare This means that
thereare bkes, oceans, coastal ardaa naturally have a high nutrient load, just as
there areecosystemshat have a low nutrient load and everything in between. The
amount of plannutrients in a system governs how much primary production there will
be.This in turn determinethe productivityat all thelevels above in the food chain
(Schindler and Vallentyne, 200&jowever wheranthropological loads together with
natural loads excessively supersét of the natwal condition in the ecosystem, it
leads to eutrophication or ovéartilization (HELCOM, 2009) Theeffects of
eutrophicatiorhavebeenlinked to alterations of the food chain that impact fish,
massive lmoms of toxin producing algae and anoxic zones in the bottom water
(HELCOM, 2009). Thewo nutrients mosbftenattributedwith eutrophicationn
aquaticecosystems are phosphorous and nitroyafidntyne, 2008HELCOM, 2009
Schindler andPaerl, 2008

In the Baltic Sedhe problem ofeutrophication haseen evident since thearly 20th
century.Starting n the 1970&ffortsbeganto combatthe eutrophication problem by
reducing phosphorusom point sourcefHELCOM, 2009. Thebasisto limit
phosphorousvasdue toevidencehatphosphorousvas thdimiting nutrientin
freshwaterIn 1968 Richard Vollenweider drew the conclusion that phosphorus,
followed by nitrogen must be the limiting meints in lakesDrawing his conclusion
afterreviewingdecades of studie¥his wasproven in the 1970ssing the wholé.ake
ExperimentgSchindler and Vallentyne, 2008chindler et al., 2008Howeverin the
1980s and 1990syidence bnitrogenlimitation in marine waterand coastal areas
startedappearing. Subsequently, some countresirad the Baltic Sea began effotts
alsocontrolthe load ohitrogenfrom pointsourcegSchindler and Vallentyne, 2008
HELCOM, 2009.

Sinceimplementingthe policy tocontrolthe load obothphosphorous and nitgeninto
the Baltic Seagtherehavebeen a discussion in the scientific community regarding
which nutrientis most important to limiSwedish EPA, 208). As a general rule
freshwater ecosystems are considered limited by phosphorous, whilst marine
ecosystems are generally limited by nitrog&lthough not to be considered a general
rule,in somecoastal areas and estuariey&freshwater and marine wameet, there

is sometimes a seasonal limitation. Meaning that the limitingemiitvaries during the
yearand the systemareco-limited (Conley, 1999)



The problem of eutrophication in the Baltic Semnede quite compledue to the large
salinity gradient ranging from freshwatarthe Botmian Bayto almost fullstrength
seawatem Kattegat The implication of thigs that the Baltic Sea doestriehave like
either freshwater anarineecosystemsGenerally all scientists agre@ some parthat
phosphorousnust be limitedd reverse gtrophication in coastal aredut on the

subject on camolling nitrogenthe opiniors divergg(Conley, 1999Schindler and
Vallentyne, 2008 This affectswater treatment policies, as only water treatment plants
thatrelease its effluentigito Baltic Sea proper atedayrequired to reduce the amount
of nitrogen and phosphorus. However in the northern Bothnian Seatreatenent
plants are only required to reduce phosphorus. If coastal areas with low salinity can
display nitrogen limitation, thisouldmean that the water treatmeuaicy for the entire
northernSweden would have to be revised

1.1 PURPOSE ANDAIM

The queBon concerning the limiting nutrient in coastal areas and estuaries in the Baltic
Sea havaever been fully answered. Both sides of the arguimere different studies
backing up theitheory, claiming theoppositeside have based their conclusion on
smal-scale experiments or misinterpreted the restitebasisof this study was to try
andbring some clarity to this issue.

Thepurposeof this study waso evaluate which of the nutrienphiosphorus or nitrogen
is the limiting nutrientn a set ofcoagal areas in the Bat Sea

The aimsof this studywereto:

¥ Use linear regression analyses to vsich of total phosphorus (TR)r total
nitrogen (TN)concentrationgest describes the/o eutrophicatiorindicators
Secchi depth and chlorophl

¥ Through basic massalance calculations determine thdernal and internal
loadof phosphorusandnitrogeninto the coastal areas

¥ Test whichof TP or TNloads has the best correlation with Secchi depth and
chlorophylta by using linear regression anasys

¥ Evaluate the TN/TP ratio in the coastal areas with regards to the Redfield ratio

¥ Determine the limiting nutrienbased on the results from ttveo linear
regression analyses and the evaluation of the TN/TR ratio

Limitations
¥ It wasassumed thatither phosphorus or nitrogamasthe limiting nutrient
¥ No other limiting factor was taken into consideration when selecting the method
¥ All the studied siteare locatean the east coast centralSwedenBaltic Sea
proper)
¥ All the sites are coadtareas with a river outlet and limited water exchange with

the adjacent sea
I



2 BACKGROUND

Described in this section are the two major theories regarding the limiting nutrient in
coastal areasnd estuaries in the Baltic S&de problem ofeutrophicationn theBaltic
Sea has been extensivelyamined over the years and #tedies described below are
just a fewchosen to represetite two main theories.

Based on a 3year experiment in Lake 227 (Canadaghindler et al(2008)concluded
that phosphorous is definitively the limiting nutrient in lakes and that controlling
nitrogen does not have an impact on reversing eutrapimcahe Lake 227experiment
started with adding both phosphorous and nitrogen into a previously pristine lake and
the response was an increase in primary production and other symptoms of
eutrophication. After a while the addition of external nitrogea the lake was reduced
and the last 16 years of the experiment was stopped completely. The decrease of
external nitrogen into the system led to an increase-dikhting cyanobacteria during
the summer months, when the system became nitrogen limitechfltheof nitrogen

by N,-fixators enabled the system to maintain the same biomass, relative to the
phosphorous concentration, as it had before the external nitrogen was decreased.
Therefore the conclusion was that phosphorous was the only nutrient needeatrol
eutrophication in lake&Schindler et al., 2008N.-fixating cyanobacteria, described in
Schindler et al. (2008@re most commonly found when the salinity is lower thBh08
PSU (oceans~35), but in a few cases they have been found at PSU up to 27 PSU
(Conley et al., 2009)n the coastal areas and estuaries of the Baltic Sea blooms of N
fixating cyanobacteria often occur during the summer and account for a substantial
input of nitrogen(GranZli et al., 1990)

In the same study fro&chindler et al. (2008) it was reasoned that the results from the

Lake 227 experiment could be applied to isaline estruariesush as the Baltic Sea,
wereN2-fixating cyanobacteria can develop in nitrogen limited conditions. Furthermore
warning that limiting the load of external nitrogen in systems like the Baltic Sea could
create conditions for cyanobacteboms to occur moreften. However the authors

also caution when using these result in coastal areas and estuaries were other factors can
limit the growth of N-fixators, such as other micronutrient and light limitation

(Schindler et al., 2008)

One study in the Baltic Sea that backs up the theory by Schindler et al. (2008) was the
observed early recovery of Stockholm inner archipelago, as desbyilBrdttberg

(1986) In 1970 thesewage treatnme plants (STPs3tood for about 70% of the external
phosphorus load into the StockholmOs inner archipelago. Between 1968 and 1973 the
STPs were improved by installing phosphorus precipitation and the total phosphorus
(TP) concentration significantly deased. No measures were taken to decrease the
external load of total nitrogen (TP). The average chloroghythta) concentrations,

an indicator of phytoplankton and biomass used to monitor the eutrophication level
(Helcom 2009), decreased by half durthg summers (JuB8eptember). Also the

Secchi depth, an indicator of water transparency and a symptom of eutrophication
(Helcom 2009), increased in some areas by 1.5 meters. Furthermore the amagunt of N
fixating cyanobacteria significantly decreased dutirgsummer months. The observed
effects were partial recovery from eutrophication, as a result of only decreasing
phosphorus load®8rattberg, 1986)



There is however a rival theory, disputing that put forth by Schindler et al., (2008), on
how to reverse the effect of eutrophication in coastal areasstnaries. The theory has

its basis in studying eutrophication in marine wagerdargues that the problem is

more complex and thereasneed to control both phosphorus and nitrog@rarfZli et

al., 1990 Elmgren and Larsson, 199Howarth and Marino, 2006aerl,2009. A

studyfrom Paerl et al. (2004) will be used to exemplify the complexity of the problem
and the resulting theory. From the 1980s to early 2000s the Neuse River Estuary (NC)
was investigated regarding decreased phosphorus loads and the effects this had on the
entire freshwatemarine continuum. In the late 1980s the external phosphorus load was
decreased upstream in the freshwater part aésheary. The observed effects were

indeed a decrease in primary production and fewer blooms with toxin producing algae
in the freshwater part of the estuary. However the nitrogen loads were kept unrestricted
during this time. When the primary production decreased upstream, the results revealed
that the freshwater section of the estuary had probably acted as a riiltegen

removing nitrogen as a result of enhanced phytoplankton gr@ahsequently this

lead to arenrichmenof nitrogenin the water upstream that flowed downstream, into

the nitrogen limited marine section. So by only reducing the phosphorus loads, the
eutrophcation problem was only moved downstream from the freshwater to the

nitrogen limited marine waters. This showed the need to control both phosphorus and
nitrogen input to coastal areas and estudResrl| et al., 2004)

As previously mentioned the Baltic Sea has a large saline gradient, ranging from
freshwater to almost fulitrength seawatéschindler and Vallentyne, 2008)herefore

one mght argue that the need to control both nitrogen and phosphorus is only relevant
in the parts were the seawater reachesstudingth and Nfixating cyanobacteria are
notcommon. But a study from EImgren and Larsson (1997) indicates the opposite.

During 1976 to 1993 a wholecosystem experiment was conducted in HimmerfjSrden,

a coastal area south of Stockholm. The experiment entailed using the local STP (the
main external source of nutrients) to change of external phosphorus and nitrogen loads
respective}. The fullscale experiment started in 1983, when the TP load from the STP
was substantially increased during one year. This did not lead to an increase of
phytoplankton that year, however the following year a sudden influx of both nitrogen
and phosphoruigad to a sharp increase of phytoplankton. The next phase of the
experiment started in 1985 with a rapid 40 % increase of TN load. This was followed by
a sharp decrea®etween 1988 and 1993, aftexw nitrogen reduction technology was
installed in the SP. This way of controlling the nitrogen and phosphorus load allowed
the researchers txamine which nutrient had to most impact on eutrophication in the
system The results from the 1year study showed that nitrogen was the predominantly
limiting nutriert in the inner archipelago, except for in 1982 and 1986 when blooms of
N.-fixating cyanobacteria made phosphorus the limiting nutrient. Though the results
also showed that the nitrogen loads could be heavily decreased without the occurrence
of N»-fixating cyanobacteria. Partly disputing the theory by Schindler et al. (2008). The
authors also point out the need to control both the load of phosphorus and nitrogen;
otherwise there is risk that one of two things could happen. If only phosphorus is
reduced, thexr will be an enrichment of nitrogen that will be transported to the Baltic
Proper (which is considered nitrogen limited) worseningetiteophicatiorthere. If

only the nitrogen load is reduced, to the extent that the system becomes extremely
nitrogen limted, this could lead to undesirable blooms gffiXating cyanobacteria.
Therefore both nutrients must be limitgglmgren and Larsson, 1997)



Due to the disagreement amongst the Swedish scientific community concerning how to
reduce the effects of eutrophication the Swedish Environmental Protection Agency
decided in 2005 tonvite a panel of fiveeutrophication expert3 he task given to the

panel was to evaluate and give recommendation regarding the eutrophication situation
in Swedish seas and coastal af&gedish EPA, 2006 All the members of the panel
agreed that controlling phosphorus was a fundamental part of reducing the effects of
eutrophication. Yet no consensus could be reached whether nitlomdd also be

limited, with two members supporting the need for nitregestrictions. Two panel
members believed that, with the available funds, all efforts should go towards only
controlling phosphorus and the fifth member was unded8elindler and Vallentyne,
2008)

3 METHODS
The followingsectionof the report will describe the different methods and theories used
in the studyA short summary of the methods is presented below.

