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Abstract

Nitrate (NQ) is the major nutrient responsible for coastarahication worldwide and its
production is related to intensive food producteond fossil-fuel combustion. In the Baltic
Sea NQ@ inputs have increased four-fold over the last desaand now remain constantly
high. NG source identification is therefore an importanhsideration in environmental
management strategies. In this study focusing erBtitic Sea, we used a method to estimate
the proportional contributions of NOfrom atmospheric depositiohl, fixation, and runoff
from pristine soils as well as from agriculturahda Our approach combines data on the dual
isotopes of N@ (8"°N-NOs” and3'®0-NOy) in winter surface waters with a Bayesian isotope
mixing model (Stable Isotope Analysis in R, SIAMased on data gathered from 47
sampling locations over the entire Baltic Sea,tagority of the NQ in the southern Baltic
was shown to derive from runoff from agriculturahtl (33—100%), whereas in the northern
Baltic, i.e., the Gulf of Bothnia, N§originates from nitrification in pristine soils (3200%).
Atmospheric deposition accounts for only a smattpertage of N@ levels in the Baltic Sea,
except for contributions from northern rivers, widhehe levels of atmospheric NQare
higher. An additional important source in the cahBaltic Sea is Nfixation by diazotrophs,
which contributes 49-65% of the overall BlQool at this site. The results obtained with this

method are in good agreement with source estinta®sd upod™N values in sediments and
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a three-dimensional ecosystem model, ERGOM. Weesigbat this approach can be easily
modified to determine N sources in other marginal seas or larger nearaoa®eas where

NOjs is abundant in winter surface waters when fraétiimm processes are minor.

1 Introduction

Throughout the world, anthropogenic reactive N ently exceeds natural production
(Galloway et al., 2003; Gruber and Galloway, 20@Bynsequently, riverine nitrogen (N)
fluxes have doubled in recent years, which hashgtyoimpacted the marine N cycle and
ecosystem health, both at regional and global scdfe coastal ecosystems, the adverse
effects of these excess N loads include eutropgbitahypoxia, loss of biodiversity, and
habitat destruction (Galloway et al., 2003; Villnétsal., 2013). For the shallow, brackish,
semi-enclosed Baltic Sea, where intense anthropogentrient loadings have been
documented since the 1950s (Elmgren, 2001), rigeaind atmospheric nutrient inputs are
now at least four-fold higher than a century agbemw anthropogenic influence was low
(Schernewski and Neumann, 2005; Stalnacke et 8BP9)1 Furthermore, cyanobacterial
blooms, which can fix By and thus add nutrients to the surface watersegpaéar large scale
phenomenon each summer (Finni et al., 2001; Valeteah, 2007) and the overall increase in

nutrient input has supported the expansion of higppanes (Conley et al., 2009, 2011).

A main component of the N pool and the one moslilgavailable is nitrate (N®) (Nestler

et al., 2011; Vitousek et al., 1997), which derifieen a wide variety of sources. These can
be identified by analysis of the N and oxygen (@jtopes ¥>N-NO; and§'®0-NOy) since
the isotopic ratios of N§ from different sources fall within distinct rangésendall, 1998;
Kendall et al., 2007). For example, BlOinputs from forested catchments can be
discriminated from those coming from agricultunahoff, and the N@ signature of microbial
nitrification differs from that of atmospheric degiiton (Kendall, 1998; Kendall et al., 2007;
Mayer et al., 2002). Source attribution is, howeveomplicated by N-transformation
processes such as denitrification, nitrificationd assimilation, each of which gives rise to
significant isotope fractionation. Since heaviestipes are sequestered more slowly than
lighter ones, the reaction product will be isotalic depleted compared to the original NO
source (Kendall, 1998). Alterations of isotope ealubecause of microbial fractionation
processes can be minimized by collecting the sampleinter, when low water temperatures

reduce microbial activity (Pfenning and McMahon97)
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Nonetheless, source attribution is still complidamen there are more than three sources but
only two isotopes that describe them (Fry, 2013ARS(Stable Isotope Analysis in R), a
Bayesian isotope mixing model originally developednfer diet composition from the stable
isotope analysis of samples taken from consumeds thair food sources (Moore and
Semmens, 2008), was already successfully applietl@ source identification. Xue et al.
(2012, 2013) were able to estimate the proportiarmadtributions of five potential NO
sources in a small watershed in Flanders (BelgilBased on their determinations of the
isotopes of nitrogen and oxygen they could show thanure and sewage were the major

sources of N@.

In the Baltic Sea the NOpool present in the surface waters in sprmmginates from the
previous growth season arglconsumed during the onset of the phytoplankfmng bloom,

in February/March. Stratification in summer hindenculation down to the halocline, thus
atmospheric deposition and, Nixation are the major N sources, whereas in @amteas
riverine discharge dominates (Radtke et al., 204d5s et al., 2011). Yet, to what extent the
various NQ sources add to the overall pool of N@ the Baltic as a whole is still a matter
of debate. In this study, a source attributionffarr major sources is presented. Taking the
Baltic Sea as an example we will show, that the afsthe isotopic composition of NO
(8*°N-NOs and 5'°0-NOy) in combination with SIAR can be used elsewhene sfource

identification on an ecosystem scale level.

