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Summary In this study, we collected submarine groundwater discharge (SGD) and seawa- 
ter samples at six sites in the Bay of Puck, in the southern Baltic Sea, in order to estimate 
the nutrient distribution in groundwater affected areas. In addition, we estimated nutrient 
fluxes via SGD, including both fresh SGD (FSGD) and recirculated seawater SGD (RSGD), to 
the entire Bay of Puck. Phosphate (PO 4 

3 −) concentrations varied significantly among study 
sites and seasons, while both ammonium (NH 4 

+ ) and nitrates (NO 3 
−) concentrations varied 

only seasonally. The N:P ratio indicated P limitation in most of the samples. The estimated 
seasonal and annual loads, via SGD, of both dissolved inorganic nitrogen (DIN; 9303 t yr −1 ) 
and PO 4 

3 − (950 t yr −1 ), were the most significant source of nutrients to the Bay of Puck, 
and notably higher than quantified before (FSGD nutrient loads of 50 t yr −1 and 56 t yr −1 

for DIN and PO 4 
3 −, respectively). The SGD fluxes reported here indicate some of the high- 

est rates of sediment-water fluxes reported in the Baltic Sea. These results suggest that SGD 
(both FSGD and RSGD) should be considered as source of chemical substances to the marine 
environment. 
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1. Introduction 

The Baltic Sea is one of the largest, semi-enclosed, brack-
ish seas in the world. It is nearly entirely land-locked and
has little water exchangege with the North Sea. The special
geographical and oceanographic features of the Baltic Sea
make it highly vulnerable to the environmental effects of
human activity, not only in its open waters but also in its
catchment area, where more than 85 million people live.
This high population, together with the area’s agricultural
and other human activities, such as fossil fuel combustion
for energy production and transport, cause large inputs of
nutrients, mostly compounds of nitrogen and phosphorus,
to enter the Baltic Sea. Due to this excess of nutrients and
the accompanying eutrophication, none of the sea’s basins
currently has a satisfactory environmental status ( BACC II,
2015 ). Several recommendations to reduce nutrient loading
into the Baltic Sea have been implemented in the region
since the 1970s. However, with further economic develop-
ment in some countries and an increase in animal protein
consumption by humans, the nutrient loads entering the
Baltic Sea are likely to increase, which will result in further
eutrophication and oxygen depletion (hypoxia). 

Although eutrophication in the Baltic Sea was recog-
nized decades ago, some aspects of the process require
more consideration and examination ( Savchuk, 2018 ). It
has been demonstrated that, depending on the effective-
ness of the biogeochemical processes occurring within the
coastal zone, the nutrient loads from the land are filtered
and do not all enter the open Baltic Sea. Asmala et al.
(2017) estimated that the coastal filter of the entire Baltic
Sea removes 16% of nitrogen inputs and 53% of phospho-
rus inputs from adjacent land. Edman et al. (2018) sug-
gested that the average nutrient filter efficiency of the en-
tire Swedish coastline is about 54% and 70% for nitrogen
and phosphorus, respectively. However, none of these stud-
ies included nutrient loads coming from submarine ground-
water discharge (SGD). This is chiefly because the main
sources of nutrients in the Baltic Sea region are identified
as rivers, point sources, and airborne deposition. However,
globally, more and more studies have demonstrated that
SGD is a significant source of nutrients entering coastal ar-
eas ( Valiela et al., 2002 ; Wang et al., 2015 ; Zhang et al.,
2017 ). The high concentration of nutrients in SGD is gen-
erally caused by nitrogen and phosphorus leakage to an
aquifer from agriculture and sewage plants ( Bishop et al.,
2017 ). 