Theoverallidea was to analydeve coastal areais the Baltic Seandtest fora
correlationwith measured’P and TNconcentratioeandmodelledioads againstSecchi
depth and lslorophylla. The notion was that the limiting nutrient wowdhieve the
best correlationvith theeutrophicatio-indicators, whilst the nefimiting nutrient
would correlate worse or not at all. This was examineddplying linear regressidn
Excel,to empiricaland modelled datBiom the differentsites The internal and external
loads were obtained frobasicmassbalancecalculation The massalance models
were driven with empirical data of the external loads togethermetiisured
concentrations tdeterminehe internal load.

3.1 DESCRIPTION OF STUDY AREAS
A total offive coastal areasere chosepstretching fom SSderkSping in the south to
Iggesund in the norflseeFigure 1 Thechoiceof thecoastalreasvas based onfaw
criteria
¥ The flow of water into the coastal area from adjacent sea must bedirgise
the inflow of load and phosphorér®m the seavould make it imposbie to
discern other flows, e.&TPs, riversinternal loadsetc.(Karlsson et al., 2014)
¥ The coastal area must have enclosed morphometry. This allows orlengamp
station in that area to lm®nsidered representable for the entire area and not just
that sampling point.
¥ Existingmeasurediatafor TP, TN, Secchdepth andchlorophylta.
¥ Information and data about the largéBtand TNoadsinto thecoastal area
from point sources, rivers and adjacesd s
¥ Longterm consistentP and TNconcentrabnin order toacquirethe internal
load.
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Figure 1 Eastcoast ofcentral Sweden, with tHecation of thefive studied coastal areas

marked in red(Source: SMHI)



The sitedifferedregarding theivolume, area and madepth butthe difference in

salinity was rather sma(Table 1) Normally thesalinity gradientn the Baltic Sea
rangedrom almostfreshwater in the Bothnian Sea (north) to almostdtriéngth

seawater in Kattegat (soutfhe effect of the soutto-north gradiety according to the
general theoryis phosphorus limitation to the north and nitrogen limitation to the south
(GranZlj 199Q. This northto-south gradient could not be observed for thelisd sites,

a consequence of the enclosedrphometryand inflow d freshwater

Table 1 An overview of somenorphometriccharacteristics of the different coastal
areasand the salinity

Study area Volume Area Max depth Salinity
y [km?] [km?] [m] [PSU]
GErdsfjSrddggesund 0.031 6.3 16 3.93
Stackholm inner 1.45 108 57 4.03
archipelago
Bays of Nyksping 0.012 10.1 17" 348
BrEviketNorrkSping 0.79 103 35 3.76
SIStbakerBsderk3ping 0.18 15.4 44 3.65
(SMHI, (SMHI, 2003,
Reference ((If;\flgslbiogtgél 2003, (Karlsson et al., Calculated from

(Karlsson et  2014j, From sampling data

2014) al., 2014)  samplingdata’




3.1.1 GErdsfjSrden

The enclosed bay of GErdsfjSrden is situated just outside the tggmsohnd irthe
Countyof GSvleborgFigure 2shows were the sampling statiomere locatedK179 is
the sampling station insidedlbay and K190 is the reference station for the adjacent
sea.

Threeof the primary sources of phosphorus and nitrogen into GErdsfigmen
identified as:

¥ The inflow from river DeltEngers@Endgren, 2004)

¥ The discharge water from a paper mill, Iggesund {ithdgren, 2004)

¥ Inflow from the adjacent sea

B
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Figure 2 The coastal area around Iggesund, with the sampling station of GErdsfjSrden
(K179), the sampling station fthhe adjacent sea (K190) and outflow of Del(EngersEn
(Source: SMHI)




3.1.2 StockholmOs inner archipelago

StockholmOs inner archipelago is situateda@mtfudleof Stockholm city, with the city
on all sides including on the island$e archipelago is divided into several small bays,
with varyingmorphometryand islands in betweeiihe mainexchange of wateyccurs

via a narrow soundd@xdjupe} (LYcke, 2016)

The sampling stations used in this studymmssented iffigure 3 with TrSIhavet Il as a
reference station and thehet five stations used to calculate the average concentrations
in the entire archipelago.

The concentration of TP and TN in Stockholm inner archipelago is primarily effected
by the dynamics of three factqisYcke, 2016)

¥ The inflow of fresh stface water from bke MSlarewia river Norrstrsm

¥ ThreeSTPs Bromma, Henriksdal and KSppala

¥ The inflow of salty bottom water from tloiter archipelaggia Oxsundet

© D
@Ql@yg(sudg

o . og®
Q

g

- L | | | | | | L |
Figure 3 Stockholn©snner archipelago with the sampling stations marked inTiee.

station TrSlhavet Il was the reference for the adjacent sea, while the other stations was
used o calculate theancentrationsAlso marked ighe outflow of river NorrstrSm

(Source: SMHI)




3.1.3 Bays ofNyksping

The Bays of Nyk3ping are comprised of three small bays: StadsfjSutitanfjSrden
andSjssafjSrdenall connected to each other via two sounds. Sj$safjSsdaisa

connected to the adjacent sea via a small sound, were all the exchange of freshwater and
seawatepccurs. There is one sampling station in each of these bays, as sHaguréen

4. Outside the inner baysthe reference station for the adjacent seasbaken.

Threemajorrivers have their outleh the bays. Twf therivers, NykSpingsEn and
KilaEn, flow into StadsfjSrdevhile SvSrtaEn flows into Sj$safjStdere combined
volume and area of the bays is only 0.012 kn 10.1 krfy together wittinflow from
the three riversneans that theesidencdimeis veryshort This means that the three
rivers dominate the inflow of nutrients ainthe bays. There &so a STP
(Brandholmen) that releasis water into MellanfiSrdefWalve and Folff, 2012)

Svirtaan

Nykopinga

Sjosafjarden

s

Kilaa

Stadsfjarde
)

Mellanfjarden

o % Tﬁg@

Orsbaken

() S %N
/z 0 05 1 2 Kilometers )
T Y Y |

Figure 4 Thecoastal area outside the cityykSping with thesamplingstations
marked in red. The station ...rsbaken was the reference for the adjacafstosea
marked is the outflow of the three riverddEn, NykSpings@&n and SvSr{&aice:
SMHI)
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3.1.4 BrCviken

BrEviken is a narrow enclosed bay oatthé city of NorrkSping. The bay is divided

into an inner and outer sectidBeen inFigure 5are thetwo sample stations GB11 and

GBZ20 that are located in the inner section. The sampling station GB16 is located outside
the bay entirely and was used as teference station.

The main external loads of nutrients into the bay were identified as:

¥

¥
¥
¥

The riverMotala strSm, whictsuppliesmost of thefreshwater and large
amount of nutrients into the b&gvSrd, 2015)

The city of Norrk3pings localSTP(SvSrd, 2015)

Discharge water from a paper miravikens Rper Mill (SvSrd, 2015)
Inflow from the adjacent sea

0 25 5 10 Kilometers<Cs:
Al L 1o | :

Figure 5 Thecoastal area outsidke city ofNorrkSping Sampling stationaremarked
in red. The statioBl16was the reference for the adjacent sdaoAnarked is the
outflow Motala strSm(Source SMHI)
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3.1.5 SIStbaken

SIStbaken is located just south of Br(Eviken, outside the city of S5derk3ping. The bay is
long and narrow, with a deep part in the innerisacand a shallow part were it is
connected to the adjacent sea. This afféedudrnover time in the bay, dteethe

limited exchange of water from shallow section to the adjacer{Ss&ad, 2015)Seen

in Figure 6arethe sampling stations marked in red, with SIStbaken (S506) being the
only station inside the bay.

The main external sources of nutti@mto the bay is via the rivesderkSpingsEn
(Olsson, 2002)The only point source is the STPS&derksping, which releases its
water into one of the rivers that connect to SSderkSpin¢S@nd, 2015)

DS}

Gota
kanal

o At

Soderkoping  Sode

o ] 0° (3
ooaqgﬁy €
8 o > Q
= Qa aq
a )
Q=
v o So13
)
04 %
VAl /\HN\K o~ ‘
0 25 5 10 Kilometers
| 1 1 1 | 1 1 1 | P

Figure 6 Thecoastal areautside the city of SSderkSping. Sampling stations are
marked in red. The station SS13 was the reference for the adjacent sea. Also marked is
the outflow ofSSderkSping@&[(Source: SMHI)

3.2 LINEAR REGRESSION

The linear regression was done in tsaparate phases. The first phasestestingfor a
correlation withmeasureaoncentrations of TP and TiN the surface wategainst
Secchi depth and chloropmdl To do this, represeative concentrations from each site
had to be obtainea@sis descriledin section3.2.2. The concentrations from each site
were also used to calculate fh/TP ratio, sesection3.3. The second phase was
using the TRand TNload from the masbalance calculations to test against the
measuredecchi depth and chloropmdlconcentratioffsection3.4). In AppendixA
there is a general description of the theory of linear regression analysis
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3.2.1 Theory and variables
The reason for using linear regression with the concentration of TP and TN was the
assumption that there woul@ la somewhat linear relationship between the
concentrations and the primary production indicators.
The indicators were:
¥ Chlorophylta, which is a measurement of thieytoplanktonOs biomass
(HELCOM, 2009)
¥ Secchi depth, an indicator of water transparemcyaaymptom of
eutrophication (HELCOM2009)

A linear relationship was expected due to the fact that TP and TN include all the
phosphorous and nitrogen in the water, which includes both inorganically and
organically forms. Both nitrogen and phosphonesessential nutrients for primary
production, but only the mineral forms canthken upby algag(HEkanson and Bryhn,
2008) So by definition, both TP and TN is partially a measurement of the level of
biomass. A corexjuence of this is th#te TP and TNconcentration often match each
other(Walve andRolff, 2016)

Due to the hypothesis that either phosphorous or nitrogen would be limiting, it was
expected that when the inorganic form of the limiting nutrient was exhausted, and the
system was limited by either nutrient, the concentration of TP or GiNdndirectly
correspond with the amount of phytoplankton in the water. Therefore there would be a
linear relationship between Secchi depth and chloroghghd the concentration of the
limiting nutrient.

Routinelyboth the mineral form of nitrogen aptiosphorusremeasured together with
TP and TN. To determine the lotgrm limiting nutrient the TRnd TNconcentration
was chosen for two reasons. Firsthye difficulty in accurately measurimgineral
nitrogen and phosphoriurgsherently leads to unrelble datdHEKkanson et al., 2007)
Secondlytheamountmineralform changesapidly, in the order of seconds and days.
Therefore using the measured mineral foilmrdetermine the limiting nutriens best
suitedfor a short timescale(HEkanson et al., 2Q0®tacnik et al., 2010)

Both Secchdepth and chlorophyk are influenced by other factors than nitrogen and
phosphorus. Chlorophyéd is a measurement of the amounpleftoplankton biomass
which is profoundly influence by the temperature and light condition. In the winter
months this variable can be expected to be low, regardless of the amount of nitrogen
and phosphorus. Secalepth is a measurement of the water clarity and is mainly
affected by three facto(sitEkanson and Bryhn, 2008)

¥ The amount primary production in the system; more phytoplankton means lower

Secchi depth
¥ Materials from rivers and runoff from land
¥ Resuspended materials via wind aveive activity together witHand uplift

The method of using linear regresstortest for the limiting nutrient wased in the
experiment in HimmerfjSrdefEmgren and Larsson, 199The variables tested were
the yearly average of T&hd TNconcentrations (uppe@0 meters) with the summer
average of chlorophyth. Only TN was foundb have a clear correlation with
chlorophylta, whch indicated nitrogen limitation the experiment severather
methods were used to determine the limiting nutrient.
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All methodsdemonstratethe same general resuhat nitrogen was the limiting
nutrient, giving credibility to the method of usingdar regressiorHowever the
methodcould notaccount for periodic phosphorlisiitations, it could only suggest
which nutrient was limiting during most years.

