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Abstract. Atmospheric deposition of nitrogen and phospho-
rus on the central Baltic Sea (Baltic Proper) was estimated
monthly at two coastal stations and two isolated islands in
2001 and 2002. Yearly nitrogen deposition ranged between
387 and 727 mg N m−2 yr−1 (average∼617) and was com-
posed of∼10% organic N and approximately equal amounts
of ammonium and nitrate. Winter nitrate peaks at the isolated
islands possibly indicated ship emissions. Load weighted
δ15N of deposited N was 3.7‰ and 0.35‰ at the coastal sta-
tions and the isolated islands respectively. Winterδ15N was
∼3‰ lighter than in summer, reflecting winter dominance
of nitrate. The light isotopic composition of deposited ni-
trogen may cause overestimates of nitrogen fixation in basin-
wide isotopic budgeting, whereas relatively heavy deposition
of ammonium during summer instead may cause underesti-
mates of fixation in budgets of the upper mixed layer.δ15N
in atmospherically deposited nitrate and ammonium was es-
timated by regression to−7.9 and 13.5‰ respectively. Phos-
phorus deposition showed no clear seasonal pattern and was
considerably lower at the isolated islands. Organic P con-
stituted 20–40% of annual P deposition. P deposition is un-
likely to be a major source for cyanobacterial blooms but may
potentially prolong an ongoing bloom.

1 Introduction

1.1 Study area

The Baltic Sea is a low-diversity, non-tidal, brackish, fjord-
like, estuarine water body (Kullenberg, 1981) consisting of
series of large basins separated by sills. The surface salin-
ity ranges from∼2 in the northernmost part to∼10 at the
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Danish sounds which connect the Baltic Sea to the North At-
lantic. The deep-water salinity ranges from∼3 to∼20 and is
renewed by intermittent major inflows of water with higher
salinity. The central part of the Baltic Sea is called the Baltic
Proper and has a stable halocline at 60–70 m, which sepa-
rates the surface waters from the more saline deep water. In
the periods between major inflows, anoxia develops in the
deeper areas and periodically the entire water-body below the
halocline becomes anoxic. Eutrophication has been a major
cause of concern for the development of anoxia (Elmgren,
2001) and by adopting the Helsinki Convention in 1992 the
countries in the Baltic region agreed to prevent and reduce
the pollution of the Baltic Sea. The Helsinki Commission
(HELCOM) coordinates monitoring and collects load data
for polluting substances in the Baltic Sea and publishes them
in Pollution Load Compilations the fourth of which (PLC4)
was published in 2004.

1.2 Atmospheric nitrogen deposition in the Baltic Sea

Anthropogenic processes changed the global nutrient cycles
dramatically in the last century (Gruber and Galloway, 2008).
Combustion of fossil fuels and intensified agricultural prac-
tices now emit huge quantities of nitrogen to the atmosphere,
making atmospheric deposition a major nitrogen source for
coastal and open marine systems (Duce et al., 2008; Gal-
loway et al., 2004; Paerl, 1995, 1997). Recent estimates
for the Baltic Sea have atmospheric deposition contribut-
ing a quarter to a third of the total estimated external an-
nual load of∼1 million tons of nitrogen (Hertel et al., 2003;
HELCOM 2004). Reduction of airborne emissions is there-
fore a top priority for most nations but detection of the ori-
gin of polluting substances is complex. The trajectories of
air masses change continuously and atmospheric processes
cause the nutrient species deposited to differ from those orig-
inally emitted. To make emission reductions cost efficient it
is important to identify the sources of polluting substances.
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Stable isotope methods are increasingly used to trace the ori-
gin and fate of substances in biogeochemical cycles, and the
isotopic composition of nitrogen in precipitation and aerosols
has recently been used as a tool to identify the sources of at-
mospheric compounds (Russell et al., 1998; Yeatman et al.,
2001a, b). Reductions of emissions to the atmosphere are
likely to change not only the amounts and speciation, but
also the isotopic signature of atmospheric combined nitro-
gen. If the isotopic composition in the deposited nitrogen
changes in accordance with those in the emissions it is likely
that the correct abatement measures have been taken, if not
the studied emission may not be a main contributor to depo-
sition in the studied area. By knowing the isotopic composi-
tion of the sources in a biogeochemical process it is in many
cases possible to quantify the relative contribution from dif-
ferent sources to an end product. The isotopic signatures of
materials in natural systems do however generally not differ
drastically, making isotopic budgets sensitive to errors in the
estimated isotopic composition of the components. In iso-
topic budget calculations for Baltic Sea nitrogen, the atmo-
spheric deposition is a major component but its average iso-
topic composition is unknown, thereby causing uncertainty.
The main aim of this study was therefore to characterize sea-
sonal changes in the isotopic composition of atmospherically
deposited nitrogen in the Baltic Proper, and to calculate an
annual load-weighted average of isotopic composition as a
baseline information for future studies in the region.