2 Material and Methods
2.1 Field sampling

Surface water samples from the Baltic Sea werec@t in February 2008 (n=22) and 2009
(n=17) before the onset of the phytoplankton spidhgom aboard the R\Alkor and in
November 2011 (n=1) aboard the RWeteor using a Seabird CTD system with attached
water bottles. Samples from the Nemunas River @35 N, 21°22°53.9 E; 55°41°25.6 N,
21°7°58.4 E; n=4) and Kalix River (65°564.2 N, 22.2 E; n=1) (Fig.1) were taken
between November 2009 and February 2010. ValuesNiOg in which atmospheric
deposition was the source were obtained from websidon samples collected at three
stations around the Baltic Sea: Warnemuinde, Gerrt@&iL0’ N, 12°5’ E,); Majstre, Sweden
(57°30" N, 18°31' E); and Sannen, Sweden (56°13IH17’E) from December 2009 until
February 2010 (Table 1). In Warnemunde, precipitatvas collected on an event basis, and

retrieved daily to limit microbial degradation, mgia sampler consisting of a plastic funnel
3
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(diameter: 24 cm) connected to a 1-L polyethyleodtldr At the two Swedish stations,
rainwater was sampled monthly by the Swedish Enmrental Research Institute (IVL) as
part of the Swedish national long-term monitoringgrgam. Here, the sampler consisted of a
plastic funnel (diameter 20.3 cm) connected to dn@lyethylene bag. All samples were
filtered through pre-combusted Whatman GF/F filigrd at 400°C) and stored frozen until

further analysis.

2.2 Nutrient concentrations and dual isotope analysis of NO3

Samples were analyzed following a standard protfmedhe determination of N and nitrite
(NOy) (Grasshoff et al., 1983); the precision of thethod is +0.02 pmol}. Dual isotope
analysis of N@ (8"°N-NOs; and 8'%0-NOy) was carried out using the denitrifier method
(Casciotti et al., 2002; Sigman et al., 2001), ihick NO; and NQ  are quantitatively
converted to nitrous oxide () by Pseudomonas aureofaciens (ATTC 13985), a bacterial
strain that lacks pD reductase activity. In brief, R is removed from the sample vials by
purging with helium and then concentrated and patiin a GasBench Il prior to analysis
with a Delta Plus mass spectrometer (ThermoFingigdi®,” was not removed since its
concentrations were always less than 2% (refetonipe procedure described@asciotti et
al., 2007). N and O isotope measurements of rougb¥ of the samples were replicated in
separate batch analyses. Two international standBkBA-N3 (§°N=4.7%o vs. N; 8*°0
25.6%o vs. VSMOW) and USGS 38N -1.8%o vs. N; 8*%0 -27.9%0 vs. VSMOW) (Bohlke
et al.,, 2003), were measured with each batch ofpkmn Samples with NG NO,
concentrations as low as 1 pmdiere analyzed. The sample size for the actual establ
isotope measurements was 20 nmol for samples witicentrations >3.5 umol*land 10
nmol for those with concentrations <3.5 pmdl lsotope values were corrected after Sigman
et al. (2009) fos*®0-NO;’; single point correction was referred to IAEA-N3 fPN-NO3.
The precision was <0.2 %o f6f°N and <0.6 %o fo5'20. Together with the samples, a culture
blank was analyzed to which no sample was addeel.iSdtope ratios are reported using the

delta notation in units of per mil (%o).

2.3 NOgjz sources
To estimate the contribution of different N@ources, two isotop&d®N-NOs andd'®0-NO;y
()=2) from the four major N@ sources: (1) atmospheric deposition, (2) runadfrfrpristine

soils, (3) runoff from agricultural landnd (4) N fixation were applied (Table 2)n this

4
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context,N> fixation was defined as NQoriginating from the degradation and remineraicrat

of nitrogen fixers and therefore carried their Iesotopic signal. Thus, for NOfrom N,
fixation, 5°N values of ~-2 to 0%were assumed, since fixation produces organic material
that is only slightly N depleted against air niteag(Carpenter et al., 1999, 1997; Montoya et
al., 2002). The3'®O values were estimated to be between -3.8%d 2.0%., based on
measurements in the subtropical northeast Atlamtiere N fixation was the main source of
N (Bourbonnais et al., 2009 f0-NO; = 2%0) and the estimateéd®0 of NO; deriving from

N, fixation by Sigman et al. (2009§*€0-NO5" = -0.2%0) and Bourbonnais et al. (2018)°0-
NO;3™ = -3.8%o).

To expand the dataset, we includedNi€otope data from river water samples, ground wate
samples, and samples from tile drain outlets ct@bba 2003 and published in Deutsch et al.
(2006). In that study, the Warnow River (n=2) wampled twice, in January and February
2003. These sources were likewise sampled in wisiace marked seasonal shifts in the
isotopic composition of N@ can occur due to shifts in the origins of the sear(Knapp et
al., 2005). Samples from tile drain outlets wereduso represent N Ofrom agricultural
runoff and were obtained from the catchment ofWreenow River, whose waters are strongly
influenced by agricultural land use (Pagenkopf, 1J0B{igh §°N-NO5 values of 9.9+1.5%o
and lower 5'°0-NO; values of 4.6+1.0%. are typical for areas that mtuenced by
agricultural activities and are comparable to stadif Wankel et al. (2006) and Johannsen et
al. (2008). Johannsen et al. (2008) found in tkersi Rhine, Elbe, Weser and Ems, with
comparable high agricultural activitie$:°N-NOs values between 8.2 and 11.2%. a¥ttD-
NO;3 values from 0.4 to 0.9%. in winter. However, a éiffntiation between NOfrom
mineral fertilizers and sewage/manure was not d@atber a mixed signal from rivers that are
mainly influenced by agricultural activities wakea. Groundwater samples were used as the
source of N@ from pristine land (Deutsch et al., 2006). Th&N-NOs and 5'°0-NO;
values significantly differed from those of agricwhl runoff (p<0.05) but were similar to the
values of other areas, such as Biscuit Brook (Betrad., 2009) and the San River (Koszelnik
and Gruca-Rokosz, 2013), where pristine soils vgarapled and reflect nitrification activity

in soils unaffected by human activity.