HEkanson and Bry(2008 describeseveral models tpredict the concentration of
chlorophylta and Secchi depth. The models contagasureadoncentrations of TP and
TN in the surface water during the summer mokhsybESeptembéer Using
concentrations sampled during the summer months minimizes the itngiacther
limiting variables could have on phytoplankton production, such as sunlight and
temperature.

3.2.2 Data from sampling stations
To be able tamplement the regression analyses the data had to be organized based on
which stations, what sampling deptidgearlytime period to use.

Thesamplingprograms for the coastal areas varied greatly between sites. Furthermore
the individual sampling programs differed both in sampling frequency and extent,
which made thelata heterogeneoustiystributed

The mehod used for each studisde consequently differs slightly between sites and
was modified, based on the available data, to get repatise@oncentrations.

For all the studied coastal areas, except lggesund and SIStbakewgtteetata from
severakampling stations. In those sites an average was calculated from the all stations
that met two criteria:
¥ The sampling station was not allowed to be located directly at acutkst,
STP or the adjacent sea
¥ Stations only sampled sporadically during thedged timeperiod were
excluded

The definition of surface watevas based on the study by Elmgrewl &arsson (1997),

were hey used the average concentration in the uppEd heters to represent the
concentration in the surface wateloweverin this studymost of the sitesampling

programs only entailed continuous measureraefits mete(Table 3. Therefore an
average over time from 0.5 meters was calculated for all sites and tested in the linear
regression analyses. Additionally for the statidreg had sampling data fron®XD

meters, an average both over depth and through time, was calculated and tested in the
linear regression analyséde effect of using an average concentration from only 0.5
meter depth, instead oBD0 meters, was tested fior GErdsfjSrdéAppendixB).

Thesamplingperiodfor thedifferentvarables varied between sitesost commonly
concentrations of TP and TN, togetwath Secti depth, had been sampled since the
mid 1970s or early 80s. Chlorophylwas sporadicallgneasured, with gaps of several
years and in some cases only measured once a ydabllh2summarises the
samplingprograms.
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Table 2 Summary of the monitoringrpgrams for the different sitedie sampling
period for each variab] the continuous sampling depttumber ofsamplingstations
and thereferenceof the data

GErdsfjSrde Stockholm  Nyk3ping BrEviken  SlStbaken

TPandTN 198ER015 1982015 198FR016 1973FP016 197%FrR014
Secchi depth 1982015 1982015 198(ER016 197%2016 197F2014

Chl-a 198GER015 198ZFR015 19962016 199FR016 199FP014

Sampl.deph 0.5B10 m 0.5EB m 0.5m 0.5m 0.5m
Nr. of stations 1 5 3 2 1
Stockholm
Reference Lundgren, pers vatten pers. Nydahl,pers. Melander pers. Melander, pers
*1981, 85, 94 *2000

Not mesured *2011

and 2011 **1998P000

The choice of tim@eriod for the regression analyses was an iterative process. The
stating point was using yearly averadgesthe period May to September to find a
correlation. The same periodsedsnEImgren and Larsson (19P&nd HEkansson and
Bryhn (2008)This was done for each variablEhen byplotting OscatterplotsO and a
trendlinein Excel the timeperiod with the best correlation was chosen and tested for
statistical significance. If no correlation could be found with the two per®ds the

next timeperiod was based on sampliaghedule in that specific areéhe only site in
which this had to be implemented was SIStbakéerevthe samplingchedulecaused
that the seasofprilBOctoberto alsobetested. Only the timperiod with the best
correlation wapresented in the result.

3.3 REDFIELD RATIO

The Redfield ratio represents the average composition of algapl{§). Theratio of
16 atoms of nitrogen and one phospha@xgresses) what quantity thelifferent
nutrientare necessary for algao develogRedfield, 1958)It hasbeen ommonly used
to describe thdong-termlimiting nutrient inaquaticecosysten{Swedish EPA, 2006;
HEkanson and Bryhn, 208 ELCOM 2009;Ptacnik et al., 2010By weight the
Redfield ratio is 7.2anda lowerTN/TP ratioindicatethat the system is nitrogen limited
and the conditionarefavourable forN,-fixatiing cyanobacteria. Empirical data have
shown that the threstwbratio for N-fixatiing cyanobacteria iactuallycloser to 15
(HEkanson et al., 200If)the TN/TP is higher tha7.2it indicates that the system is
phosphorous limited.

The Redfield ratio was calculatéat the sameasummerperiod as thatised in the linear
regression analyseshe intent was to use the ratioaasindcator of the limiting
nutrient.But as shown in Ptacnik et al. (2010) the TN/TP ratwmftisnan inadequate
variable todetermine th&imiting nutrient, at least on a short tirseale.
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3.4 MODEL

To get an understandimd the environmentatonditiors in each of thesites mass
balancecalculatiors were performed. These budget calculatialewvedfor

guantification of nutrieniuxes within the areas and how they changed over the years.
Not onlydid this providethe externalload, but also of the inteal load of nutrients.

Massbalance models have been used since the 1960s to predict eutrophication levels in
lakes. Thdirst was developed by RichardoWenweider in 1965 andias based on the
assunption that lakes are limited by phosphorudsing basidydrological

morphometric, and phosphorus loading d#tthe lake the modekould predict

phosphorus concentration and thereby thdakeseutrophic statéBrown and

Simpson, 2001)The Vollenweider model was not used in this study, but its basic set up
for calculating the mass balance with hydrologicabrphometric, and loadirgata

was.

The general modelasbasedn usingtime-seriesof theconcentrations of N andTP
together withthe respectivevaterflow from the major point sources, rivers and the
adjacent seéFigure 3. These mairexternalloadswereused aslynamicinputsin the
model.Allowing the modelledsurfaceconcentration to chandmsed orthe externha
loads.As there are also internal loads of TN and TP a calibration step was necessary
(see section 3.4.6Thisnext steputilized measured concentratioimsthe surface water

to calibrate the modglith two dynamic input and outpuariablesthusoptimizing the
simulated surface water to match that of the measured brseprovided the internal

load of nutrients

Eachmodelledsystemwastreatedas a onéox system were the surface concentration
was set as the concentration in the erttor The ®ftware Stella was usedo
numericallysolve the ordinary differential equatis that the model entailed.

Point sources

q—' Inflow sea

Outflow sea

River input |—> Conc. in water

Input | I Output

Figure 7 Schematic vew of the nassbalance modelnternal loading is regulated
through the input and output boxes at Itlogom.

The inputparameters wergatheredor the different sites, and are described below for
each siteln Table 3thereis an overview of the inpygtarameters for the model and the
reference for each parameter AppendixC are the equations used hretmodel.
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Table 3 Overview of the input parameters for the TP and TN model. Y.a = Yearly

average.
3 Stockholm Bavs of 5
GErdsfjSrden inner yS. BrCEviken SIStbaken
: NykSping
archipelago
In{lrg\:/avlss]ea Constant Constant Constant Constat* Constant
CO”[CQQ‘S" s€a  vakizg '@ Tlrﬁ'ha"et Y.a..rshakén Y.aGB16 Y.a 313
Conc. inwater Y2 WL0 . xg meterd Y.a 0.5 metes Y.a 0.5 meters Y.a 0.5 meters
[na/1] meters
Inflow river Y.a Y.a Motala Ya
(m3/s] Y.a Delger@®n Y.a Norrstr$nd Nyk&pingsEn Strant SsderkSSplngsCE
Inflow river - - KilacEh - Y.a HSlIsta®n
[m3/s]
Inflow river =
(m3/s] - - SvSrta@®n - -
Conc. River Y.a Y.a Motala Ya
o/l Y.a Delger@n Y.a Norrstréni Nyk&pingsEn Strénd' SsderkfplngsCE
Conc. River - - KilacEh - Y.a HSlsta®Eh
[ho/l]
Conc. River i i Sv&rtadn i i
[bo/l]
Y.a Henrikdal, Ya Ya
STP [ton/year] i KSppala& g o ndholmef Slottshagen i
Bromm
Industry Y.a lggesunds i Y.a Bravikens
[ton/year] bruké Pappersbruk
Reference 1 SMHI, 201  SMHI, 201D  SMHI, 201D SMHI, 201 SMHI, 201D
Reference 2  Karlsson, pers. Stockholm Nydahl, pers. Melanderpers. Melander, pers
vatten pers.
Reference 3 SLU, 2017 SMHI, 2017c  SMHI, 2017c¢ SMHI, 2017c  SMHI, 2017c
Reference 4 SLU, 2017 SLU, 2017 SLU, 2017 SLU, 2017
Referenceés Blomauist, Rydh, pers.
pers.
Reference 6 Kuhla, pers.

*Used for calibrating
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3.4.1 GErdsfjSrden

The masshalance calculations for GErdsfjSrden were based on three main sources of TP
and TN. These were tlexternal loadrom DelgerEn (river), a papmill and the inflow

from the adjacent sea. The models were run on a yearlyb@sie and adjusted to fit

the yearly average of measured concentrations in theEidpr@eters of surface water.

3.4.2 StockholmOs inner archipelago

The masshalance calculationf®r Stockholm inner archipelago were based on three
main sources of TP and TN. These were the load from river NorrstrSm, the STPs and
the inflow from the adjacent sea.

The models were run on a yearly tiibasis and adjusted to fit the yearly average
measued concentrations in the top®meters of surface water.

3.4.3 Bays ofNyksSping

The masshalance calculations for the Bays of NykSping were based on three main
sources of TP and TN. These were the inflow from three rivers, STPs and the inflow
from the adjacergea. The models were run on a yearly tlmasis and adjusted to fit

the annual average in measured concentrations in the top 0.5 meters of surface water.

3.4.4 BrCviken

The masshalance calculations for BrEviken were based on four main sources of TP and
TN. The® were the load from the river Motala StrSm, the STP, Braviken paper industry
and the inflow from the adjacent sea. The models were run on a yearyasiseand
adjusted to fit the annual average measured concentrations in the top 0.5 meters of
surface vater.

3.4.5 SIStbaken

The massalance calculations for SIStbaken were based on two main sources of TP and
TN. These were the loads from the rivers and from the adjacent sea. The models were
run on a yearly timdasis and adjusted to fit the annual average me@dsu

concentrations in the top 0.5 meters of surface water.

3.4.6 Model input parameters

Though the idea was to use only empirical data in the model, not all parameters were
sampled or available from monitoring programs. The missing parameters were the
inflow from theadjacenseaand thewateflow from two rivers with outleten theBays

of NykSping. These gaps in the inpdata were filled with data frol@wedish

Metrological and Hydrological Institusg SMHIS)S-HYPE model. The $1YPE model

is a hydrological mdel that simulates flows, turnover time and water qualitii a

high spatial resolutiofor most coastal waters, rivers and lakes in Swé¢g8&fHl,

20173

Themodelwasrun with two separate sets of data, one for TP and one for TN. The first
modetrun wasdonesolely withthe external load€ulerOs method was employechia t
program Stellato interpolate and numegtly solvethedifferentialequationsFrom the
interpolated resultgshe program sumedup the total load from each year, providing

the totd external load from each year. The program also calculated the amount of
nutrients in the system at a given year, widohld beconverted into concentrations.
These modelled concentrations were then compared to the measured concentrations
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The differerwe between measured and modelled concentrations expressed the need for
additional input ooutputof TP and TNthroughwhichthe model was calibrated@he
equations used for the calibration of the model can be fouAdpendixC.