1.3 Atmospheric phosphorus deposition

The most interesting aspect of atmospheric P-deposition is
its potential effect on the summer blooms of filamentous
nitrogen-fixing cyanobacteria of the generaNodularia and
Aphanizomenonwhich are a considerable internal source of
nitrogen for the Baltic Sea. This nitrogen fixation has been
estimated to 180–430 ktons nitrogen per year and is assumed
to be limited by phosphorus availability (Larsson et al.,
2001). The isotopically light fixed nitrogen rapidly appears
in all size fractions of the plankton community (Rolff and
Elmgren, 2001), suggesting a strong impact on the pelagic
production. This fixed nitrogen has been estimated to po-
tentially sustain 30–90% of the pelagic net community pro-
duction in the Baltic Proper during June–August (Larsson et
al., 2001). As the blooms develop the cellular molar carbon
to phosphorus (C:P) ratio of the dominant cyanobacterium,
Aphanizomenon, increases 13-fold to∼420, from well below
a standard Redfield ratio to four times Redfield. The high-
est C:P ratios are associated with the decline of the bloom
and suggest phosphorus limitation of the cyanobacterial pro-
duction once the internal and external phosphorus supply is
exhausted (Larsson et al., 2001). Since the cyanobacteria ap-
pear to be able to grow at very low phosphorus levels the
atmospheric deposition of phosphate, albeit low, may be of
importance in sustaining cyanobacterial blooms.

Quantitatively the atmospheric load of phosphorus on ma-
rine areas is generally considered to be small in relation to
other loads (Krom et al., 2004). Recent estimates however
indicate that atmospheric phosphate deposition can sustain
up to 38% of new production during summer and autumn
in the eastern Mediterranean (Markaki et al., 2003). To our
knowledge there is no recent estimate of annual phosphorus
deposition in the Baltic Sea and there are also few from other
marine areas (e.g. Ahn, 1998; Ahn and James, 1999; Herut et
al., 1999; Morales et al., 2001; Pollman et al., 2002; Markaki
et al., 2003; Koelliker et al., 2004). We also studied the or-
ganic component of atmospheric deposition for both nitro-
gen and phosphorus, since the organic portion has been sug-
gested to be 20–30% of total nitrogen deposition and to be
potentially important in coastal eutrophication (Peierls and
Paerl, 1997; Scudlark et al., 1998). In this study the depo-
sition of total nitrogen, nitrate, ammonium, total phosphorus
and phosphate was measured monthly at four stations during
15 months. The isotopic composition of total nitrogen was
analysed and the seasonal patterns were analysed in relation
to loads and the proportions of nitrogen species in the sam-
ples.

2 Methods

2.1 Sampling

Atmospheric deposition (rainwater and dry deposition) was
collected at monthly intervals from May 2001 to Au-
gust 2002 at four land-based stations in the western Baltic
Proper (Fig. 1). The southernmost station, Sännen (SA), was
located∼16 km inland at a small lake and was included to
give information on deposition in the southern Baltic Proper.
The other three stations, Majstre (MJ), Gotska Sandön (GS)
and Svenska Ḧogarna (SH) were all on islands and within a
few hundred meters from the sea. Majstre is on the southern
tip of the large island of Gotland, whereas Gotska Sandön
and Svenska Ḧogarna are isolated islands in the open sea.
The sampling at SA and MJ was started in May 2001 and at
GS and SH in July 2001.

The collectors consisted of a plastic funnel (diameter:
20.3 cm) leading water into an 8 l polyethylene plastic bag,
tightly fitted to the spout of the funnel. To prevent con-
tamination by insects and particles, a smaller funnel with a
500µm nylon mesh was fitted inside the larger funnel, with
a water-tight seal. Each plastic bag was protected inside a
5-litre polyethylene container, and the whole construction
shielded from light by a PVC shell, to prevent photosynthetic
production, and mounted on a wooden pole, 1.5–2 m above
ground in an open area. The opening of the collector was fit-
ted with a bird ring or a fringe of sharp spikes to deter birds
from landing. The Swedish national long-term monitoring
program for rain chemistry uses this type of collector and
the two southernmost stations are also part of that program
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Fig. 1. Map of sampling sites.

(Kindbom et al., 2001). Any effects on the concentrations of
NH+

4 and NO−

3 and the NH+4 to NO−

3 ratio during collection
and storage should be small. At each monthly sampling new
polyethylene bags and nylon meshes were fitted on machine-
washed replacement funnels. The volume of collected pre-
cipitation was measured, and a sample sent to the lab in a
cooling container. Two collectors were used at each station
to safeguard against contamination.