Several studies have been dedicated to the study of SGD
in the Baltic Sea region, with a focus on identifying SGD or
groundwater discharge flux (e.g. Lidzbarski, 2011 ; Peltonen,
2002 ; Piekarek-Jankowska, 1994 ; Virtasalo et al., 2019 ). In
the Gulf of Finland, the total amount of fresh SGD (FSGD)
was calculated to be 0.6 km 

3 yr −1 ( Viventsowa and Voronow,
2003 ). Lidzbarski (2011) estimated the approximate amount
of FSGD entering the Gulf of Gda ńsk to reach 0.07 km 

3 yr −1 .
Peltonen (2002) estimated the amount of groundwater dis-
charge entering the entire Baltic Sea using a combination
of hydrological and hydrogeological methods. The amount
of groundwater discharge in the Baltic Sea was small com-
pared with total runoff — around 1% or even less (around
4.4 km 

3 yr −1 ). The above-mentioned calculations relate to
FSGD and do not include a recirculated seawater compo-
nent (RSGD). The perceived low importance of SGD as a
source of fresh water has been, most likely, why scientific
communities have treated SGD as an insignificant factor in-
fluencing the ecosystem of the Baltic Sea. Recently, Krall
et al. (2017) indicated, on the basis of a 224 Ra mass balance
model, that the SGD flow rate ranges from (5.5 ± 3.0) · 10 3
m 

3 d −1 to (950 ± 520) · 10 3 m 

3 d −1 . These rates are up to two
orders of magnitude higher than those determined from lo-
cal hydrological models, which consider only the fresh com-
ponent of SGD. 

The Bay of Puck, in the southern Baltic Sea, is an
example of the area where SGD has been intensively
studied. Piekarek-Jankowska (1994) calculated that the
groundwater discharge coming from Quaternary, Neogene,
Paleogene, and Upper Cretaceous aquifers into the Bay
of Puck equals 0.03 km 

3 yr −1 . Matciak et al. (2015) ob-
served salinity anomalies in the bottom-water of the Bay
of Puck and suggested that the less saline water appeared
and changed the seawater salinity. The volume of freshwa-
ter must have been significant to reduce the bottom-water
salinity. Bublijewska et al. (2017) also investigated outflows
of fresh groundwater through a thermal imaging, filtrom-
eter and gradientmeter of the Bay of Puck. In addition,
SGD has been recognized as an important source of chemi-
cal substances, such as methane, nutrients (mainly ammo-
nium, phosphate, and silicate) and dissolved organic car-
bon, to the coastal area off town Hel ( Donis et al., 2017 ;
Szymczycha et al., 2012 , 2014 , 2016 ) and, as such, is a fac-
tor affecting the local meiofaunal community ( Kotwicki et
al., 2014 ). Given the absence of previous estimates of SGD
nutrients, Szymczycha et al. (2012) projected inputs from
one study area, located off town Hel, to the entire Bay of
Puck, using the FSGD flux rates from Piekarek-Jankowska
(1994) . The preliminary extrapolations indicated that SGD
contributes a significant proportion of the phosphate load
but only an insignificant proportion of the dissolved inor-
ganic nitrogen (DIN) load. The estimation was based on
the nutrient concentrations in SGD samples characteristic
only of FSGD, collected from one study site only. In ad-
dition, only the fresh component of SGD was included in
the calculations ( Szymczycha et al., 2012 ). There is high
uncertainty in the nutrient fluxes obtained by Szymczycha
et al. (2012) , which could result in an incorrect under-
standing not only of biogeochemical recycling processes
but also of eco-environmental processes in the Bay of
Puck. 

This study is the second part of the study in this jour-
nal on SGD in the Bay of Puck. The first paper addressed
hydrochemistry and SGD flux rates into the Bay of Puck,
including both FSGD and RSGD ( Kłostowska et al., 2019 ).
The calculation was based on a one-dimensional, advection-
diffusion model. The SGD rate to the entire Bay of Puck
ranged from 9.2 m 

3 s −1 to 127.7 m 

3 s −1 , depending on the
discharge area used for extrapolation. These results were up
to 130 times higher than the results obtained by Piekarek-
Jankowska (1994) . The main aim of this study was to quan-
tify the SGD nutrient fluxes including the flux rates obtained
by Kłostowska et al. (2019) . SGD and seawater samples were
collected from 6 sites that significantly differed in terms
of land use and hydrogeology, in order to assign represen-
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ative nutrient concentrations and include spatial and sea- 
onal variability. 