Thebiggest differencéetween thenodels were the two dynamic input and output
factorsand whatheyrepresentedBoth factors were meant to depict the internal pool of
nitrogen and phosphorus, whibii themselvegan e substantialoads (HELCOM,
2009).Theprincipalprocessethatregulate the internal pool of nitrogen &tgfixation

by cyanobacteriahe releasef N, from bacteriadriven denitrification and to some

extent by anammofHELCOM, 2009) These processes enable the uptake or release of
inorganicnitrogen gaso the internal pool of nitrogen, increasing or decreasing the
amount ofbio-availablenitrogen For phosphorus there are microbial processsto
increase or decreafiee internal poolhrough uptake orelease o gaseous form

Instead processes in the dienents mainly determine the internal pool of phosphorus
Phosphorus reserves, accumulated in the sediment, can be released backtter the
during anoxigoeriods in the sediments (HELCORIDO09).Mechanical processes, such

as land uplift and erosion by md and waves, also affect the internal load of phosphorus
and nitrogenBoth nutrients can also be buried in the sediments, making them
inaccessible for resgGranZlj 1999 Karlsson et al., 20)4

The purpose of modelling the nutrient fluxes was not to ascertaaotiiebution of
each internal process, but the sum of the internal loa@migsequentlyhe input and
output factorsarepresered as either internal loadinigyrial or in the case of nitrogen
burial and denitrification

The obtained internal and extat loads were then tested with the same linear
regression tools as describedAppendixA. The sum of both the internal and external
loads (total load), as well as a separate test with just the external, was done with the
same values of Secchi depth amdbrophylla from the iterative process $action
3.2.1. The external load was tested separately from the total load, as not all sites had
measurediata of theconcentrations in the uppelID meters. Thereforeelcalibration
and the subsequent interh@hding in some of the sit@gereuncertain

I
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4 RESULTS

The results are divided into different section for each studied site, starting with the
northern most sitef GErdsfjSrden and ending with the southernmost site of SIStbaken.
The presented resultseathat of the linear regression analySés/TP ratio, the
modellednutrientfluxesandthe calalated TP and TNbading There is also a section

in the end, with a short summary of the results from all the sites.

4.1 GeRDSFJERDEN

4.1.1 Linear regression analysis¢onc.) and TN/TP ratio

Thelinear regressioanalyse®f datathat attained the best correlatiere based on
theyearlyaveragef concentrations and Secchi depths during the season May to
September, frorthe periodl98ER014. The concentrations of TAN&Nd chlorophyH
awere calculated from samples taken at 0.5 meters tiegether with Secchi depth,
from samplingstation K179 in GErdsfjSrden. The linear regression anaijis¢se
concentrationand modelled loadsrepresented iffable 4andTable5 respectively
with the f-value of each trendline, the correspondingiue and the palue.

The analyses of both TN and €Bncentration together with Secchi depth achieved a
significant negative trend (p<0.05). Thighestcorrelation coefficient talescribe the

Secchi depth was with the Tédncentration, with anvalue of£0.73. The regression
analyses with TRoncentration and Secchi depth and also gave a significant trend and a
correlation coefficient of0.68.

The analysis with both TP and Tdéncentration indicated a negative correlation with
chlorophylla, with TN achievinga significant correlationlts implication beinghata
higher concentration of Thedto a lower concentration of chlorophl

Table 4 A compiation of the P-value of the trendlinghe correlation coefficientand
the pvaluefrom the linear regressiamith concentrationdMarked in bold ar¢he
regression lines with p <@b.

conc r’ of TP rof TP P-value rPof TN rof TN P-value
Sechidepgh 046 £0.68 <0.0001 053 £0.73 <0.0001
Chl-a 0.09 £0.29 0.12 0.19 B044 0.02
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In Figure 8summeraverages of the TN/TRtio, from the periodl98@ER015,are
presented togetherith theRedfieldratio of 7.2 and the threshold of 16he TN/TP
ratio peiodically fell below the thresholdaluethroughouthe studiedperiod, but
never below the Redfieltio. Indicating periodic shifts between nitrogen and
phosphorus limitations in the site.
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Figure 8 Average valuedopr the timeperiod 19882015, of the TN/TP ratio during
May to September. The Redfield ratio of 7.2 and the threshold of 15 were also plotted
as constants.

4.1.2 Fluxesand linear regression analysis (loads)

Figure 9andFigure 10displaythe results fronthe final TPandTN model, were the
modek werecalibratedo matchthat ofthe measuredoncentrations in the surface
water(0OBLO m) To theleft, in each figurearethe suns of the different flows
throughout a fiveyear periodTo the rightis the amount of TRNdTN in thesurface
water, which be seenas theconcentration

The larges®TP loadin the first years was from poisburcesthis was followed by
sharpdecrease throughout the modelled periaere was also a clear decrease of TP
loadfrom the river Theloadfrom the adjacent sea whsrly steady throughout the
entiremodelledperiod but an increased the final yearsneant it became the largest

load The internapool of TPshowed a clear indication thHarge amounts of TP were
buried in sediments, thifactor decreased over ttndelledperiod. The amount of TP

in the surface water decreased steadily from 1980 to 1995, this followed the decrease
from the point sources and rivers. Interestingly the amount in the surface water levelled
off after 1995, egn though the load from the river and point sources continued to
decrease. During this tingeriod the load from the adjacent sea increased and less
phosphorus was buried in sediments.
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Figure 9 Results from the final TEhodel for GErdsfjSrden. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right is the amount of TP
[ton] in the surface wateturing a fiveyear period.

TheTN loadfrom the adjacent sethe riverand the point source wereali equal the
first years. All threeexternal loadslecreased from 1980 to 1990, thenltdae from the
adjacent sea and river stabilized while leed from the point source continued to
decreaseTheburial and denitrification variabldeceasedrom 198B1995,and then
stabilisedaround the same order as thadfrom point sources. Thaternal loadingof
TN throughout thenodelledperiodwasnon-existent The amount of TN in theurface
waterdecreased steadily throughout thedelledperiod, as all ta loads decreased.
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Figure 10 Results from the final TNnodel for GErdsfjSrden. To the left is the sum of
the different flows [ton] throughout a fiweear period. To the right is the amount of TN
[ton] in the surface water durirggfive-year period
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Thetwo different scenarios for Téhd TNloads are presented kigure 11 one with

thetotal load(left) and one with only the external load (right). Since internal loading

was low throughout the modell@@riod, the difference wasnaost unobservable

between the two scenarios. The trend for both nutrients was an overall decrease in both
scenarios. Furthermeyin both scenarios the loaofsTP and TN matched each other,
showing only a prolonged difference between 28082011. Durirg those years the

load of TN remained fairly stable, while the TP laddnged significantlgspecially

from 2010 to 2012The concentration of chlorophydl was studied during this period,
however no correlation with either nutrient was evid@ppendixD).
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Figure 11 Thecalculated TRand TNloadthroughout the modellegeriod,with the

total load to the left angistthe external load® the right

The results of thénear regressioanalysisof the TP and TNloadare presenteth
Table 5 togethewith Secchi depth and chlorophdiconcentrationsThe data for
Secchi depth and chloropmdlwere the same as the linear regressidim the
concentrations of TP and TK. correlation was testedr with the two scenarios, with
andwithout internal loading.

With both scenarios the TP and Toéd achieved a significant negative correlation with
Secchi depth, together with correlation coefficients that was in the same magnitude. No
correlationwas achieved with chlorophydl. Mirroring the results dinear regression
analysis withthe TPand TNconcentrations.
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Table 5 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue fromthe linear regressioanalysesTwo scemarios were used for the
independent variables of TP and TiNads, one scenario with the total load and one with
just the external load. Marked in bold are the regression lines with p <0,05

Totalload rPof TP rof TP P-alue r?of TN rof TN P-value
Secchdepth 0.52 B£0.72 <0.0001 0.501 £0.71  <0.0001
Chl-a 012 B£0.35 0.07 0.11 £0.33 0.08

Externalload rPof TP rof TP P-alue r?of TN rof TN P-value

Secchi depth 0.58 £0.76 <0.0001 0.5 £0.71 <0.0001
Ch-a 011 +0.33 0.08 0.1 +0.32 0.09

4.2 STOCKHOLM

4.2.1 Linear regression analysis (conc.) and TN/TP ratio

The linear regression analyses of d#tat attained the best correlatjovere based on
the yearly average of concentrations and Secchi depths during the season May to
Septemberfromthe periodl98ZE2015. Tle concentrations of THN and chlorophyH
awere calculated from samples taken at 0.5 meters tayther with Secchi deptht
the samplingstations Kovikksudde, KarantSnbojen, Halvkakst, Blockhusudde and
BlomskSrThe linear regression analysehathe concentrations and modelled loads
are presenteith Table 6ard Table 7with the P-value of each trendline, the
corresponding-value and the palue.

Theregression analyses of both &aRd TNconcentration together with Secchi depth
achieved aignificant negative trend (p<0.05). The strongest correlatomificient to
describe the Sebi depth was with the TRoncentation, with an +value of£0.66 The
regression analgs with TPconcentration and Selai depth als@ota significant trend
with aslightly lowercorrelation coefficient 0B0.53.

Both the TPand TNconcentration together with chlorophglachieed a significant
positivecorrelation The strongest correlation coefficidot chlorophylta was with the
TP concentration, with anvalue of +0.65. Theorrelation coefficient fof N
concentration and chlorophdlwas+0.41

Table 6 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regressianalygs Marked in bold are the regression lines
with p <Q05.

2
Conentration r?of TP rof TP P-value rTI(\Jlf rof TN P-value
Sechidepth 0.28 £0.53 0.001 0.44 £0.66 <0.0001
Chl-a 0.42 +0.65 <0.0001 0.17 +0.41 0.002
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In Figure 12summeraverages of theN/TP, from the periodl982to 2015,are
presented togeth&ith the Redfieldatio of 7.2 and the thresid of 15. The TN/TP
ratio stayedcontinuouslyabove the threshold valder theentire period, indicating
long-term phosphorudimitation.
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Figure 12 Average valuedor the timeperiod 19822015,0f the TN/TP ratio during
May to Sepember TheRedfield ratio of 7.2 and the threshold ofwWére also plotted

as constants

4.2.2 Fluxes and linear regression analysis (loads)

Figure 13andFigure 14display the results from the final #d TNmodel, were the
modelswere calibrated to match that of the measured coratents in the surface

water (@8 m). To the left, in each figure, are the sums of the different flows throughout
a five-yearperiod. To the right is the amount of TP and TN in the surface water, which
can also be seen as the concentration

The larges®P loadwas from the adjacent sea and it stayed steady throughout the
modelledperiod.The load from the river was the secoadykest source of external TP,
and thisalso stayed fairly stabl@here was a small decrease ofl®d&dfrom the STPs
during 199@1995, after thait levelled off This decrease was observed in the amount
of TP in the surface water, though it continueddcreasenternal loadingvas only
observabletltroughout the first years, 1991099. Theburial factorwas observable
throughout the entirmodelledperiodand there was a clear incredgiseughout the
modelledperiod Thedecrease in the ant of TP inthe surface water correspondingly

followed this trend.

25



& &#!"
Oottll" &t
. Yo" -
!l " $99!:$995"
I
gmin - B $O0#:$999"  §
S’ 0, -0, " jg $#!" )
s - /611105115
W 0l1#:0619" $I" -
I
5 051$!:%!$5" #"
!II - I"
> > 3 S > > C
£ F & ¢ ¢ &K o N O P
S MR NN DD
& v & & & & & &
Q AN NN T T Y

Figure 13 Results from the final Thodel for Stockholm. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right is the amount of TP
[ton] in the surface water during a fiyear period.

TheTN loadfrom the adjacent sea and the river were about equaslsiteld between
increaseanddecreaseverthe modelledperiod There was a clear decrease from the
STPs from 1990 to 1999, and thetevelledoff. Theinternal loadingvas equal to the
loadfrom the STPsluring 199@®1999, then decreased and stabilisetthe last years.