2.2 Analyses

In the laboratory, the water samples were inspected by eye
and rejected if strongly coloured, or if the nylon mesh had
significant amounts of particles. Conductivity was measured
to detect possible salt contamination from sea spray, but ele-
vated conductivity (>9 mS m−1) was never found. The sam-
ple was then filtered through a 40µm nylon pre-filter and
then by under pressure filtration onto 25 mm Whatman GF/F
glass-fibre filters (precombusted 4 h at 400◦C) fitted in glass
filter holders. The filtrate was analysed for nitrate + nitrite,
ammonium and phosphate by segmented flow analysis (SFA)
and for total nitrogen and phosphorus by persulphate diges-
tion (Koroleff, 1983). Organic nitrogen and phosphorus was
calculated as the difference between total nitrogen or phos-
phorus and the corresponding summed inorganic forms. In a
few instances the difference was minutely negative, which
was interpreted as absence of organic fraction. Monthly
loads were calculated as the monthly product of the concen-
tration of each nutrient species and the precipitation.

For each sample, a subsample containing∼10µmoles of
nitrogen, was reduced to∼5 ml at 50◦C in a vacuum rotava-
por (Laborota 4000), and freeze dried onto a 25 mm What-
man GF/F glass-fibre filter (precombusted 4 h at 400◦C) for
isotopic analysis. The samples were not acidified since they
were slightly acidic after reduction (pH 5–6). The filters
were combusted in a flash EA 1112 elemental analyser at
1080◦C and the gas carried in a He stream to a Delta plus
isotope ratio mass spectrometer. Every 5th sample was a
lab internal standard substance (Peptone from Merck Chem-
icals) that gave an overall precision of±0.2‰. The isotopic
composition (δ15N) is reported in per mil deviation from the
standard, atmospheric nitrogen gas (which by definition has
a δ15N value of 0‰), according to the standard equation:
δ15N (‰) = (Rsample/Rstandard−1)×1000, whereR is the ra-
tio 15N/14N in the sample and the standard. All sample treat-
ments and analyses were done in laboratories with an accred-
ited protocol. The terms “lighter” and “heavier” will be used
in the meaning “lower15N content” and “higher15N con-
tent” respectively. The isotopic composition of total nitro-
gen derived from the analysed filters will be denotedδ15Ntot.
End member calculations of nitrate and ammonium concen-
trations in the deposition based on the stable isotope ratios
should be considered with some caution since the estimates
can only be approximations of long term averages. All sta-
tistical analyses were performed with Statistica 6.1 (StatSoft,
Inc.).

3 Results

3.1 Precipitation and volume weighted average nutrient
concentrations

The two study years differed considerably in the seasonal
distribution of the precipitation (Fig. 2). In 2001 the early
summer was relatively dry but late summer and autumn were
wet, whereas in 2002 the summer started wet but ended with
an unusually warm and dry August. It was therefore not
appropriate to calculate combined seasonal averages for the
two summers. Data are missing from MJ in July 2001 and
April 2002 because of technical problems and from MJ and
SH in August 2002 because of drought. In May 2002 the
sample from SH was used up for the analysis ofδ15N. July
2001 to June 2002 was therefore the most complete period,
and was used to calculate annual estimates. Missing con-
centration data were interpolated from the previous and next
months at the same station and missing precipitation data
were obtained from adjacent meteorological monitoring sta-
tions (source Swedish Meteorological and Hydrological In-
stitute).

Monthly precipitation (Fig. 2) ranged from zero at SH in
August 2002 (and 1.9 mm at GS the same month) to 152 mm
at SA in September 2001, the latter being an exceptionally
high value for Sweden. The estimated July 2001 to June 2002
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Table 1. Monthly precipitation, annual loads of nitrogen and phosphorus by species for the period July 2001 to June 2002, load weighted
annual averages (LWAA) ofδ15Ntot and N/P-ratio (by weight) at the fours stations SA, MJ, GS and SH. Percent of total load in brackets.

Station Precip. Nitrogen annual loads LWAA Phosphorus annual loads

NH4-N NO3-N Organic-N Total N δ15Ntot PO4-P Organic P Total P N/P ratio
mm mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 mg m−2 yr−1 (by mass)

SA 763 348 (48%) 302 (41%) 78(11%) 727 3.6 12.7 (80%) 3.1 (20%) 15.8 46
MJ 657 336 (48%) 296 (43%) 63 (9%) 695 3.8 5.9 (80%) 1.5 (20%) 7.4 94
GS 533 155 (40%) 200 (52%) 32 (8%) 387 0.7 2.0 (69%) 0.88 (31%) 2.8 136
SH 618 220 (33%) 367 (56%) 72 (11%) 659 0.0 2.0 (60%) 1.3 (40%) 3.3 200
Average 643 265(43%) 291 (47%) 61 (10%) 617

Table 2. Volume weighted average concentrations (VWAC) of nitrogen and phosphorus by species and stations for the whole sampling
period. Percent of total concentrations in brackets.