The dual isotopes of NOvalues presented in Deutsch et al. (2006) wereyaedlaccording
to Silva et al., (2000). In this method, B@ chemically converted via anion exchange resins
to AgNO;” and the3™N-NO; and§'®0-NO; values are measured via pyrolysis and isotopic

ratio mass spectrometry (for a detailed descriptmee Deutsch et al. 2006). A normal
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distribution of the isotopic data from the four smes was confirmed by applying the Shapiro-
Wilk normality test.5*°N-NOs” and'®0-NO;™ values from N@ from atmospheric deposition
of 0.3+1.4%0 and 76.7+6.8%o, respectively, are alsdirie with literature values. Th&°N
values of atmospheric NOare usually between -15 to +15%. and 8% between 63 and
94%0 (Kendall et al., 2007).

Six regions within the catchment of the Baltic Sesxe investigated for their potential MO
sources (Fig. 1). According to the topography ef Baltic Sea, the samples were assigned to
four major areas: Western Baltic Sea, Baltic Pro@arlf of Finland, and Gulf of Bothnia.
Additionally, three rivers differing in their degreof anthropogenic impact were included in
this study and divided into two groups: northerd aouthern rivers. Rivers with high nutrient
loads drain mainly into the southern Baltic Proged were represented here by the Nemunas
and Warnow Rivers, whose NQconcentrations in winter can be as high as 260Itho
(Deutsch et al, 2006, Pilkaityte and Razinkovas6200The Gulf of Bothnia receives large
amounts of fresh water from rivers representedhieyitalix River. These rivers drain mainly
pristine, forested land and have maximum sN@oncentrations of around 20 pmeét |
(Sferratore et al, 2008).

2.4 SIAR mixing model

The applied mixing model is described by the follogvequations:

K
X; :; Py (Sjk +Cjk)+£ij 1)
Sy = Ny i) (2)
Cy ~ N(/ljk,rjzk) (3)
g, ~N(0,07) (4)
where X is the observed isotope value j of the mixture=1,2,3,...,1 are individual

observations; and j=1,2,3,...,J are isotojsgss the source value k of isotope j (k = 1,2,3,...,
K) and is normally distributed, with a mean gf pnd a standard deviation ©f. p« is the
proportion of source k that needs to be estimagethé model. g is the fractionation factor
for isotope j on source k and is normally distréalt with a mean oky and a standard
deviation ofry. g; is the residual error representing additional amdified variations between
mixtures and is normally distributed, with a me&® @nd a standard deviationgf Detailed
descriptions of the model can be found in Jack$a@l. €2009), Moore and Semmens (2008),

and Parnell et al. (2010). As noted above, by ctilg samples between November and
6
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February we minimized the influence of fractionatiprocesses such as assimilation and
denitrification that can alter the isotopic sign&INOs'. Therefore in EQ. (1) we assumed that
Ck = 0.

Two different runs of the SIAR model were performéd the first, for the Western Baltic
Sea, Baltic Proper, and Gulf of Finland, all foousces were included in the calculation. In
the second, for the Gulf of Bothnia, the southérars, and the northern rivers; fixation as

a potential N@ source was excluded since in these areas therm idh fixation by
diazotrophs because the Gulf of Bothnia is phogghbmited, in contrast to the Baltic Proper
(Graneli et al., 1990).

3 Results

3.1 NOj3 concentrations and isotopes

Winter (Nov.-Feb.) surface NOconcentrations ranged from a minimum of 2.6 pnfohlthe
open Baltic Sea to a maximum of 259 unibtlose to the estuaries of the most nutrient-rich
rivers, i.e., the Nemunas and Warnow Rivers (FigS@oplement 1). In most basins of the
Baltic Sea, the N®concentrations in winter were almost identical hvitlte exception of the
Gulf of Finland, where concentrations were aboud-fold higher (7.6+0.9 pmol't Fig. 2).

In the western Baltic Sea, the Baltic Proper, d@dGulf of Bothnia N@ concentrations were
similar with 3.3+0.6, 3.4+0.8, and 3.7+0.4 pmib| fespectively.

Highest nitrate concentrations in the Nemunas Ralso corresponded to the high&5iN-
NO3 with 10.0 %0 and vice versa, with lowest concentradi and nitrogen isotope values in
the Baltic Proper (1.5 %o). TR&#0-NO; values ranged from -2.8 %o in the Gulf of Bothnia
to 10.6 %oin the Northern River, Kalix (Fig. 2, Supplemeit 1

3.2 Sources of NO3’

SIAR calculated that in the southern Baltic Seaicafjural runoff was the main N{Osource
with the highest contribution in the western Bafiiea with up to 67 % (mean 53.5+3.2%) and
in the southern rivers with up to 100% (mean 93.5%) (Table 3, Fig. 1). NOfrom
atmospheric deposition was negligible with 3.5% g§md..1+0.5%) and NOfrom pristine
soils lower with up to 42% (mean 7.5£5.9%) in thestern Baltic Sea (Table 3, Fig. 1). In the
Baltic Proper, N@ from N, fixation was the dominant NOsource with up to 65.3% (mean
58.8+2.0%) (Table 3, Fig. 1). In the northern Baliea N@ from atmospheric deposition is
only important in the northern rivers with a cobtriion of up to 23.4% (mean 11.8+1.5%)

7
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(Table 3, Fig. 1). N@ from pristine soils is mainly transported by therthern rivers
(75.3+£7.9%) to the Gulf of Bothnia where SIAR cdétad that 99.0+0.9% stems from the

runoff from pristine soils (Table 3, Fig. 1).