. Material and Methods 

.1. Description of the study area 

he Bay of Puck is located at the western part of the Gulf
f Gda ńsk and is separated from the open Baltic Sea wa-
ers by the Hel Peninsula. The Bay of Puck is divided into
nner and outer parts. The bay has a surface area of 362
m 

2 . It is 2 m deep at the shallowest point — at the most
estern end — and around 40—50 m deep in the centre of
he entrance to the Gulf of Gda ńsk. The sediments in the
ay of Puck are highly diverse: medium- and coarse-grain 
and appears in the western part and along the Hel Penin-
ula, while in the outer part of the bay the proportions of
ud and clay are high. The Bay of Puck has complex, hydro-

ogical (hydrogeological) systems consisting of Cretaceous, 
ertiary, and Quaternary aquifers ( Kozerski, 2007 ; Kryza 
nd Kryza, 2006 ; Piekarek-Jankowska and Łęczy ński, 1993 ).
he detailed hydrogeological characteristics and drainage 
ones of the fresh groundwater in the Bay of Puck were
resented by Piekarek-Jankowska (1996) . The bay receives 
resh water from numerous watercourses such as rivers and 
prings, including the Płutnica, Reda and Gizdepka Rivers, 
nd the Błądzikowski Stream. Of these, the Reda River has 
he largest runoff (equalling 5 m 

3 s −1 ). The bay is mainly
n agricultural area; however, growing tourism (chiefly due 
o water sports and beaches), specifically agrotourism, has 
tarted to play an important role in the area ( Dzierzbicka-
łowacka et al., 2019a ). The average monthly precipita- 
ion measured in the Hel station from August 2017 to Au-
ust 2018 ranged from 0.78 mm in May to 6.56 mm in July
018. Similar variability in average precipitation was ob- 
erved in Gdynia station (data available from the Institute 
f Meteorology and Water Management (IMGW) database). 
he total average precipitation measured in that pe- 
iod was 46.3 mm and 47.3 mm in Hel and Gdynia,
espectively. 

.2. Sampling and laboratory analyses 

amples were collected seasonally from autumn 2017 to 
ummer 2018 along the shoreline of the Bay of Puck 
 Fig. 1 ). The SGD samples were collected from coastal ar-
as of both the Hel Peninsula (including Hel, Jurata, and 
hałupy), and the mainland (including Swarzewo, Puck, and 
słonino) ( Fig. 1 ). Coastal sampling was designed to gener-
te snapshots of the biogeochemical conditions across the 
reshwater, brackish, and saline zones within the region of 
roundwater discharge. Coastal samples (SGD, n = 86) were 
ollected, at points perpendicular to the shore, at 5-m tran-
ects and at a depth of 5 cm. Pore water depth profiles
f up to 40 cm were also collected at the most active
roundwater discharge sites — in Chałupy and Swarzewo. 
eawater samples (n = 6) were also collected at each coastal

ite. d
The SGD samples were collected via stainless-steel 
ances and were brought to the surface by acid-washed 
eflon tubing connected to nylon tubing by a peristaltic
ump. We used a multimeter (Hach-Lange) to record sta-
ilized values for salinity, dissolved oxygen concentration 
DO), oxidation reduction potential (ORP), pH, and temper- 
ture. ORP readings were converted to Eh (mV) units by
dding 200 to the values ( Kroeger et al., 2007 ). Samples
or determination of nutrient concentrations were passed 
hrough syringes with polyethersulfone filters (0.45 mm 

ore size) into acid-washed polyethylene sample bottles. 
he samples were then stored on ice until they were re-
urned to the laboratory, at which point they were frozen
ntil analyzed. 
The nutrients were analyzed using colorimetric meth- 