Volume weighted concentrations

Station NH4-N NO3-N Organic-N Total N PO4-P Organic-P Total P
µg l−1 µg l−1 µg l−1 µg l−1 µg l−1 µg l−1 µg l−1

SA 480 (49%) 383 (39%) 108 (11%) 971 19.3 (81%) 4.4 (19%) 23.7
MJ 476 (47%) 446 (44%) 91 ( 9%) 1014 14.5 (88%) 2.0 (12%) 16.3
GS 301 (43%) 353 (50%) 53 ( 7%) 708 4.0 (73%) 1.5 (27%) 5.5
SH 355 (35%) 561 (55%) 111 (11%) 1027 3.2 (63%) 2.0 (39%) 5.1
Average 403 (43%) 436 (47%) 91 (10%) 930
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Fig. 2. Monthly precipitation at the investigated sites.

annual precipitation for the stations ranged from 533 to
763 mm (Table 1). The volume-weighted average concen-
trations (VWAC) were calculated for all available months for
each station without interpolation (Table 2). The VWAC for
ammonium ranged between 301 and 480µg N l−1 with the
higher concentrations at the two southernmost stations (SA
and MJ). The average of all four stations was 403µg N l−1.
For nitrate the VWAC range was 353 to 561µg N l−1 and
the average of stations was 436µg N l−1. Total nitrogen

VWAC ranged from 708 to 1027µg N l−1 with an average
of 930µg N l−1. The VWAC of organic nitrogen was 11% or
less of total nitrogen for all stations. Generally∼10% of the
VWAC of total nitrogen was organic and the remainder was
approximately equal parts ammonium and nitrate (Table 2).
The range of phosphate VWACs was 3.2 to 19.3µg P l−1 (Ta-
ble 2) with substantially higher values at the southern stations
(SA and MJ). No overall average was calculated because of
the obvious differences between southern and northern sta-
tions. Differences between stations were smaller for organic
P (range 1.5 to 4.4µg P l−1). The total phosphorus VWACs
ranged from 5.1 to 23.7µg P l−1, reflecting the phosphate
concentrations. Organic P constituted 12 to 39% of total
phosphorus concentration with higher proportions at the iso-
lated island stations (GS and SH). Pollman et al. (2002)
found replicate precision to be poorest for concentrations
exceeding 80µg l−1 and concluded that samples with such
high concentrations of P were likely to be contaminated. The
same criterion was adopted in this study, which excluded 3
analyses out of 56.

3.2 Nutrient loads

The estimated annual total nitrogen load (Table 1) ranged
from 387 (GS) to 727 (SA) mg N m−2 yr−1 with the load
at GS considerably smaller than the others. The propor-
tions of nutrient species showed good agreement between
VWACs (Table 2) calculated for the entire duration of the
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Fig. 3. Monthly precipitation, nitrogen loads and isotopic composition of total nitrogen at the investigated sites.

study at each station and the yearly loads calculated for
July to June (Table 1), indicating that the rainy July and
dry August of 2002 did not alter the overall result. The
overall average load of total nitrogen for all stations was
617 mgN m−2 yr−1. Recalculated deposition for the entire
Baltic Proper (∼213 000 km2 excluding the Gulfs of Finland
and Riga) gives an annual load of 82–155 ktons of nitrogen
per year (average∼130 ktons). Organic nitrogen constituted
∼10% of total deposition (Table 1). The proportion of ni-
trate deposited was higher at the two isolated islands (GS
and SH, 52% and 56%) than at the southern stations (SA and
MJ, 41% and 43%), mainly because the isolated islands had
a winter peak of nitrate deposition (Fig. 3), which was absent
at the two southern stations. The proportion of organic nitro-
gen was generally low, only in 10% of the cases did organic
nitrogen exceed 15% of total nitrogen. High proportions
of organic nitrogen appeared haphazardly (Fig. 3) and did
not appear to be associated with season or high precipitation
(Spearman rank order correlation coefficient (SROC)=0.15)
or loads (SROC=0.14). Contamination can therefore not be
excluded as an explanation.

Phosphorus deposition (Fig. 4, Table 1) was lower at the
two isolated islands (GS and SH) than at the two southern
stations, close to large landmasses (SA and MJ). The total
yearly P deposition for the two southern stations (SA and

MJ) was 15.8 and 7.4 mg P m−2 yr−1 respectively. For the
isolated island stations (GS and SH) the corresponding val-
ues were 2.8 and 3.3 mg P m−2 yr−1. Because of the clear
differences between stations no overall average was calcu-
lated. The average proportion of organic phosphorus was al-
most twice as high at the isolated islands (∼35%) as at the
southern stations (∼20%). All stations had greater deposi-
tion during spring and summer than during autumn and win-
ter. N/P ratios for the total load were always considerably
above Redfield ratio (∼7.2 by weight). For the two southern
stations, with higher phosphorus deposition, N/P ratios were
46 (SA) and 94 (MJ). At the isolated islands (GS and SH) the
ratios were even higher, 136 and 200 respectively.