3.3 Comparison of isotope patterns in the water column and sediments

The &N values from surface water correlated significanttith those from surface
sediments, as reported in Voss et al. (2005) (®40.(Fig. 3). Stations for sediment sampling
were in close vicinity to stations from water colursampling (Fig 4). In the Baltic Proper,
the 5"°N of the surface water NOwas indistinguishable from th&°N of the sediment
surface (3.6+x1.0%and 3.5+0.6%o respectively; Table 4). In the near-coastal amfathe
Baltic Proper and the Gulf of Finland, th€N of surface water N©was 7.9+1.8%o, slightly
higher than the surface sediment value for the samea of 7.3+2.1%. (data in Voss et al.,
2005) but still not significant different (p<0.0)able 4).

4 Discussion
4.1 NOsin the Baltic Sea

The measured winter surface water concentrationspofo 259 pmolt are typical for
eutrophied systems and similar values have beeategpbfrom the Chesapeake Bay and the
coastal areas of the North Sea (Dahnke et al.,;Z0Hhcis et al., 2013). The concentrations
of nutrients in the sub-basins of the Baltic Sdkece the densities of the human populations
in the vicinity of the adjacent sub-catchments. §ha the near-coastal area of the southern
Baltic Proper, N@ concentrations were higher than in the northertspaince the catchment
areas of Germany, Poland, and the Baltic Statesmairch more densely populated (>500
inhabitants k) and the land is intensively used for agricultyvarposes. The northern
regions are dominated by boreal forests and lepsla®d (<10 inhabitants kfj (Laane et
al., 2005; Stepanauskas et al., 2002; Voss €2@l]). Consequently, for the southern Baltic
Proper a relationship between fluvial Bl@bads and N@ concentrations in coastal waters
could be established that indicates a direct impadverine nutrients on coastal waters (Voss
et al. 2011, HELCOM, 2009). However, there was inailar correlation between riverine N
loads and nutrient concentrations either for theestal areas of the Gulf of Bothnia or for the
open waters of the Baltic Proper (Voss et al. 20Th¥ Gulf of Bothnia is the only sub-basin
in which the effects of eutrophication are so fanan, although Lundberg et al. (2009) and
Conley et al. (2011) reported a degradation inwhger quality from north to south and from
8
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the outer to the inner coastal area of the Gulfh weasonal hypoxia at many sites. Trends of
increasing nutrient levels should be interpreted asrning signal for the future and highlight
the need for management approaches based on smawdekige of the many potential

sources of N@.

In the Gulf of Finland, which is regarded as thesmioeavily eutrophied sub-basin of the
Baltic Sea, a consequence of high receiving nutteads from the Neva River and the city of
St. Petersburg (Lundberg et al. 2005), N€oncentrations were about two-fold higher
(7.6+0.9 pmol ) compared to the rest of the Baltic Sea sub-basihsre concentrations in
winter were almost identical. This shows that fN€ncentrations alone cannot be used to
identify NOs sources for the sub-basins; rather, stablg MOtopes values allow for accurate
source determination, as we will show in the foilagvsections.

4.2 Sources of NO3

The use of N@ stable isotopes for source identification is caogied when the mixing of

multiple N sources with overlapping isotopic rangesurs together with microbial processes
such as nitrification, assimilation, and denit@dtion (Kendall, 1998; Wankel et al., 2006). In
this study, we assumed that the effects of fraetion by microbial processes were negligible
because all our samples were collected in wintea, mean temperature of 3.1+1.3 °C (data
not shown), when microbial activity is low (Pfengiand McMahon, 1997), as confirmed in a
study of nitrification in the Baltic Sea by Jardtial. (2011). They showed that in the Gulf of
Finland although nitrification potentials may bgniduring cold months, in situ nitrification

is undetectable whereas the rate increases progrlgsowards the summer.

We are aware that the variability of the sourcenaig must be taken into account in source
attributions. Both Xue et al. (2012, 2013) and Yatal. (2013) showed that SIAR can be
applied in NQ source identification, although the resolution bist model is largely
determined by the uncertainty of the isotopic cosijan of the sources. In the studies of
both groups, the means and variances of the sowress calculated mostly from literature
values, which were not obtained in the investigatereas, nevertheless they received
consistent results. In contrast, in our study, ifm@opic composition of the sources, except
NO3z from N; fixation, was determined from samples obtainediwithe study area. In our
calculations we considered the impact of the vdriglof the sources and report not only
mean values and error estimates but also minimuwhmaaximum contributions, as suggested
by Fry (2013) (Table 3).
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4.2.1 NOgj from agricultural runoff