The decrease from point sources and internal load was followed by a decrease in the
amount of TN in the surface veatuntil 1999. The rest of the modellpériod the

amount stayed steady.
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Figure 14 Results from the final TNinodel for Stockholm. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right the amount of TN
[ton] in the surface water during a fiyear period.
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Figure 15 displaythetwo different scenarios for TBnd TNloading,onewith thetotal

load (left) andonewithout the internal loading (rightlzor nitrogen thenternal loading

was significant, hence the dissimilarity between the two scen&tmsever the

increase from TNOs internal load only amplified its toaut, sdn both scenarios the

TP and TNoadtrendsaremore or less matcheBor the TN load a decreaseuldbe
seenafter 1990 to 1997, whilst the TP load remained fairly eVée.concentration of
chlorophylta was studied during this period, however no correlation with nitrogen load
was evideh(Appendix D.
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Figure 15 The calculated TRnd TN load throughout the modellgxriod, with th
total load to the left and just the external loads to the right.

In Table 7arethe results of the linear regression analysis of thadPTNIoad with
Secchi depth and chloropmdlconcentrationsThe datdor Secchi depth and
chlorophylta were the same astheanalysiswith TP and TNconcentrationgsection
4.2.2. A correlation was tested for with the two scenarios, with and without internal
loading.

Only TN loadgavea statistically significantorrelationtogethemwith Secchi depth.
Whilst for chlorophylta, none of the loadschieved a significant correlation, in either
scenarioThe scenario that attained the highest correlation coefficient fdoddNand
Secchi depth was when the tdtzdd wasused. The correlation coefficient dropped
significantly for the saeario with only the external Thbad.
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Table 7 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regssion analyses. Two scenarios were used for the
independent variables of TP and Tadds, one scenario with the total load and one with
just the external load. Marked in bold are the regression lines witl0p. <0

Total load r? of TP rof TP P-value rPof TN rof TN P-value
Sechi depth 0.10 £0.32 0.25 0.44 £0.66 0.001
Chl-a 0.09 +0.29 0.40 0.07 +0.26 0.74

External load  r?of TP rof TP P-value rPof TN rof TN P-value
Sechi depth 0.02 £0.15 0.46 0.20 £0.45 0.025
Chl-a 0.03 +0.16 0.95 0.02 +0.15 0.87

4.3 BAYS OF NYK...PING

4.3.1 Linear regression analysis (contand TN/TP ratio

The linear regression analyses of data, that attained the best corsglagimnbased on
the yearly average of concentrations and Secchi depths during the season May to
Septembe(198ER016). The concentrations of TP, TN and chloroptaylivere
calculated from samples taken at 0.5 meters degtther with Secchi deptht
stationsin Sj3safjSrdenyellanfiSrden and StadsfjSrddine linear regression analyses
with the concentrations drmodelledoads are presentat Table 8andTable 9 with

the P-value of each trendline, the correspondingiue and the walue.

The regression analyses®écchi deptlshowedthat only TPconcentration achieved a
significant negative trend (p<0.0%vith acorrelation coefficienof -0.68.Both the TP
and TN concentration together with chlorophwgllachieved a sigficant positive trend
The strongest correlation coefficient to describe chloroghyis with the TP
concentrationby a correlationcoefficientof +0.71. Thecorrelation coefficientvith TN
concentration and chlorophdlwas+0.57.Altogether, the best variable to describe
both Secchi dep and chlorophyta was the Tloncentration.

Table 8 A compilation ofthe F-value of the trendline, the correlation coefficient r and
the pvalue from the linar regression analysddarked in bold are the regression lines
with p <Q05.

Conc. rPof TP  rof TP P-value r? of TN rof TN  P-value

Secchi depth  0.46 £0.68 <0.0001 0.03 £0.18 0.28
Chl-a 0.51 +0.71 0.002 0.32 +0.57 0.02
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In Figure 16summeraverages of the TN/TRatio, fromthe periodl980 t02016,are
presented togeth&rith the Redfieldatio of 7.2 and the threshold of 15. The TN/TP
ratio stayed between thert'sholdvalue for nitogenlimitation and the Reddid ratio
almost the entire periothdicating nitrogerdimitation and the presence ogifixating
cyanobacteriaOnly on four occasiondid the TN/TP ratio go abovehe threshold

value. Though in the corlading years the ratio seemed to be increasing, almost going
over the thresholdalue.
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Figure 16 Average valuedpr the timeperiod 19882016, of the TN/TP ratio during
May to September. The Redfield ratio of 7.2 and the thrdsifdl5 were also plotted

as constants.

4.3.2 Fluxes and linear regression analysis (loads)

Figure 17andFigure 18display results from the final Téhd TNmodel,were the

models were calibrated to match that of the measured concentrations in the surface
water(0.5 m) To the left, in each figure, are the sums of the different flows throughout
a five-year period. To the right is the amount of TP and TN in the surface water, which

can also be seen as the concentration.

As shownin Figure 17the largest P loadwasunequivocafrom the three rivers. The
load from these wasteady throughout thmodelledperiod except during 20ER005
when there was sharpdecrease. Thieadfrom the point sourcevasvirtually
unobservable compared to fleadfrom the rivers. Thinternal TP loadwas larger in
magnitude than thiwadfrom the adjacent sea and thadfrom thepoint sourceThe
amount of TP in theurface watedecreased steadily from 1996 to 20C6nclusively
the TPloads that control the concentration in theyB of NykSping were the rivers and
the internal loads.
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Figure 17 Results from the final Tihodel for the Bays of Nyk3ping. To the left is the
sum of the different flows [ton] throughout a fiyear periodTo the right is the
amount of TP [ton] in the surface water during a fiyear period.
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The largest TNoadwas also from the three riversjrroring the same loatlend as TP.
TheTN loadfrom the STBwas the third biggest load asowed a decrease from

1991 to 2015This was dservablan the amount of TN in the surface water, which also
had an overall decrease from 1991 to 2015, but exhibited no clear trend in the years
betweenThere was nanternal TNload, except between 20@hd2005.1t also

appeared that a lot of the Tibad was lost to burial, denitrification and other releasing
factors.
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Figure 18 Results from the final Thhodel for the Bays of NykSping. To the left is the
sum of the different flows [ton] throughout a fiyear periodTo the fght is the
amount of TP [ton] in the surface water during a-frear period.



Two different scenarios for TP and Tbadingare presented iRigure 19 one with the
total load(left) and one without the interniamlad (right). The internal TNoad was
negligible, which neant that the difference in Tdddtrendwasunobservabl®etween
thetwo scenarios. The internal Téad was hwever significant, but it did naffect the
overalltrend in TPload.In bothscenarios the TP and Tibiad trend wasnore orless
matched.
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Figure 19 The calculated TP and Tidad throughout the modellgxriod, with the

total load to the left and just the external loads to the right.

In Table 9the results from the regressianalysisof TP and TNoadwith Secchi depth
and chlorophyHa. The data for Secchi depth and chloroptayivere thesame as in the
analysis with TP and TKoncentrationgsee sectiod.3.1). A correlation was tested for
with the two scenarios, with and without internal loading.

Neither scenario, with or withothe internal loading, achieved astatically significant
correlation This was a contrast to the anayysiith concentration, were TP
concentration achieved high correlation coefficients with both Secchi depth and
chlorgphyll-a. AlsoTN concentratiorachieved atatically significantorrelationwith
chlorophylta.

Table 9 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regression aysds. Two scenarios were usedtfoe
independent variables of TP and Tadds, one scenario with the total load and one with
just the external load. Marked in bold are the regression lines witl0p. <0

Totalload r?of TP rof TP P-value r’of TN rof TN  P-value

Secchidepth  0.001 £0.04 0.84 0.020 £0.14 0.65
Chl-a 0.004 +0.06 0.83 0.010 +0.10 0.73

External load rof TP rof TP P-value  r?of TN rof TN P-value

Secchidepth  0.080 +0.28 0.21 0.010 £0.10 0.65
Chl-a 0.002 £0.04 0.83 0.012 +0.11 0.72
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4.4 BReVIKEN

4.4.1 Linear regression analysis (conc.) an@iN/TP ratio

The linear regression analyses of data, that attained the best correlations, were based on
the yearly average of concentrations and Secchi depths during the season May to
Septemberl9732016. Theconcentrations of TP, TN and chlorophglivere

calculated from samples taken at 0.5 meters depth together with Secchedietitwo
stations GB11 and GB2Uhe data from the stations was tested separately as well as an
average calculated from botlagbns.The linear regression analyses with the
concentrations and modellémhds are presented Trable 10andTable 11with the F-

value of each trendline, the correspondinglue and thealue.

The regression analgsof Secchi depthhased on arages from both sampling stations,
showed that only TNoncentration achieved a significant negative trend (p<0.0®). T
correlation coefficient for TMoncentration togher with Secchi depth waslatively

low at-0.36 Neither TP noiN concentration ehieved a significant trend with the
separate regression analysé€&B11 and GB20.

The only significantrend for chlorophyHa was with TNconcentration and only with
data fromGB20;the correlation coefficient for TMoncentration together with
chlorophyll-awas +0.57

The concentrations of Téhd TN from the separate station were plotted and examined,
to inspect if station GB11 was observably influenced by the outflow from the river. No
clear evidence could be fou@ppendixE).

Table 10 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regression analyses. The data from the two sampling
stations GB11 and GB20 together with an average from both stations wede teste
separately. Marked in bold are the regression lines with@b<0

Conc. rPof TP rof TP  P-value r?of TN rof TN P-value

Secchidepth 0.001 £0.04 0.827 0.128 B0.36 <0.03
SecchidepthGB11  0.021 £0.14 0.323 0.067 B0.26 0.107
SecchidepthGB20  0.025 £0.16 0.390 0.019 80.14 0.462

Chl-a 0.0002 £0.01 0.958 0.001 +0.04 0.883
Chl-aGB11 0.028 £0.17 0.423 0122 +035 0.087
Chl-a GB20 0.055 +0.23 0.282 0330 +057 0.003

*Based on the average between both stations

In Figure 20summer averages of the TV ratio, fromthe periodl980to 2015,are
presented togethevith the Redfield quota of 7.2 and the threshold ofTI ratio was
calculated as an average from both stations.

The TN/TPratiofell periodically below the threshold value during the ertime

period, andn 1989 it drops under the Redfialatio. This suggests shift between
nitrogen and phosphaslimitation over the years.
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Figure 20 Average valuedpr the timeperiod 19782016, of the TN/TP ratio during
May to September. The Redfield ratio of 7.2 and the threshold of 15 were also plotted

as constants.

4.4.2 Fluxes and linear regression analysis (loads)

Figure 2landFigure 22display results from the final Téhd TNmodel, were the

models were calibrated to matittat of the measured concentrations in the surface
water (0.5 m). To the left, in each figure, are the sums of the different flows throughout
a five-year period. To the right is the amount of TP and TN in the surface water, which

can also be seen as thecentration.

The mainTP loadinto Br(Eviken, as shownkigure 21 wasfrom the adjacent sedhe
magnitude of théluxes to and fronthe adjacent sea wabout EB times as large abe
loadfrom point sourcedMaking the impact from point sources preatly negligible.

The TPload from the river andhternal loads were ithe same magnitude, but stifl&}
times smaller than the load from the adjacent sea. The load from the river was almost
constant for the modellgekriod, whilst the internal load sty decreased. The

amount of TP in the surfa water decreased between 18882004, as a direct
consequence of a decreased load frioenadjacent sea. Between 2@0wi2014 the

amount increased again, when the load from the adjacent sea and int@isal loa

increased.
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Figure 21 Results from the final TRhodel for BrEviken. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right is the amount of TP
[ton] in the surface water during a fryear period.

ThemainTN loadinto Br(Evikewas also from the adjacesga, but théoadfrom the

river wasalmostof thesame importanc& heTN loadfrom point sources was several

times smaller than from the adjacent sea and the river, nonethelessdectease

could be observed\s the load from the adjacent sea, the river and the point sources
decreased there was a matching trend for the amount of TN in the surface water. There
was a clear inflow of TN from internal loads, but with no apparent trendpact on

the amount of TN in the surface water.
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Figure 22 Results from the final Thhodel for BrEviken. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right is the amount of TN

[ton] in the surface water during a fryear period.