3.3 Stable isotopic composition of nitrogen

The seasonal range inδ15N of total nitrogen (δ15Ntot) was
substantial, from−4.2‰ to 12.3‰ (Fig. 3). The highest
values were found in summer whereas winter values gener-
ally were low. The load-weighted annual averages ofδ15N
(Table 1) were∼3–4‰ lighter at the isolated islands (GS
and SH) than at the southern stations (SA and MJ). High
δ15N-values coincided with high proportions of ammonium
(Fig. 3), with ammonium being 48% of the average annual
nitrogen deposition at SA and MJ, but only 40% GS and
33% at SH (Table 1), mainly due to winter peaks of nitrate
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Fig. 4. Monthly precipitation and phosphorus loads at the investigated sites.

at the isolated islands (Fig. 3). The proportion of ammonium
and nitrate in inorganic nitrogen showed a clear seasonal pat-
tern at all stations (Fig. 5) with more ammonium in summer.
Since combustion is the main source of atmospheric nitrate,
it is reasonable to assume that its isotopic composition is
lighter than ammonium, which is mainly derived from agri-
cultural activities. Analyses ofδ15N were made on total ni-
trogen (see Methods) and theδ15N of nitrate and ammonium
were not determined separately. Therefore, our isotope based
end-member calculations cannot consider the isotopic vari-
ability of the sources (see discussion, 4.3). The dependence
between inorganic nitrogen species andδ15N was therefore
explored by a regression of the proportion of ammonium in
the inorganic nitrogen fraction overδ15N. If the regression
had used the proportion of ammonium in total nitrogen it
would not allow extrapolation of the isotopic composition
of end members (100% NH4 or 100% NO3). The percent of
organic nitrogen was generally low (average = 7.1%, SD =
7.2%) and exceeded 15% in only five of 54 estimates. An
extremely high estimate of 73% (station SH in August 2001)
was excluded since contamination was feared.

A significant linear relation (δ15Ntot=21.4·NH4%−7.9,
R2=0.58,P<0.001) was found between percent ammonium
in the inorganic part of nitrogen andδ15N using all sam-
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Fig. 5. Proportion of ammonium in dissolved inorganic nitrogen
(NH4+NH3) at the investigated sites.

ples (Fig. 6), and similar relations held for each station sep-
arately (regression lines indicated in Fig. 6) with GS show-
ing the weakest linear dependence between proportion am-
monium andδ15N (R2=0.78, 0.58, 0.30 and 0.48 for SA,
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stations and for a common regression of all stations.

MJ, GS and SH respectively, all withP<0.05). Calcula-
tion of end members from the common regression gives av-
erageδ15N of approximately−7.9 (range−5.58 to−11.75)
and 13.5 (range 9.5 to 16.2)‰ in deposited nitrate or am-
monium respectively. Treated separately the isolated islands
suggest slightly smaller differences between the end mem-
bers (Fig. 6). Three outliers were observed and indicated in
Fig. 6. Organic nitrogen was<6% for all of them and they
were not in the outer tail of the distribution for any observed
variable, except that precipitation and total nitrogen load was
among the lowest observed at GS in April. Including them in
the regression considerably decreasedR2, but there was no
independent reason to exclude them, and excluding them had
little effect on slope and intercept (δ15Ntot=21.8·NH4%−8.5,
R2=0.75,P<0.001).

The δ15Ntot (Fig. 3) was not linearly correlated with pre-
cipitation (R2=0.01) or total nitrogen load (R2=0.18) and the
seasonal differences are therefore most likely explained by
the speciation of nitrogen. It is however of interest to de-
termine the seasonal isotopic composition (Fig. 7) since iso-
topic budgeting of biological processes (e.g. food chain dy-
namics or nitrogen fixation) may be affected by theδ15N
of the atmospheric deposition. The un-weightedδ15Ntot in
deposition were investigated in two-way ANOVA with the
factors “station” and “season”, where winter was defined as
October-March and summer as April-September (Table 3).
There were no significant differences between stations but a
clear difference between summer and winter season. Win-
ter δ15Ntot was consistently lower (∼2–4‰) than the corre-
sponding summer values (Fig. 7) at all stations, as indicated
by the lack of interaction effects in the ANOVA (Table 3).
An overall average for summerδ15Ntot was 3.2‰ and for
winter 0.3‰. A decreasing trend inδ15N from south to north
was suggested by the station averages both in summer and
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δ15
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Fig. 7. Summer (April to September) and winter (October to
March) seasonal averages ofδ15Ntot by stations and for all stations.
The 95 % confidence intervals indicated.

Table 3. ANOVA results for non-weightedδ15Ntot analysed by
stations and season. Summer: April to September, Winter: October
to March.

Effect SS Df MS F P

Station 84.8 3 28.3 2.1 0.113 ns
Winter/Summer 99.6 1 99.6 7.4 0.009∗ ∗

Interaction 12.7 3 4.2 0.3 0.815 ns
Residual 647.4 48 13.5

in winter but this result was not significant in the ANOVA.
The power for the test of stations was however only∼45%,
whereas it was∼80% for seasons.