The isotopic values of riverine NQwvere previously shown to be enriched when agricaltu
land is the source of inputs (Johannsen et al.8;2Payer et al., 2002; Voss et al., 2006).
Catchments with high percentages of agricultural/@nurban land use export NQvith
8"°N-NOs values of around 7%.. In the same stuthg oxygen isotope ratios of NQvere
almost uniformly 13+1%{Mayer et al. 2002). Johannsen et al. (2008) med$i°N-NOs
values of 11.3%. in highly eutrophied rivers draginto the North Sea, whereas the highest
§'80-NO; value was 2.2%o. In the Oder River outflow, a mai@sNcontributor to the Baltic
Sea,5"°N-NO3 of 7.6%0 andd*®0-NO; of 2.9%. were determined (Korth et al., 2013). Our
measurements for the Warnow and Nemunas Riverinfélle expected range, with a mean
8°N-NO5 of 9.2% and a mean'®0-NO; of 3.1%., and are consistent with the high
percentages of agricultural land in the river cateht areas: 50% for the Warnow River
(Pagenkopf, 2001) and 50% for the Nemunas Riverri¢@ph Humborg, personal
communication, 2011). For both, SIAR calculationglicated that 75.2-100% (mean
93.51+4.2%) of the N@ pool is from agricultural runoff. NOwith this signature seems to be
transported to the central Baltic Sea, since SlARed estimates showed significant
percentages of agriculturally derived N@n the Western Baltic Sea (41.0-66.5%; mean:
53.5+3.2%), the Baltic Proper (32.8-45.5%; mean038D.6%), and the Gulf of Finland
(40.9-63.4%; mean: 51.9+3.0%). However, high paegas were only expected for the Gulf
of Finland and the Western Baltic Sea, where |&deads from agricultural land have been
documented (Hong et al., 2012). Indeed, for thdai@&roper, the sizeable contribution of
agricultural NQ™ (39.0+1.6%) was surprising and contrasted withvipres findings that
nearly excluded riverine NfDas a major nutrient source for the central B&ga (Voss et al.,
2005, 2011). However, Neuman (2000) estimated1iB% of the N input of the Oder River is
transported to the central Baltic Sea, while Raditkal. (2012) could show, using a source
attribution technique in the three-dimensional gstam model ERGOM (Ecological
ReGional Ocean Model), that at least a part ofdissolved inorganic nitrogen (DIN) load
from the Vistula River, the main NOcontributor to the Baltic Sea (Wulff et al., 2008nters
the Baltic Proper. This 3D model comprises a cattah model, a thermodynamic ice model,
and a biogeochemical model and utilizes the ModDleean Model, MOM3.1 (Radtke et al.,
2012).

10
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Another explanation for the high estimated agrimal influence in our study could be the
intrusion of water containing NOwith similar NG isotope values as our agricultural NO
source during mixing/advection from below the hafee Deep-water N@ in the Baltic Sea
has a5™°N of about 7% (Frey et al. unpubl. data), whichiigher than the average deep-water
ocean N@ signature of 5% (Sigman et al., 2000). This elegat°N in NO; mainly comes
from water column denitrification in the oxic-anoxnterface in water at a depth of about 100
m (Dalsgaard et al., 2013). However, the year-@ryariations in DIN due to vertical mixing
and advection from below the halocline are serssitos hydrographic conditions. When the
halocline is weak and well ventilated, oxygen ctinds improve, resulting in higher DIN
concentrations in deep waters and greater adveatidfor mixing (Vahtera et al, 2007) such
that the N@ contribution from below the halocline is difficuti estimate.

Overall, the range of 32.8-45.5% (mean: 39.0t1.@#édermined for N@ presumably
originating from agricultural runoff has to be caesed with caution, because the former
imprint of deep water column denitrification and xmg/advection of this isotopically
enriched N@ from below the halocline with the residual winserrface N@ pool could have
resulted in an overestimation of the percentag©f from agricultural runoff in the Baltic

Proper.

4.2.2 NOj3z from N, fixation

The averagé'>N-NOs value of 3.6%. for the Baltic Proper is significgntower than the
ocean average of around 5% (Sigman et al., 20@Dpesumably reflects the influence of N
fixation. This is because tR&°N of newly fixed N is between -2 and 0%. such th&@sN\has
slightly lower 3°N values (Knapp et al., 2005; Liu et al., 1996)e Th°O-NO; value of -
0.5%0 in the Baltic Proper is also slightly loweaththe ocean average of 1.5%nd close to
our theoretical considered value of -0.7+2.9%. aftexr degradation and remineralization of

N, fixers.

N, fixers are abundant in summer, reflecting the skation of their growth by the low N/P

ratios. N in the cyanobacterial biomass is remierd over the winter months and the
resulting NQ remains in the water masses down to the halodue.results show that the
contribution of N fixation by diazotrophs to the NOpool is 49.3-65.3% (mean 58.8+2.0%).
This is slightly higher compared to the data regdrby Wasmund et al. (2001), who
estimated that 39% (370 ktons™yrof a total input of 955 ktons N y(HELCOM, 2002)

stems from Nfixations in the central Baltic Sea. Both Radtkeakt(2012) and Voss et al.
11



O 00 N o v B W N

=
o

11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

(2005) concluded that Nixation was the main N§ source in the Baltic Proper. Using an
independent approach, we were able to confirm eiméribution of N fixation in this area. In
addition, we found that Nfixation is also a major source of NOn the Western Baltic Sea
and the Gulf of Finland (respectively, 11.0-51.9%@én 37.9£5.1%) and 32.7-59.0% (mean
45.5+3.2%)). This finding is consistent with ourm@nt understanding of Nixation in the
Gulf of Finland (Vahtera et al, 2005) whereas tlestern Baltic Sea is rather perceived as an
area with no N Fixation activity (Stal et al., 2003). In summaoyy results provide important
evidence that Pfixation by cyanobacteria is a significant N saumot only in the Baltic

Proper but also in the Western Baltic Sea and Giufiinland.