Two different scenarios for TP and Toading are presented Figure 23 onewith the
total load (left) and one without the internal load (rigfit)e internal load for both TP
and TNwasof considerablenagnituden the differentmodels However theeonsequent
overall trend for both nutrientgere notthatdifferent In both scenarios thEN load
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decreased slowly, whilshére was a small increase in Ibad. When considering the
trends on a yedn-yearbasis, theyrequentlymatchedone and other.
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Figure 23 The calculated TRnd TNload throughout the modellgriod, with the
total load to the left and just the external loads to the right.

In Table 1lare the results from thregression analysis of Td&hd TN bad with Secchi

depth and chlorophyth. The data for Secchi depth and chlorophylere thesame as

in the analysis with TP and Tébncentrationgsection4.4.]). A correlation was tested
for with the two scenarios, wittind without internal loading.

The TPload achieved a significance correlation, with both scenarios, together with
Secchi depth and chlorophydl. Though wth internal loadthe TPload only got a
correlation with chlorophylba. Without internal loadin@ correlation was achieved with
both Secchi depth and chlorophaliThe significance correlation with TiBad was
attained with a variation of averages with no clear trend as which was bekidoe
significant correlations. For Secchi depth it seethatlan average from both station
was best, whilst for chlorophyd it seemed that averages from GB11 was best.

Contrary to the TNtoncentration, th&N load achievedho significant correlation with
Secchi depth. The Thbads also did nachieve a sigficant correlation with

chlorophylta. Consequently the regression analyses with loads got the opposite result
as with the concentrations.
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Table 11 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regression analyses Two scenarios were used for the
independent variables of Tdd TNloads, one scenario with the total load and one with
just the external load. Separate data from the two sampling stations as well as average
from both stations was tested. Marked in bold are the regression lines witbbp <0

Total load rPof TP  rof TP P-value rPof TN  rof TN P-value
Secchidepth 0.063 +0.25 0300  0.095 +0.31 0.19
Secchidepth GR1  0.022 £0.47 0.530 0.020 -0.14 0.56
Secchdepth GRO 0.017 £0.44 0.580 0.001 +0.03 0.90
Chl-a 0.395 +0.63 0028  0.170 +041 0.6
Chl-a GBL1 0.450 +0.67 0.016 0.048 -0.22 0.49
Chl-a GBR20 0.046 £0.21 0.622 0.007 -0.08 0.94

Externalload  rPof TP rof TP P-value rPof TN  rof TN P-value

Secch deptﬁ 0.390 £0.62 0.022 0.072 +0.27 0.550

Secchi depth GBL  0.022 £0.15 0.530 0.030 £0.17 0.475
Secchi depth GB0O  0.380 £0.62  0.020 0.032 +0.18  0.550

Chl-a 0.318 +0.56  0.068 0.036 £0.19 0.530
Chl-a GBL1 0.480 +0.69  0.008 0.070 £0.26 0.440
Chl-a GB20 0.096 +0.31  0.350 0.012 £0.11 0.740

4.5 SLETBAKEN

4.5.1 Linear regression analysis (conc.) an@iN/TP ratio

The linear regression analyses of data, that attained the best correlations, were based on
the yearly average of concentrations and Secchi depths dugisgakn April-October
(19752014. The concentrations of TP, TN and chloroptg/lvere calculated from

samples taken &5 meters depth together with Secchi depth, foo sampling

station in SIStbakeiThe linear regression analyses with the conceatrsiand

modelledioads are presented Trable 12andTable 13with the P-value of each

trendline, the correspondingvalue and the alue.

The only significant correlatiotihat was attained with the concentrations was with TN
concentration and Seucdepth, by a correlation coefficient 80.64.

Table 12 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regression analyses. Marked in bold are the regression lines
with p <005

conc. rPof TP rof TP P-value r’of TN rof TN  P-value
Sechi depth 0.073 £0.27 0.09 0.413 £0.64 <0.0001
Chl-a 0.031 £0.17 0.49 0.0025 £0.05 0.84
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In Figure 24summeravaages of the TN/TP ratio (ApBDctober)from the period
1975to0 2014, are presented togetheith the Redfield ratio of 7.2 and the threkhof
15. The TN/TP ratio droppqukriodically below the threshold value during the entire
time period,alsobetweenl989and1991 it droppedbelowthe Redfieldatio. TN/TP
valuesperiodically under the thresholé&nd even below theedfield ratio, indicatéhat
the system shifts between nitrogen and phosphorus limitations.
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Figure 24 Average valuedpr the timeperiod 19782015, of the TN/TP ratio during
May to September. The Redfield ratio of 7.2 and the threshold of 15 were also plotted

as constants.

4.5.2 Fluxes and linear regression analysis (loads)

Figure 25andFigure 26display results from the final TP and Thbdel, were the

models were calibrated to mhtthat of the measured concentrations in the surface
water (0.5 m). To the left, in each figure, are the sums of the different flows throughout
a five-year period. To the right is the amount of TP and TN in the surface water, which

can also be seen as ttencentration.

The mainTP loadinto SIStbaken wasom the adjacent sea, which was about twice the
magnitude compared to thead from theivers Boththe adjacensea and the river

showed arincrease inP loadover time Theinternal loadof TP wasrelatively high in
1991994 and 200E2004,but in the years between it was comparatively [Ohe

amount of TP irthe surface watesharplydeclined from 1990 to 199&nd then

remainedairly steadywith only a small increas@he decrease from 1990 to9®was

a consequence of decreased loads from the adjacent sea and a considerable decrease in
internal loadsThe increase of the amount of TP in the surface water was kept fairly

low, via decreased internal loads and an increase in burial.
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Figure 25 Results from the final TRhodel for BrEviken. To the left is the sum of the
different flows [ton] throughout a fivgear period. To the right is the amount of TP
[ton] in the surface water during a fiyear period.

ThedifferentTN loads, including internal loadyere all in the same magnitudéne
loadfrom the adjacerdeadisplayed a decreasitigend, whilst heloadfrom the river
displayed a increasingrend The amount of TN in theurface watevaried between
the years witha slighly decreasingrend,exceptbetweer200ER004whenthere was
sharpincrease innternal loads.
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Figure 26 Results from the final Thhodel for BrEviken. To the left is the sum of the
different flows [ton] throughout a fivgearperiod. To the right is the amount of TN
[ton] in the surface water during a fiyear period.
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Two different scenarios for Téhd TNloading are presented Figure 27one with the
total load (left) and one without the internal load (right)e internal dad for both TP
and TN was considerable in the different models. However the consequent overall trend
for both ndrients were nbthat different and wen considering the trends on a y&ar
year basis, they often matched one and other.
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Figure 27 The calculated TP and TiWad throughout the modellgekriod, with the
total load to the left and just the external loads to the right.

In Table 13are the results fra the regression analysis of TP and [6Bld with Secchi
depth and chlaphyll-a. The data for Secchi depth and chlorophyiere the same as
in the analysis with TP and Tébncentratios (see sectiof.5.]). A correlation was
tested for with the two scenarios, with and without internal loading.

A direct deviation from thénear regression with concentrations, only|®&d achieved

a significant correlation with chlorophydl. The correlation was only observable in the
scenario without internal loadEhe linear regression witconcentrations showed that

TN concentration gt a significant correlation with Secchi depth. Thus the analysis with
loads and concentration directly contradddne another.

Table 13 A compilation of the #value of the trendline, the correlation coefficient r and
the pvalue from the linear regression analyses. Two scenarios were used for the
independent variables of Tdd TNloads, one scenario with the total load and one with
just the external load. Marked in bold are the regression lines witlOp <0

Total load r? of TP rof TP P-value  r?of TN rof TN P-value
Sechi-depth 0.044 +0.21 0.32 0.150 £0.39 0.064
Chl-a 0.024 £0.15 0.50 0.001 £0.02 0091

External load r?of TP rof TP P-value  rof TN rof TN P-value
Sechi-depth 0.127 +0.36 0.087 0.040 £0.20 0.346
Chl-a 0.410 +0.64 0.006 0.001 £0.02 0.97
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4.6 SUMMARY

In Table 14is an overview of the results from the linear regression with the best
correlation coefficients from eadite The TNconcentration was theariablethat got
themost significant corlationsamongthe studiedsites Yet the TNload only achieved
a significant correlation with Secchi depith GErdsfjSrden and Stockhcamd none
with chlorophylta.

The TPconcentratiorwas the second best variable, regarding its correlation with Secchi
depth and lslorophylla, achieving significant correlation for many of the saitesas

TN concentrationThe correlation of TRoad with Secchi depth and chlorophgilvere
notasmanyas the TRoncentration; also it generally got lower correlation coefficients.
Interestingly the TRoad achieved significant coreglons in several siteshere TP
concentration did not

Table 14 Overview of thebest correlation coefficients from thegressiao analyses
from all sitesMarked in bold are theegression lines with p <@b.

Best correlatiorfsites TP (conc) TP (load) TN (conc) TN (load)
GErdsfjSrden (Secchi) £0.68 -0.51 B0.71 £0.50
GErdsfjSrden l§Ca) £0.29 +0.33 £0.44 +0.32
Stockholm (Secchi) £0.53 £0.32 £0.66 £0.66
Stockholm (@l-a) +0.65 +0.29 +0.41 +0.26
NykSping (Secchi) -0.68 +0.28 +0.18 £0.1
NyksSping (Chl-a) +0.71 +0.06 +0.57 +0.11
BrEviken (Secchi) +0.14 £0.62 £0.36 £0.17
BrEviken (Ql-a) +0.23 +0.69 +0.57 +0.41
SIStbaken (Secchi) £0.29 +0.36 £0.64 £0.39
SIStbaken (B-a) +0.17 +0.64 +0.05 £0.02

*Achieved p<0.05, but deemed as a false correlgttae sectios.1)

The summary of the results of the TN/TP ratidable 15 displays only two sites,
Stockholm and NykSping, with cleandication of either phosphorus or nitroge
limitations. Althoughthe TN/TP ratio did nodlrop below 7.2 in NykSping, the ratio was
constantly below the threshold fNg-fixating cyanobateria,indicatingnitrogen
limitation. Theother sites had a shifting TN/TP ratio and alternated gieaty

between indications of phosphorus and nitrolyartation.

Table 15 Overview of the TN/TP ratio and its indication with regards to the Redfield
ratio (Redfield, 1958)

GErdsfjSrde  Stockholm  Nyksping BrEviken  SlIStbaken

TN/TP Indication Periodic P-limited N-limited Periodic Periodic
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5 DISCUSSION

The results from the linear regressamalysevaried extensivelyTable 14) with no
singlenutrientclearlylimiting at any of thesites The assessmeatf the limiting
nutrientwasmade difficult by the duality ahe resultsAt all of thesites eitherthe

load or concentration of botiutrientsgavea significant correlation with Secchi depth
and/or chlorophy#a. Offering little support to an explanation to which nutrierds
generally the limiting onddowever for some of thsitesthere isan explanatiorfor the
similarresulsin regards to nitrogen and phosphorus

As aconsequencef nitrogen and phosphorus being essential nutrients in
phytoplanktonthere is often a matching trend between TP anatditentration
(Walve and Rolff, 2016)This matching trend between BRAd TNconcentration was
observed in laof the sites and true for most ye&fgppendixF). Theresultof this was
particularly apparerin GErdsfjSrden and Stockholmevery analysisere TP
concentratiorgavea significant correlatiorthe TNconcentration correspondingiyave
a significan correlation Table 14) This does noanswer the questiasf which nutrient
was limiting, but it explains the dual correlations for some sites. Moreover the dual
correlations in some sites liketygnify the naturatole for one nutrient as an essential
nutrient and not the limiting nutrient

The tendency for matching trenfds TP and TNconcentration wag/hy a correlation

with loads was also testetihhe magnitude of the loadsgether with internal processes
regulateghe concentrationf nutrients inthe waterHowever it wasassumed thdhere
would notnecessarily be matchingcorrelationbetweerthe TPand TNloads The
expectation wathereforethatthe loads wald better indicate what nutrient was

limiting, as it wasanticipatedhey followed sparate trend$ut that there would still be
aclearrelationshipwith Secchi depth and chlorophdl In similar studiessuch asn
Stockholm in the early 197@Brattberg, 1986)HimmerfjSrder{Elmgren and Larsson,
1997) Neuse RiveEstuary(Paerl et al., 20049nd the Lakes¥perimentgSchindler et
al., 2008)the crucial factor was that the load framly one nutrient was changed at a
time. This enbled thescientistdo examine the response from the systems, without
having to account for a dual reduction of nutriebisfortunately in most ofthe studied
sitesthe loadingrends, with and without internal loading, displayed the same matching
trendas with the concentrationBigure 11 Figure 15 Figure 19 Figure 23 andFigure

27). Althoughfor GErdsfiien and Stockholm there wenstancesvith changes in
loadng for only one nutrient. In GErdsfjSrden the phogus load decreased between
2010and 2012(Figure 11) which was investigated without result regarding a response
in chlorophylta (Appendix D. The result of the decreased phosphorus Veasl also
observed in the phosphorus concentratiopendix D. For Stockholm there was a
sharp decrase in nitrogen load from 19@Mtil 1997(Figure 15) butno clear response

in chlorophyll-a was identifiedAppendix D. Surprisingly the decrease in TN load was
not observed in the TN concentratidrhis could indicate that the TN concentration was
keptrelatively constant via an influx of nitrogen from-fiating cyanobacteria.