4 Discussion

4.1 Precipitation and volume weighted average nutrient
concentrations

Global estimates of the atmospheric deposition are in the
same range as the data from Baltic Sea from this study (Krom
et al., 2004; Galloway, 1996) The estimated precipitation
at the stations during the period July 2001 to June 2002
(Fig. 2), agrees well with a January to December annual
precipitation of∼500–800 mm in southern Sweden (from
Fig. 3.15 covering the years 1860–1995 in Bergström et al.,
2001). When compared with long-term June and July pre-
cipitation data from the national monitoring of precipita-
tion, at the stations used in this study, the estimates were
at all stations in the upper quartile of estimates for July to
June (1961–2003), thereby potentially slightly overestimat-
ing annual loads. September 2001 was extremely rainy, with
a very high precipitation estimate of 152 mm at the south-
ernmost station (MJ). The concentrations of ammonium and
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nitrate agreed well with those generally found in the Swedish
national monitoring (Kindbom et al., 2001). As in most
other studies of atmospheric deposition for northern Europe
and the US ammonium and nitrate constitute approximately
equal parts of the inorganic nitrogen (Yeatman et al., 2001b,
Russell et al., 1998). Organic nitrogen was generally below
10% and showed no obvious dependence on load, precipi-
tation or season. Since the nitrogen concentrations found in
this study agree well with the literature on nitrogen in precip-
itation for the region (e.g. Bartnicki et al., 2004), the discus-
sion will be focussed on the isotopic signatures rather then
on nitrogen concentrations and loads.

Measurements of phosphorus in precipitation at coastal
stations are scarce and often only reported as phosphate.
Some recent publications have however presented a substan-
tial amount of data from North America and the eastern
Mediterranean (Herut et al., 1999; Ahn and James, 2001;
Pollman et al., 2002; Markaki et al., 2003; Koelliker et
al., 2004; Krom et al., 2004; Carbo et al., 2005). For the
New Jersey area the VWACs for total phosphorus were es-
timated to 4.1–15µg P l−1 (Koelliker et al., 2004) and in
Florida Pollman et al. (2002) reported 5µg P l−1. Pollman
et al. (2002) also reviewed recent literature estimates of rain-
fall concentrations ranging from 2 to 500µg P l−1 in a wide
range of regions. For the eastern Mediterranean area VWACs
of 4–18µg l−1 phosphate P and 7–15µg l−1 total P are re-
ported (Herut et al., 1999; Markaki et al., 2003). VWACs
from Norwegian monitoring stations in 1998 ranged from 9
to 46µg l−1, with an average of 17µg l−1 (Solberg et al.,
1999). The VWACs of total phosphorus found at the four
sites in this study ranged from 5.1 to 23.7µg P l−1 (Table 2)
and the organic proportion ranged from 12% to 39%. Oc-
currence of high organic P proportions showed no seasonal-
ity (Fig. 4) but generally coincided with low concentrations
and was more pronounced at the isolated islands (Tables 1
and 2). Since phosphorus in rain is generally derived from
soil dust or incineration it was not unexpected to find 3–4
times higher VWACs at the southernmost stations (SA and
MJ) than at the isolated islands, where the anthropogenic in-
fluence is smaller. There may also be a south-north gradi-
ent corresponding to the well-documented deposition gradi-
ent for nitrogen (Bartnicki et al., 2004), but in general the
VWACs in this study were of the same magnitude as those
found in the literature. There was no dependence between
precipitation and concentration (data not presented) except
at the southernmost station (SA) where high concentrations
were associated with low precipitation.

4.2 Nutrient loads

Granat (2001) reviewed and synthesised the extensive lit-
erature on nitrogen deposition in the Baltic area. Us-
ing a long-range transport and deposition model he es-
timated wet and dry deposition of total nitrogen to
be 800–1000 mgN m−2 yr−1 in the Baltic Proper area,

which is higher than the estimates found in this study
(∼600 mg N m−2 yr−1). In a recent publication the average
load was estimated to 684 kg N km−2 (Hertel et al., 2003) and
the Helsinki Commission estimates it to∼260 ktons N for the
year 2000 in the entire Baltic Sea area (420 000 km2) (HEL-
COM, 2004). Applying the calculated average annual load of
total N-deposition in this study (617 kg N km−2) to the same
area gives an estimate of∼259 ktons. The agreement with
other load studies however supports the assumption that the
δ15Ntot values found are representative for atmospheric nitro-
gen deposition on the Baltic Proper. The organic component
of nitrogen in atmospheric deposition has been little studied,
but in some areas it has been shown to constitute a substan-
tial proportion of total deposition (Peierls and Paerl, 1997;
Russell et al., 1998; Scudlark et al., 1998). The results in this
study showed that for the Baltic Proper organic nitrogen was
a small component, constituting on average 7–10% of total
deposition. This agrees with Russell et al. (1998), who found
that dissolved organic nitrogen (DON) constituted∼13% of
total dissolved nitrogen in wet deposition to the Chesapeake
bay area. The collection method may, however, have con-
tributed to the low DON contribution, since some DON may
be adsorbed on the plastic bags and some may have been
transformed to inorganic forms (Scudlark et al., 1998).