4.2.3 NOj from atmospheric deposition

NOs; from atmospheric deposition is generally heavityiehed in*®0 (>60%.) because of
reactions involving ozone @) which is anomalously enriched in heavy oxygestapes
(Durka et al., 1994; Kendall et al., 2007). Thisdmsistent with th'°0 measurements at the
three stations around the Baltic Sea, where theaged isotope value in winter was 77%o
(Table 1).

Our results show that direct inputs of atmospheégposition contribute significantly less
NOj than all other sources. Indeed, among all baditiseoBaltic Sea, that has a total area of
415.266 km?, the maximum mean contribution watienWestern Baltic Sea 0 to 3.5% (mean
1.1+0.5%). Moreover, using a dataset from Michaglisal. (1993), Duce et al. (2008)
estimated that even an extremely rare and largesgtheric deposition event distributed over
a 25-m mixed-layer depth would increase the readiivconcentration only by around 0.045
pumol ' A study in the Kattegat estimated an input of 2N yr' from atmospheric
deposition, which implied rather limited nutritidreupport for phytoplankton (Spokes et al.,
2006). Taking into account that in the Baltic Pnppeith an area of 211.069 km2, in winter
the mixed-layer depth is 80-100 m and that theduediNG™ pool, with a concentration of
3.6 pmol 1, has a5'°0-NO; of -0.5%0, a comparable rain event witls'80 of 76.7%. (Table

1) would increase th&"®0-NO; of the residual N@ pool only by 0.2—0.3%o, which is within
our analytical error. Even though several rain é&vdmgpically occur during winter, their
influence seems to be too low to leave a detectablepic imprint. Additionally, the N©
from atmospheric deposition is presumably interigiegcled through the organic N pool in
spring and summer such that after several minatadiz cycles its origin is difficult to

recognize isotopically (Mayer et al., 2002).

12
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In the Kalix River 5'®*0-NO; was clearly enriched (10.6%o0) compared to the values
determined for the Baltic Sea. We calculated thahis river up to 23.4% (mean 11.8+1.5%)
of the NG originates from atmospheric deposition. Mayer e{2002) compared the isotopic
NOj signature of 16 watersheds in the USA and were tabddow that riverine N derived
from atmospheric N© deposition and not from nitrification in soilstise dominant N input
in predominantly forested watersheds, when riveNi@ concentrations are generally low.
Therefore only in the Kalix River, where up to 90¥the catchment with a size of 18.130
kmz2 is covered by forests and Bl@oncentrations are low during winter (Voss et 2011),
was the imprint of N@ from atmospheric deposition visible; by contrast,the southern
Baltic Sea and the rivers draining into it, thehmapogenic influence due to agriculture is
very high and therefore masks atmospheric contdhat However, N@ loads to the
northern Baltic Sea from the Kalix River and otheomparable boreal rivers are small,
comprising only about 20% of the sea'’s total N |@¢ddss et al., 2011). Thus, overall, we

assume that atmospheric deposition is a very ngoorce of N@ in the Baltic Sea.

4.2.4 NOj from pristine soils

In general, in rivers such as the Kalix River, wda@sitchments include pristine vegetation,
8"°N-NOs values are low while those 6t%0-NO;s are high (Voss et al., 2006). This finding
was confirmed in the present study, in whi¢AN-NO5; and §*%0-NO; values of 1.6%and
10.6%q respectively, were determined. In the Kalix Rjvere NQ contribution from the
runoff of pristine soils as determined by SIAR B&-92.8% (mean 75.3+7.9%). In pristine
soils the isotopic N© signal is mainly derived from nitrification, whighk in agreement with
previous studies of small catchments, where muagheNQ was shown to be of microbial
origin (Campbell et al., 2002; Kendall et al., 200Tayer et al., 2002). Similai°N-NOs
values were reported for areas where pristine sodiee also sampled. For exampé N-
NO; and 8'®%0-NOs values of 1.9 and 2.8%. were determined for BisBaiy (Burns et al.,
2009) and 2.9 and 2.8%o for the San River (Koszehn@& Gruca-Rokosz, 2013), respectively.
The highers*®0-NO;™ values of the Kalix River can, as discussed abbeeattributed to

atmospheric deposition.

For the Gulf of Bothnia, where the catchment is o@ted by pristine areas like forests
(50%) and shrubs (20%), NOfrom pristine soils contributes 91.7-100% (99.0£0).
However, for the Baltic Proper the N@ontribution from pristine soils is negligible,daise

the NG derived from nitrification is very low in concenti@ns and remains in the Gulf

13
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because of the cyclonic circulation in the Bothn&sa and Bothnian Bay (Humborg et al.,
2003) and the high residence time of the water yeédrs) which results in a rather slow
exchange with the rest of the Baltic Sea (Myrberd Andrejev, 2006).

4.3 Comparison of isotope patterns in the water column and sediments
Correlations betweed™N values from the water column and surface sediriseatcommon
feature in coastal basins, like Cariaco Basin (Efluet al., 2004), Guaymas Basin, Monterey
Bay, and San Pedro Basin (Altabet et al., 1999)is dccurs when N©in the surface mixed
layer is fully consumed, which is the case in tl@dtiB Proper during the spring bloom, when
the only significant loss comes from the sinkingpafticulate nitrogen (Altabet et al., 1999).
Moreover, high organic matter preservation seenssinoulate the similarity in th&">N in the

surface water and sediments as seen in other diepasienvironments (Thunell et al., 2004).