An aditionalproblem was thdbr three of the five sites, samples were only taken from
the upper 0.5 meters of surface water. As it was sugpodee the upperfll0 meter

used in the calibration and subsequent calculation of internal logtlisgvas made
uncertain As a consequence, and depending on the hydrological condition, the internal
load might nohavebeen representative ithosesites.
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This was also shown ilppendix B, were the difference in average concentration from
0.5 meter and®L0 meters was examinéar GErdsfjSrdefihe biggest difference in
using the differentlepthwas a hgher average concentration for 0.5 meter
Consequently the sites thatly had catinuous measurements in the upper 0.5 meters
could rave an overestimatedternal loaihg. Another genergbroblem with the

modelled loads was that the model was run on a ybadig. In areas were the TN and
TP loadvary significantly during the yeahe yearly average might not match that of
the load during the summer months, for which the averages of Secchi depth and
chlorophylta was calculated:his problem is discussed further in the sipecific
analysis.

One factor that should also be taketo consideration, when evaluating the approach,
was that the sampling programs weaog purposely designed for Eor all the sites the
sampling datavereheterogeneously distributed, changing in frequency and extent over
the years. To obtain averagbsattare represeative, the samplings programs should
preferably be constant over the years. The effect of the dispersed data was hard to
evaluate, as most sites achieved some correlation between concenffatwgh it 5

likely this was the cause foome of the sites not displaying a greater relationship
between TP or TN and Secchi depth and chloroghyll

The overall inconclusive results could have been a consequence of unfavourable
conditionsfor example by the matching trends in both concentratiand loadsr the
heterogeneously distributed daliais however possible that the problem was with the
general approachsed to definautrientlimited systems and the choice of method. The
hypothesis was thaitherone or the other nutrient would beetlongterm limiting
nutrient, disregarding any shestale change€onsequetty, the choice in method did
notaccount for the possibility of elimited systems.

Most celimited coastal areas are limited by both nitrogen and phosphorus, but during
different seasons of the yg@onley, 1999) An example of this is the inner Oslofjord,
were nitrogerdimits the spring phytoplankton blooms and phosphorus limits the
summer and autumn bloor(iRaasche and Erga, 1988nhother examplés that in many
Danish estuaries the phytoplankton is limited by phosphorus in timgsand then
change to nitrogelmitation in the summeiConley et al., 2000Carstensen et al.,
2006. Also in HimmerfjSrdenwhich is described as nitrogémited, there was a
changegrom nitrogen to phosphordisnitation during two yeargEImgren and Larsson,
1997 Elmgren and Larsson, 200Howarth and Marino, 2006 A connection to the
TN/TP ratio for several of the sites seems appareittofienindicated a periodical
shift betweerphosphorusindnitrogenlimitation.

For this study, if a change in the limiting nutrient happened during the stuthied!
period it would notbe detectable with the lineeggressiorapproach. The probable
result wouldbea low or no correlation between the nutrients and eutrophieation
indicators.The choice in the yearly period was an iterative proecasaningthe period

with the best correlatiowas chosenSubsequenthany changes in the limited nutnie
might, through desigravebeen missed. Especially since there is often a weaker
relationship between the spring blooms and the limiting nutfieonley, 1999)
Subsequentlyf any of the sites were eamited the resultswill only reveal the limiting
nutrient during the summer seas®hough for the sites that the TN/TP ratio indicated a
change beteen years, the linear approaehsstill uncertain.
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With the problem of matching trends, in both concentrations and loads, an overall
conclusion was hard to express. Also, there werespieeific factors that shoulae
consideredvhen assessing the resullhereforean individual analysis of each area is
discussed below.

5.1 GErdsfjSrden

In GErdsfjSrden thegression analysievealedhat both TN and TBaveequivalent
correlation coefficiergregarding Secchi deptitgéble 14. None of the nutrients
showedarealisticstatistically significant correlation with chlorophdl A problem

with the site that emerged late in the study, was that the paper mill had released large
guantities of toxins and organic matt€éhe negativecorrelation inTable 14with TN
concentration and chlorophydicould be a consequence of tlB®th the concentrations
and loadsalsoshowedanoverall matching trend. This made it difficult to discern if one
correlation indicated the limiting nutrient and if one was just a naturabitinelation.

The results from the TN/TP ratio were also inconclusive, with the ratio fluctuating
around the thresholdalue with no clear trendNo conclusion as to the limiting nutrient
could be made.

5.2 StockholmOs innerarchipelago

Similarly to GErdsfjSrdein StockholmOs inner archipelago both TP and TN
concentratiorgota statistically significant correlatiomith Secchi depthThe
concentratiosalsoachievedsignificant correlatiorwith chlorophylta. Yet with the

loads none but the TNbad together wh Secchi deptlgot a significantorrelation As

the concentration should be dependent on the internal and external load, this result was
unexpectedEspecially since the TN concentration gasignificant correlation with
chlorophyll-a whilst the load id not The reason for the TiBad not achieving the same
significant correlation as T€ncentration could be because of a lot of phosphorus was
buried in the sediment§&igure 13. But the most probable reasaould be the

differencein yearlyloadsandthe load during the summer montHsthe differencein
loadsweresignificant it would explain whytheydid notachieve the samevel of
correlation as the concentrations.

Contrary to GErdsfjSrdeime TN/TP ratioin Stockholmwas constantlyvell abowe the
threshold and Redfield ratio, indicating a letegmphosphorous limitedystem
(Redfield, 1958HEkanson and Bryhn, 2D0Bhis impliesthat thecorrelation between
TN, Secchi depth and chloropmdl couldsignify the natural correlation of nitrogen as
an essential nutrienbut not the limiting nutrientThis theory has further backing when
consideringhat adecrease in nitrogen loaid not affect the TNr chlorophylta
concentratior{AppendixD and Figure 15)This would mean thatockholmOs inner
archipelago has remaingahosphorous limitedince the 1970s, whestudiedby

Brattberg (1986)Though this could ndte confirmed by the linear regression analysis
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5.3 The Bays ofNykSping

The Bays of NykSping showed indications of beptgpsphorous limitedwvith TP
concentratiorachieving the best correlation coefficient for both Secchi depth and
chlorophylta (Table 14. The siguificant correlation between Tdbncentration and
chlorophyltawascomparativelynuchlower andcould be explained as a natural
correlation.

Similarly to Stockholm, the TBnhd TN loads did notorrelate well with either Secchi
depth or chlorophylh. Therisk thatthis wasdue to the usage of yearly loads seems
likely. Particularly since the budget calculation showed ithagsthe riversthat
dominated the load of both TP and {Ngure 17andFigure 18) As the rivers
discharge significantly varies over tbeurse of gear, the loads would as wellhe
impact of the rivers inflow was also reflected in the salinity level ind abivere the
Bays of NykSping had the lowest salinity of all studied sites.

TheTN/TP ratio in the Bays of NykSping stayed between the threshold and Redfield
ratio (Redfield, 1958)which suggest a nitrogdimited system with condition

favourable folN,-fixating cyanobacteriéHEkanson and Bryhn, 2008)

This might seem contradictory to the results from the linear regression, but it could be
explained with théheoryregarding Himitations from(Schindler et al., 2008)f the
N-fixating cyanobacteria werable to maintain thphytoplanktonQelative biomass to

the concentration of phosphorus, even in periods of low concensatimitrogen, the
system would behosphorous limitedndstill havea TN/TP ratio under 15.

Onefactorthat might contradict this theowyasthe low residence time in the bays-N
fixating cyanobacteria thrive in warm, calm and vertically stratifvater, where they

can migrate between the nutrient rich bottom and the surface \(R#end et al., 2001)
Having a short residence time, as in case of the Bays of NykSping, disrupts the growth
rates and structural irgaty of Np-fixating cyanobacteria, making it difficult for them to
grow (Paerl et al., 20QPaerl, 2009)Though it is possible that during persaf the
summer the conditiowerefavourable for N-fixating cyanobacterialt seems unlikely

it wasa longlasting staten the bays Nevertheless the results from the linear regression
arguably points towardsphosphorous limitedystem.

5.4 BrCviken

In BrEviken the analysis with concentrations and the load ylteatradicted each
other. Thedads indicated Himitation, whilst the analysis with the concentrations
implied N-limitation. The TN/TP ratio fluctuated over the years, indicating shifts
betweerN- andP-limitations but no conclusive resukhereforaet became an
evaluation of theorrelation coefficientsThe methods for attaining representable
concentration in BrEviken differedrfréhe other sites, with trencerns that the
riverOs possible effect on sampling station GB&klund and Fridlund, 2004Though
no evidence could be found of GB11 being visibly affected byiviee (AppendixF),
each station data wasill tested separately, as well as an averculated from both
station.

For Secchi dpth, a correlation was only found when considering an avé@geboth
stations. The TRbadachieved a twice as high a correlation coefficient as with TN
concentrationMaking it unquestionablyhe better variable to describe Secchi depth.
For the chloophyll-a, the result washore complicatedb evalate.
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The TPload got aslightly higher correlation coefficient than Tédncentration.

However, for TNconcentration a significant correlation was only achievigd values

from station GB20, Wereas foilf P load it was attained with averages from both

stations and with data from GB11, but not for GBR0.clear explanation for the
discrepancy between using averages from both stations and individual stations could be
established.

With TP load getting higer correlation coefficients with both Secchi depth and
chlorophyltathe results implyphosphorudéimited systemThough celimitation could
notfully be dismissed.

5.5 SiStbaken

In SIStbakerthe analysis with concentrations and the lasdcontradicted edtother.
Both TN concentration and T®ad got exactly equal correlation coefficient but with
Secchi depth and chloropmdlrespectively. As bothariablesare symptoms and
measurements of eutrophication it was impossible to draw any conclusion as to the
limiting nutrient. The TN/TP ratio also did noévealany conclusive support either,
only an indication of changes betweatrogenandphosphorudimitations over the
years, with the ratio even dropping below the Redfield rRssibly indicating a co
limitation with both nutrients

6 CONCLUSIONS

The method of using linear regression analiscompareempiricaldataof nutrient
availability @verages of TRndTN) with estimates of eutrophicati¢gBecchi depth and
chlorophylta) to determine the limihg nutrientwasnotin itself conclusive. This was
mostly due tol'P and TNconcentratiorhavingnaturallymatchingtrends;consequently
both nutrients often achiegdequivalent correlations coefficients in the analyses.