The most comparable recent estimates of atmospheric
phosphorus deposition are those reported by Knulst (2001),
who found annual deposition rates of 5.8, 23.0 and
116.2 kg total P km−2 yr−1 at three Swedish inland sites
(Knulst, 2001). An average for a selection of Norwegian
monitoring stations in 1998 was 181 kg total P km−2 yr−1

(Solberg et al., 1999). For the Israeli coast and the
eastern Mediterranean Herut et al. (1999) report an-
nual depositions of 5–16 kg dissolved inorganic phospho-
rous (DIP) km−2 yr−1, while Krom et al. (2004) estimated
6.7 kg total P km−2 yr−1 and Markaki et al. (2003) report
3.7–5.2 kg total P km−2 yr−1 and 2 kg DIP km−2 yr−1. They
estimated that the DIP deposited during summer and au-
tumn could account for up to 20–38% of marine new
production during the same period. In the New Jersey
area Koelliker et al. (2004) found the annual deposition
at four stations to be 5.2–8.2 kg total P km−2 yr−1 and re-
ported fluxes from eastern USA found in the literature rang-
ing from 4 to 12 kg total P km−2 yr−1. In Florida wet de-
position of P was estimated to∼7.5 kg total P km−2 yr−1

by Pollman et al. (2002) and in their review they re-
ported literature estimates of bulk depositions ranging
from 4 to 230 kg km−2 yr−1 in a wide range of environ-
ments. The results in this investigation, 2.8–15.8 and 2–
12.7 kg P km−2 yr−1 for total P and PO4-P, respectively, (Ta-
ble 1) fall within the wide range found in the literature. The
Helsinki Commission estimated the total load of phospho-
rus on the Baltic Sea in the year 2000 to be∼34 600 ton
(HELCOM, 2004), and assumed atmospheric deposition to
be less than 5% of the total load. Applying the annual loads
founds in this study to the same area (420 000 km2) will yield
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4900 tons yr−1 (average for SA and MJ) or 1300 tons yr−1

(average for GS and SH ) corresponding to 14% and 4% of
the total load respectively. Assuming that the isolated islands
are more representative for the open sea, the result therefore
indicates that atmospheric deposition is a minor component
of the phosphorus load on the open Baltic Proper.

Since most of the annual atmospheric phosphorus de-
position appears to occur during the summer season, it
may nevertheless influence the nitrogen-fixing cyanobacte-
ria of the Baltic Proper. These form extensive surface accu-
mulations in the Baltic Proper during the summer months
July to August but there are few estimates of the specific
production of the filamentous cyanobacteria. ForAphani-
zomenonWalsby et al.(1997) estimated the production to
4.2–13.2 mmol C m−2 d−1 , while (Stal and Walsby, 2000)
reported 5.8–10.5 mmol C m−2 d−1. These estimates rep-
resent the bloom peak and cannot be generalised to the
entire duration of the bloom. Larsson et al. (2001) pre-
sented production data for different size fractions of Baltic
phytoplankton. The size fraction>40µm was dominated
by diazotrophic filamentous cyanobacteria (Larsson pers.
com.) and can be used to derive an integrated filamentous
cyanobacterial production of∼2 g C m−2 for June to Au-
gust, which is their main production season in the Baltic
Proper. Calculating the June to August atmospheric depo-
sition of phosphate for each station and year, replacing miss-
ing months with averages of those present the same year,
and assuming that the cyanobacteria are able to function
at C:P molar ratios of 420 the estimated maximal propor-
tion of new cyanobacterial production potentially sustained
by atmospheric deposition ranged from∼4% (GS, 2001) to
∼60% (MJ, 2002). As an average for both years, the es-
timate was∼38% and∼12% for the southern stations and
the isolated island stations, respectively. Since the latter are
most likely to be representative for open sea conditions, it
is not probable that the cyanobacterial blooms are primarily
supported by atmospheric P deposition. Given the apparent
episodic events of phosphorus deposition and the accumu-
lation of cyanobacteria in surface water this source is how-
ever potentially important in initiating or prolonging a bloom
event and thereby stimulating nitrogen fixation.