Overall, the comparison with the sediment datafreeh Voss et al. (2005) shows that the
isotopic signature of N©in the euphotic layer of the Baltic Sea is ding¢thnsferred to the
particulate organic nitrogen pool and is subsedyeinund in the sediment surface as
detritus, thus conserving information about theiariof this NQ™ source. Additionally, we
could show how consistent the nitrogen input todbe@iments is over the years. Even though,
our surface water samples were sampled from 20014, the surface sediment samples
from 1993 to 2003 and deposited in the period @raxmately 10 years before collection,
the comparison of th&"°N values showed that there is no significant déffere. Coastal areas
preserve the isotope signature of riverine soundake the open Baltic Sea sediments indeed
mirror the nitrogen input dominated by, fixation. Moreover the data demonstrate that no

change over time in the input of N®ources has occurred.

5 Conclusions

By combining dual isotope data of winter N@5*°N-NOs and5*?0-NO3) in surface waters
with a Bayesian isotope mixing model (SIAR), weirasted the contribution of four major
NOs sources for the different basins of the Baltic S&alear shift in the source of NO
inputs, from agricultural sources in the south uaaff from pristine soils in the north, was
identified. However, we could not fully determinevh much of the agriculturally derived
NOj entering the Baltic Sea finally ends up in theropaters of its central region, where the

addition of deep-water NO with similar isotope values might falsely indicatehigher

14
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contribution. However, we were able to show thaffixation is an important N source in
the central Baltic Sea while the contribution of N®om atmospheric deposition is only a

minor one.

Because they are particularly sensitive to humassure and global climate change, marginal
seas, including the Baltic Sea, will no doubt bleced by the increases in temperature and
precipitation predicted for the near future (BACENO08). Indeed, increasing atmospheric
depositions of N@ in the world's oceans have already been repobe@uce et al. (2008)
and Kim et al. (2011) and, may impact northern luaients of the Baltic Sea to a larger
extent. Additionally, in coastal waters under iragi@g eutrophication pressure the efficiency
of NOs" removal was shown to be reduced (Lunau et al.32Btilholland et al., 2008), and
this additional N@ may alter the biogeochemical cycle. Therefore deatification of NQ
sources, especially as anticipated in responsebalgclimate change, is important for future
environmental management strategies for the B8kia and other marine environments. We
suggest that with an adaption of the potential sggithe approach used in this study can
easily be applied in other environments whergN€a major N contributor.

6 Supplement 1

Table S1: Overview of the sampling stations.

Area Date Latitude | Longitude | Salinity N?ﬁ&gﬂ?z 5"°N (%0) | 80 (%)
11.02.2008 12,4498 54,6503 8,87 3,79 4.8 3,4
11.02.2008 12,7056 54,6959 9,22 3,81 4,3 3,5
11.02.2008 13,0583 54,7950 8,51 4,26 4,7 4.4
Western | 11.02.2008 | 13,2770 | 54,8598 | 8,20 2,71 5,0 5,2
Baltic Sea | 12.02.2008 13,9460 54,7099 7,73 2,81 4,7 3,0
12.02.2008 13,9886 55,0624 7,73 3,04 5,0 3,1
12.02.2008 14,1578 54,0763 5,98 46,25 8,0 1,8
12.02.2008 14,2827 54,6338 7,74 2,97 3,9 0,0
25.02.2009 15,5695 55,5169 7,76 2,80 3,3 45
25.02.2009 17,5808 57,2238 7,1 3,44 15 -0,9
26.02.2009 17,3519 57,7003 7,01 3,52 3,1 0,1
26.02.2009 18,2335 58,5837 6,45 3,79 2,0 -0,4
PBI’?)EGCI’ 26.02.2009 19,8832 59,7502 5,65 3,70 2,5 -0,8
12.02.2008 14,5376 55,4046 7,71 3,13 4.4 -0,8
13.02.2008 14,7156 55,4659 7,68 3,23 3,9 0,3
13.02.2008 15,3344 55,3835 7,51 3,07 3,6 -0,4
13.02.2008 15,6326 55,4564 7,48 2,95 3,5 0,0
13.02.2008 15,9834 55,2501 7,62 3,54 4,0 -1,0

15
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19.02.2008 | 15,9837 | 5572498 | 7,64 3,27 43 11
19.02.2008 | 17,0665 | 55,2168 | 7,45 3,24 3,5 1,0
19.02.2008 | 18,2351 | 55,3266 | 7,37 2,01 3,4 16
19.02.2008 | 18,4013 | 55,5502 | 7,34 2,61 4,0 16
18.02.2008 | 18,6002 | 55,6339 | 7,37 2,76 3,8 1,3
18.02.2008 | 18,8658 | 55,8413 | 7,37 2,88 4,8 1,6
18.02.2008 | 19,1677 | 56,0841 | 7,37 2,71 43 2,0
18.02.2008 | 19,5833 | 56,6334 | 7,34 3,46 3,8 1,7
18.02.2008 | 19,8289 | 57,0713 | 7,34 3,34 3,4 2,0
16.02.2008 | 20,0506 | 57,3196 | 7,35 3,38 2,6 2.7
04.03.2009 | 24,8500 | 59,8036 | 5,24 6,82 4,1 -0,2

Gulfof | 04.03.2000 | 25,6325 | 59,8659 | 5,09 8,12 6,4 1,4

Finnland - 03,2000 | 239989 | 59.6836 | 535 8,77 6,6 1,4
04.03.2009 | 22,9002 | 59,4836 | 6,11 6,95 6,4 15
27.02.2009 | 19,1177 | 60,1913 | 5,42 3,10 2,9 0,7
27.02.2009 | 19,1464 | 60,6967 | 5,45 3,81 2,9 11
27.02.2009 | 19,2836 | 61,2265 | 5,54 3,96 5,8 0,1