Applying massbalance calculatigrwith empirical data, to determine the internal and
external load of TP and TN and subsequently test these for correlations with Secchi
depth and chlorophyth was mostly unsuccessful. This was partly due to the matching
trends in TP and Thbads, whichéd to the same problems as with the concentrations.

A plausible reason for not achieving more significant correlation was because the loads
were calculated on a yeatbasis, whilst the Secchi depth and chloroplylvere

summer averages. The mdmdancecalculations should be scaled down to a shorter
modelledperiod to encompass the sasuenmelperiod, whichcouldlead to better
correlations.

Combining the results from theo linear regression analyses with the TN/TP ratio to
determine the limitingnutrientdid result in some conclusiorfsor three of the sites,
StockholmOs inner archipelago, the Bays of Nyk3ping and Br@Eviken the combined
reallts signified these as beitignited by phosphorusBut it should benoted that it was
mostly a lack of corasive results from two of the three methaalgach sitehatled to
theseconclusionsand notcollaborating results from two or more methoéis for the
other sites no conclusion regarding the limiting nutrient could be drawn.

Ultimately, it washard b achievemore conclusiveesuls from uilizing empiricaldata,
sincethe sampling data was heterogeneously dispersed. Also hawgiiching trend in
bothconcentrationas well as loads made any observation of the limiting nutrient
problematic to distingish
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Using more complestatisticalmethodsmight achieve more definite resultspwever
the linear regression approach is considered simple but r&west with problematic
datathelinearregression approact a provermethod Furthermore other more
complexstatisticalmethods requiradditionalvariables, a higher sampling frequency
andgenerally more extensive dathich werenot availabldor most sites

Conducting furthetargescale experimerin coastal areasvhere one nutrient is
changd andhe other is kept comparatively constambuld provide better data
evaluate nutrient limitatiarThe problem with such an experiment is how to control
inflow of nutrients from the adjacent sea. As this parameter cagalbt be controlled,
it would bedifficult conduct an experiment with the level of certaintyhes obtained in
theLake-Experiments.
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APPENDIX A: THEORY OF LINEAR REGRESSION ANALYSIS

The program used for linear regres®n was Excel 2010with the tools OStatistic

toolboxO, ORegressionO and OScatter plotO. The next section gives a short summary of
how linear regression works and which statistical variables were gathered and how to
interpret them. All theory wasikenfrom KSrner and Wahlgren (2005).

Linear regression is based on the linear least squares method, were each observation of
the independent variable, e.g. TP or TN, is plotted against the corresponding
observation of the dependent variable, e.g. Secchi deptiiayophylla. A regression

line is then fitted between the points according to Equation 1. In Equation 1 the Oa0 is a
constant, ObO is a coefficient, x is the independent variable and y is the dependent
variable.

Y (1)

The least squares methmeans that the constant Oa0O and ObO in Equation 1 is
determined so the square sum of Equation 2 is as small as possible. This means that the
difference between the actual value and the value on the regression line, also called
residuals, becomes as sha possible. Equatia@Owvariables have the same definition

as in Equation 1.

Y[ bex)]? (2

To determine how strong a linear relationship iscihreelation coefficient is often
used.

The formula used for calculating thealue is presented in Equation 3, wriie the
independent variablg,is the dependent variabladin is the number of sample pairs.

> xy!

J(Z! ' (z!! )’ )(Zyz (z!! ) )
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!

T =

3)

The calculation returns arvalue that is betweerl and +1and is interpreted as

follows.

An r-value equal tel means the correlation is negative and all of the observations are
on the regression line. Arnvalue equal to +1 means that the correlation is positive and
again all of the observations are on the regression line. lfuhkie is close tel or +1

this means that there is a strong linear relationship between the independent and
dependent variable.

The square of, also called the coefficient of determinatiof),(states how much of the
total variation of the dependent variable is explained by therlneéstionship with the
independent variable. So a value Bfequal to 0.89, means that 89% of the variation for
the dependent variable is determined by the independent variable.
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When using theorrelation coefficiento interpret the linear relationgp between

different variables, it is important to know that treefficientis easily influenced by
extreme valuedlotting the data beforehand and removing any extremes prior to using
the linear regression tool avoided this

Also obtained from regre®s analyses in Excel was thevplue (probvalue) for each
regression. The-palue indicates the probability that the null hypothesis is Trbe.
smaller the pvalue is the less likely it is that the null hypothesis is.t@enerally a p
value of less thn five percent means that the trend caadseimedtatistically
significant.

I
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APPENDIX B: TEST WITH DIFFERENT DEFINITIONS OF
SURFACE WATER IN GeRDSFJERDEN

For GErdsfjSrden data of continuous measurements freonl0.meters, both for TP
and TN conentrations, were available between 1980 and 2015. The site was therefore
used to test the effects of using averages from 0.5 meteBt @nieters.

FigureB1 and FigureB2 display the different averages of TP and TN concentrations for
the two scenariod he biggest effect of using the 0.5 meter average, for both nutrients,
was generally a higher concentration. For the exception of a couple of years, there was
not a large difference in trends between the different averages, for either nutrient.

The trendof TP concentration deviated for the two averages between the yeals 1982
1986 and 20022011, but the difference in actual concentration was not considerable.
However between 1988 and 1993 the TP trend was the same, but with a considerably
higher0.5 meteiaverage. The difference in average concentration was upptg/l14

during those years. The biggest effect this would have would be on calculating the
internal load.
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Figure B1 Average concentrations of TP (ME§eptember) in GErdsfjSrden, measured
between 1980 and 2015. The plotted lines are two different aveosgefspm 0.5
meter samples and one frodl@ meter samples.
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The trend of TN concentration also deviated for the two averages, but between the years
198®1986 and 20022013. The relative difference in concentration, between the two
averages, was also neoconsiderable for TN. Again the biggest effect this would have
would be on calculating the internal load.
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Figure B2 Average concentrations of TN (MB§eptember) in GErdsfjSrden, measured
between 1980 and 2015. The plotted lines are two differeragegrone from 0.5
meter samples and one frodl@ meter samples.
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APPENDIX C: MODEL EQUATIONS

Themodels wergun on yearly timébasis for all eeas, with a timestep of 0.01The
model was based dfquation 49 and below is a short explanation of #ggpiations and
how the model was calibrated.

The input from rivers wasalculated with Equation, 4vere:
Qriver [m?/s] the outflow from the river, Crive6f%2Be concentration of TP/TN in the
river and 31.536 unit converter

"#$%input [kg/year] ! 1"#3$%" | 1"#3$%" 11" I"# |(4)

The input from the adjacent seas calculated with Equation were:
Qsea [n¥s] inflow from the sea, &a p7%28e concentration of TP/TN in the
incoming seawater and 31.536 unit converter

'#$%&"# I[!" /year]! Qsea!!"#$ !I" I"# | (5)

The output from the systewas calculated with Equation were:
X in water [kg]the amount of P/TN in system, elume [n7] of system, Qsea+Qriver
[m?/s] the total outflow of water and 31.936° unit converter

"#$%&' sea [kg/year] = (M

volume

) - (Qsea + Qriver) - 31.536-10° (6)

The model was muthe first time byusing onlyequation 46. The results from the first
run were then compared to the empirical concentration of TP and TN. To adjust the
models concentration to fit that of the measured, two flows were introduced into the
model to input oremove TP/TN from the systeifiquation Avas used to calculate if
the system needed mdjequation 8 > 1) or less (Equatiorxd).

Empirical X in water

Modelled X!I" I"#$% DOIHSN S WHENE (1)
'#$% ! X" 1"#$% | I"#$%!"#$%& 8
S IS0 MRS H "H#E%& 9

X in water kg] the amount of TP/TN in system
However due to the program worked with short tisbeps (0.01) in the integration, the

input/output factors were manually altered until the best fit between empirical and
modelled values were achieved.
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APPENDIX D: TN, TP AND CHL -A IN GeRDSFJERDEN
The different load$or GErdsfjSrdén FigureD1 show dissimilar trerslafter 2003,
when the TP load changedd the TN load remained fairly constant. During that period
the chlorophyHafirst decrease, while phosphorus load increasedg@site of what
would beexpected if phosphorwgere thdimiting nutrient Although ketween 2010
and 2012, there was a decrease in TP load and the chloragbilbwed the same
trend.Between 2000 an2l002boththe TNand TP loadignificantly decreased, whilst
the chlorophyHa concentration significantly increasédtogether there waso support
that either TP or TN load effectdlde chlorophyHa concentration.
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Figure D1 The total TP and TN load together with teerage chlorophy#
concentration during M&beptember in GErdsfjSrden.

In StockholmOs inner archipelago there was a decrease in TN load from 1990 to 1997,
whilst the TP load remained fairly even (Figld®). A discernible response in
chlorophylta durirg that time was unclear. The chloropkgliiid not follow the same
decreasing trend as nitrogen load; offering no support that nitrogen was the limiting
nutrient.

—("04<-"  =—M10:<"

& ———04< =——=MI10i<" oG &(" %BHS
Bl %ot $:11" . %t
"
A N s A
51 SO v\
AAAN ﬂ o~ $# gy \ -

o MWV e

%Il 6lll
e 5 i
- # #
%!

!" =1 T T T T T T =T T T T T T T T T |-d|| !" ' T T LT LT |||||—|||||||||"d | | !"
= b ©z:.: ¥ 335 = L. I0 . X in o - © z X In
30002208586 >R300 L B
SBBBBSESSELELLELESE BEBBBSLESLESLLELER

Figure D2 The total TP and TN load together with the average chlorephyll
concentration ding MayESeptember in StockholmOs inner archipelago.
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APPENDIX E: COMPARISON BETWEEN SAMPLING STATION S

The summer average concentrations of GB11 and GB20 were compared to each other,
but no clear difference between the concentrations could be foundher R or TN
(FigureEland FigureE2). As such the sampling station GB11 was not considered
extremely effected by its proximity to the river.

o
ih

L TAALS —ness

* 5|
g - V, E jQ e !A | NEo!

Figure E1 Average summer concentrations of TP, calculated for the two sampling
station GB11 and GB20 in Br@&saiik
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Figure E2 Average concentrations of TN (M&geptember), calculated for the two
sampling station GB11 and GB20 in BrGEviken.
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APPENDIX F: TRENDS IN TN AND TP CONCENTRATION
The TPand TNconcentration in GErdsfjSrden followed the same general degreasi
trend, only diverging from this treralcouple of years and mostly at the same time.

I "n * 0 n
| #'&*$% | 1 8)S%
6!" i
#!ll 7!!
el
5! H
& 5"
%l &
%!l"
$! | $!!II
!" T |=| T T T T T T T T |-\c>| _T T T T T T T I:I T T T T T T |=| qu; T !“
I A T SR S S i i o3 n
2035333530208 8s 0
PP RRPEBRBISIIERLRER

Figure F1 The average TBnd TNconcentration during M&Beptember in
GErdsfjSrden

The TPand TNconcentration in StockholmOs inner archipelago consistently followed
the same trenfFigureF2). The overall trend was a small decrease in concentration, but
it was not tested for statistical significance.
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Figure F2 The average TBnd TN concentration during Mageptember in
StockholmOs inner archipelg@ata sent fronstockholm Vatten, 2017)
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There was no overall trend for either thedrP'N concentration in the Bays of
Nyksping (FigureF3). The concentrations varied significantly over the years, however
the decrease or increase in concentration often matchedtbach o
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Figure F3 The average TBnd TNconcentrion during MaySeptember in the Bays of
NykSping.

In BrEviken the Té&hd TNconcentration varied extensively, with concentration halving
or doubling between yea(BigureF4). Though the trend from year year between
concentrations was mostly matched.
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In SIStbakerfFigureF5) the overall trend in the concentration seemed to be an increase
during the 1980s and early 199@s|owed by a stable period with botioncentrations

The last years of the studiperiod the concentrations went down to the same levels as
the 1970s. The trend between nutrients was a matching trend for most years.
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Figure F5 The average TBnd TNconentration during MaSeptember in SIStbaken
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