ds described by Strickland and Parsons (1967) and Salley
t al. (1986) . Repeated measurements of the certified ref-
rence material (RM-BU; National Metrology Institute of 
apan) were performed to assess the accuracy and precision
f the nutrient analyses. Nitrate and nitrite were not quan-
ified separately, and in this paper, their sum is referred to
s ‘‘nitrate’’. DIN is the sum of nitrite, nitrate and ammo-
ium. The average relative standard deviations were 0.4% 

or NO 3 
− + NO 2 

−, 0.3% for NH 4 
+ , and 1.4% for PO 4 

3 −. The
nalyses indicated recoveries of 96.2% for NO 3 

− + NO 2 
−,

8.3% for NH 4 
+ , and 99.1% for PO 4 

3 −. 

.3. Quantification of the nutrient fluxes via 

ubmarine groundwater discharge 

n order to estimate the nitrate, ammonium, and phosphate
uxes via SGD we used nutrient concentrations, measured 
ithin the salinity gradients and depth profiles, while the
GD was adopted from the previous study by Kłostowska et
l. (2019) . In short, a vertical, one-dimensional, advection-
iffusion model was used to estimate SGD which is based
n pore water profiles of chloride (Cl −) ( Schlüter et al.,
004 ). The identified nutrient concentrations in SGD sam-
les did not have a normal distribution, and therefore we
alculated nutrient loads using median concentrations. The 
easonal fluxes of nutrients via SGD were calculated by mul-
iplying median concentrations, minimum, and maximum 

ates ( Kłostowska et al., 2019 ). Finally, the obtained nutri-
nt loads corresponded to the minimum, average and maxi-
um values. 

.4. Statistical analyses 

ll data were tested for their distribution. We used the
ruskal-Wallis test in order to check the significant differ-
nces between the selected groups. The statistical signif- 
cance of the data sets was determined at p < 0.05. The
nalyses were conducted using STATISTICA software. The 
alinity data did not have a normal distribution, and there-
ore we used a nonparametric test (Kruskal—Wallis test) 
ased on median values. We divided all data according to
heir salinity distribution, by study area and season, and
e tested whether the median values showed significant 

ifferences. 
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Figure 1 Map showing the Bay of Puck and study sites located on the Hel Peninsula: Hel, Jurata, and Chałupy; and on the 
mainland: Swarzewo, Puck, and Osłonino. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results 

The salinity distribution at the study sites has been char-
acterized in detail by Kłostowska et al. (2019) . In sum-
mary, the salinity surveys at all sites designated a high
spatial variability of salinity, indicating that, in each case
and at the time of sampling, a certain portion of the sed-
iments was influenced by SGD. The variability of SGD can
be partially attributed to the movement of the interfaces
between the fresh and saline water masses caused by short-
term scale factors (wind direction and monthly precipita-
tion) and long-term scale factors (large-scale sea level vari-
ations) ( Kłostowska et al., 2019 ; Szymczycha et al., 2012 ). 

Within all the collected samples, the oxidation-reduction
potential (Eh) ranged from -11.6 to 36 mV, the DO concen-
trations ranged from 0.7 to 9.8 mg L −1 , and the pH levels
ranged from 4.9 to 8.3. The nutrient concentrations ranged
from 0.2 to 45.1 μmol L −1 for PO 4 

3 , from 3.1 to 488.9 μmol
L −1 for NH 4 

+ , and from 0.0 to 506.6 μmol L −1 for NO 3 
− in all

collected samples ( Table 1 ). Szymczycha et al. (2012) ob-
tained similar results for PO 4 

3 − and NH 4 
+ , though the nitrate

concentrations observed in autumn were significantly higher
in this study. 