Gulfof | 57022000 | 19,4678 | 61,7032 | 5,57 3,40 2.4 11

Bothnia 1= 022000 | 19.7182 | 621441 | 545 3,49 3,2 1,8
28.02.2009 | 19,9682 | 62,5872 | 5,52 3,66 18 22
28.02.2009 | 20,4862 | 63,0417 | 5,54 4,31 4,0 0,7
20.11.2011 | 21,584 63,834 3,1 5,53 1,83 -2,79
15.11.2009 | 21,38187 | 55,30128 0 145,03 10,0 1,5
01.12.2009 | 21,38187 | 55,30128 0 179,18 9,0 1,3

Southern | 07122009 | 21,13293 | 55,69043 0 114,87 10,0 1,7

RIVeIS 1 202.2010 | 2113293 | 5560043 | 0 140,47 8,8 13
17.01.2003 | 12,1429 | 54,03246 0 259,00 8,2 6,5
13.02.2003 | 12,1429 | 54,03246 0 135,00 9,3 6,5

N;’icgfsm 11.11.2009 | 22,8415 | 65,9335 0 7,41 16 10,6
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Table 1. N@ concentrations andN-NO; and §'%0-NO; values of wet atmospheric
deposition. Data are from Warnemiinde (Germany)n&afSweden), and Majstre (Sweden).

Location Date (I\;Iiorr?_ol B ?‘Z;I'Noé ?;i())NQ
Warnemdiinde 21.12.2009 52.7 2.1 75.6
Warnemdiinde 04.01.2010 51.2 11 68.3
Warnemiinde 19.01.2010 104.4 0.2 84.6
Warnemiinde 01.02.2010 50.8 0.8 65.8
Warnemdiinde 19.02.2010 94.4 0.6 79.5
Warnemdiinde 22.02.2010 106.8 2.1 81.8
Sannen Dec. 2009 12.1 -0.3 69.2
Sannen Jan. 2010 60.4 -1.1 81.8
Sannen Feb. 2010 69.3 2.1 77.0
Majstre Dec. 2009 30.7 -0.8 83.8
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Table 2. Means and standard deviations ofstiN-NOs; and §'%0-NOs™ values of the N@
sources used in the SIAR mixing model. For furtthetails, see Material and Methods, SIAR
mixing model.

S1°N-NO3 5180-NOy

Source (mean+SD)  (mean + SD) n Origin Reference
Warnemunde
NOs from (Germany), and
atmospheric  0.3£1.4 76.7+6.8 10 Sannen and This study
deposition Majstre
(Sweden)
NO; from 1.3+1.4 1.5+0.9 5 Groundwater Deutsch et al,
pristine soils 2006
NO3 from Tile-drain Deutsch et al
agricultural 9.9+1.5 4.6x£1.0 21 outlets, Warnow "
: 2006
runoff River
Carpenter et al.,
1999, 1997;
NOs from N, Bourbonnais et
3 -1.0+1.0 -0.7+2.9 0 Estimated al,, 2009, 2012;
fixation

Montoya et al.,
2002; Sigman et
al. 2009
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Table 3. Source attribution results: Mean, standkndation, and minimum and maximum values for pbéential contributions of four potential

NOs3 sources for the areas Western Baltic Sea, Balapd?r Gulf of Finland, Gulf of Bothnia, southermars, and northern rivers.

NO3 from atmospheric

Area deposition NOjs from pristine soils N@ from agricultural runoff N@ from N; fixation
MeanxSD Min-Max MeanxSD Min-Max MeanxSD Min-Max MietSD Min-Max

Western 1.1+0.5 0.0-3.5 7.545.9 0.0-42.0 53.5+3.2 41.0-66.5 37.945.1 11.0-51.9

Baltic Sea

Baltic Proper  0.1+0.1 0.0-0.9 2.1+1.9 0.0-14.7 396 32.8-45.5 58.8+2.0 49.3-65.3

Gulf of

e nland 0.240.2 0.0-2.0 2.442.1 0.0-24.3 51.9+3.0 40.9-63.4 45.54+3.2 32.7-59.0

Gulf of 0.140.1 0.0-0.5 99.020.9 91.7-100.0  1.0+0.9 00-82 - i

Bothnia

ﬁ\‘/’e“rtshem 0.2+0.1 0.0-1.3 6.4+4.2 0.0-24.5 93.5+4.2 75.2-0.00. - -

r'\i'\‘/’;:em 11.8+1.5 6.6-23.4 75.3%7.9 33.8-92.8  12.9:8.1 o®s5 - .
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Table 4. Comparison d@f>N-NOs values from surface water samples antN values from

sediments samples in sub-regions of the Baltic Sea.

Baltic southern

Central Baltic
coastal areas/

Gulf of Finland " "OP®'
15 -
?%31 sediments 73+2.1 35+06 Voss et al. 2005
8°N-NOs surfacewvater
column 7.9+1.8 3.6+1.0 This study
(%o0)
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Figure 1. Station Map of the Baltic Sea and percemtribution of the four nitrate sources,
NOs from atmospheric deposition (blue), pristine s@itd), agricultural runoff (green), and
N, fixation (black), for the Western Baltic Sea, BalProper, Gulf of Finland, Gulf of

Bothnia, southern rivers, and northern rivers.i&tatare indicated as black dots.
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Figure 4. Station map for the comparison of isot@adterns in the water column and
sediments. Gray circles are the stations refead Voss et al. (2005) and black crosses are

those from this study. Isotope values were comparathtions with the same number.

33