4.3 Stable isotopic composition of nitrogen load

The stable isotope composition of total nitrogen (δ15Ntot)
showed a clear covariance with season and the speciation of
inorganic nitrogen (Figs. 3, 5 and 6). The result that DON
constituted only a minor part of total nitrogen was used to
extrapolate the potential isotopic composition ofδ15NO3 and
δ15NH4 using only the inorganic fraction. A necessary as-
sumption in using this method is thatδ15NDON in the samples
is not widely different fromδ15N of the inorganic nitrogen.
There are few measurements ofδ15NDON in rain but Cornell
et al. (1995) found a linear relation betweenδ15NDON and ni-
trate concentration, whereas Russell et al. (1998) found that

the sources of DON in rain were unrelated to bothδ15NO3
and δ15NH4. In general Russell et al.(1998) found that
δ15NDON ranged between−0.5 and 14.7‰ with a median
of ∼5.0‰ whereas Cornell et al. (1995) presentedδ15NDON
values between−7 and 7‰ from various locations. The low
proportions of DON and the relatively small isotopic differ-
ence between DON and inorganic nitrogen found in the liter-
ature, supports the use of regression extrapolation to estimate
δ15NO3 andδ15NH4 (Fig. 6). The large differences between
δ15NO3 andδ15NH4 extrapolated in this study are in contrast
to those directly measured by Russell et al. (1998) where
both δ15NO3 and δ15NH4 were generally similar and with
medians close to zero (−0.5 and−1.1‰ respectively). In
that study, the range ofδ15NH4 estimates (−8.3 to 8.6‰) was
considerably wider than the range of approximately (−4.0 to
4.4‰) forδ15NO3. In the same paper literature data forδ15N
in rain are reviewed and the ranges found were−15 to 10‰
for δ15NH4 and−16 to 7‰ forδ15NO3 (estimated from the
Figs. 1 and 2 in Russell et al., 1998). In Florida rain, Dil-
lon and Chanton (2005) foundδ15N values of ammonia of
−11.6 to−0.3‰ and of nitrate−5.1 to 3.8‰, similar to the
tendency found in this study. Yeatman et al. (2001b) found
that the range of aerosolδ15NH4 was−20 to 20‰ (heavier
near rural areas, lighter near urban areas) and the range for
δ15NO3 was−6 to 9‰.

The load weighted average (LWA)δ15Ntot of the nitro-
gen deposited on the Baltic can be used to constrain basin-
wide nitrogen budget calculations and to identify qualitative
changes in the sources. The LWAδ15Ntot (Table 1) was con-
siderably lighter at stations GS and SH (0–0.7‰) than at sta-
tions SA and MJ (3.6–3.8‰). High winter nitrate concentra-
tion corresponded to lowδ15Ntot and high summer ammo-
nium concentrations to highδ15Ntot. On the isolated islands
more than 50% of nitrogen was deposited as nitrate, whereas
only∼40% was nitrate at the southern stations (Table 1). The
isolated islands, especially station SH, had nitrate-dominated
winter peaks of nitrogen deposition, which were absent at the
other stations. These nitrate peaks could be caused by emis-
sions of combustion NOx from ships, since major Baltic ship
routes pass close to the islands (HELCOM, 2007). The prox-
imity of stations SA and MJ to agricultural areas probably
caused the higher proportion of ammonium in the load esti-
mates. High ammonium and lowδ15N are suggested to indi-
cate emissions from fields and live-stock husbandry (Russell
et al., 1998). The higher proportions of nitrate in the rain at
GS and SH is the most likely cause of the lighterδ15Ntot at
these stations, which are likely to best represent the open sea.
Atmospherically deposited nitrogen in the Baltic is there-
fore isotopically light (∼0‰), similar to the gaseous nitrogen
fixed by cyanobacteria. Ḧoglander (2005) found the summer
δ15N in filamentous nitrogen fixing cyanobacteria in the open
sea to be−1.53±0.49 (average±SD). Basin wide budgeting
of nitrogen could therefore overestimate nitrogen fixation if
the atmospheric nitrogen LWAδ15Ntot is not considered, and
the same is true for sediment cores, where lightδ15N could
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be interpreted as a result of nitrogen fixation only. Direct
budget calculations of nitrogen fixation from changes in the
isotopic composition of seston during cyanobacterial blooms
would on the other hand underestimate fixation, if the rela-
tively heavy ammonium deposited during the summer is not
taken into account (Fig. 7).

5 Conclusions

This study shows that the load-weighted annual atmospheric
nitrogen deposition on the Baltic Proper is isotopically light
(δ15N ∼0‰) and therefore similar to nitrogen fixed by
cyanobacteria. In large-scale isotope-based nitrogen budgets,
atmospherically deposited nitrogen could therefore be inter-
preted as nitrogen fixed by cyanobacteria, potentially leading
to overestimates of nitrogen fixation. While the atmospheric
phosphorus load is not likely to be the major source of phos-
phorus for summer cyanobacterial blooms in the open Baltic
Proper, P deposition in precipitation could potentially pro-
long an existing bloom. By end member extrapolation from
regression the long-term average isotopic composition of ni-
trate and ammonium were found to be approximately−7.9‰
and 13.5‰ respectively, indicating combustion as the source
of nitrate and agricultural activities as sources of ammonium.
The differences are sufficiently large to be used in budgeting
and detection of changes in the source composition of load.
The isotopic composition of atmospherically deposited ni-
trogen was heavier in summer than in winter at all stations,
reflecting a higher proportion of ammonium in summer.
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