Within the minimum and maximum concentrations of
NO 3 

−, NH 4 
+ , and PO 4 

3 − in the SGD samples, there were a
few outliers and extreme values observed. However, in gen-
eral, higher concentrations of DIN and PO 4 

3 − occurred in
FSGD, and the lowest levels were observed in higher salin-
ity SGD, where there was mixing with recirculated seawa-
 

ter. Usually, in groundwater discharge areas several distinct
zones can be distinguished in terms of both (i) water and nu-
trient sources and (ii) biogeochemical setting and nutrients
chemistry ( Kroeger and Charette, 2008 ). Interestingly, in
this study, no significant spatial variability of ammonium and
nitrates was observed, yet phosphate concentrations dif-
fered significantly among the study sites ( Fig. 2 a). The most
significant changes in concentrations were observed season-
ally ( Fig. 2 b). The minimum, maximum, median, and aver-
age values of nutrient concentrations are provided in the
supplementary material (supplementary material Table 1S).
The highest nitrate concentrations were observed in autumn
2017, when the median and average concentrations were
5.6 μmol L −1 and 93.8 μmol L −1 , respectively. In other sea-
sons, the median and average nitrate concentrations were
not higher than 8.0 μmol L −1 . In contrast to nitrates, the
highest median and average concentrations of ammonium
were observed in spring and summer 2018, while the low-
est median and average concentrations were observed in
autumn 2017, and were 47.5 μmol L −1 and 92.3 μmol L −1 ,
respectively. The highest median and average PO 4 

3 − concen-
trations were observed in spring 2018. 

4. Discussion 

4.1. Seasonal distribution of nutrients 

The seasonal variability of nutrients can be partly explained
by the seasonal discharge of nutrients from anthropogenic
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Table 1 Summarized statistics for the biogeochemical conditions and nutrient concentrations in the collected SGD and 
seawater samples. The oxidation-reduction potential (Eh) is given in units of mV, dissolved oxygen (DO) is given in units of mg 
L −1 and nitrate (NO 3 

−,), ammonium (NH 4 
+ ), and phosphate (PO 4 

3 −) concentrations are given in units of μmol L −1 . 

All samples Salinity Eh DO pH NO 3 
− NH 4 

+ PO 4 
3 −

min-max 0.1—7.2 −11.6—36.0 0.7—9.8 4.9—8.3 0.0—506.6 3.1—488.8 0.2—45.1 
median 1.0 9.0 2.9 6.9 5.6 47.5 7.6 
average 2.1 8.3 2.5 6.9 93.8 92.3 9.1 

Figure 2 Nitrate (NO 3 
−), ammonium (NH 4 

+ ), and phosphate (PO 4 
3 −) concentrations in the collected SGD samples, in units of μmol 

L −1 , divided into a) study sites (Hel, Jurata, Chałupy, Swarzewo, Puck, and Osłonino) and b) seasons. The symbol KW-H indicates 
the Kruskal—Wallis test. 
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ources ( Bishop et al., 2017 ; Knee and Paytan, 2011 ). In
omparison to pristine settings, coastal areas affected by 
uman activities frequently have much higher nitrate con- 
entrations ( Knee and Paytan, 2011 ). These concentrations 
an originate from point sources, such as sewage leaks, 
hemical facilities, or animal feedlot, and nonpoint sources 
nd local and regional land users ( Knee and Paytan, 2011 ).
everal studies have correlated urban development and 
igh population densities to enriched groundwater NO 3 

−

oncentrations ( Choi et al., 2007 ). However, in some sub-
xic or anaerobic aquifers, ammonium can be the domi- 
ant form of DIN ( Slomp and Van Cappellen, 2004 ). It is
specially true if ammonium-rich wastewater can intrude 
o aquifers or if the mineralization and decomposition of 
itrogen-containing organic matter occurs under anaero- 
ic conditions ( Slomp and Van Cappellen, 2004 ). Dissolved 
norganic phosphorus, typically in the form of phosphate 
PO 4 
3 −), can enter groundwater from dissolution of the min-

rals which make up the aquifer substrate, decomposition 
f organic matter in soils, or anthropogenic activity ( Knee
nd Paytan, 2011 ). In the Puck district, the use of nitro-
en fertilizers was higher than the average consumption 
cross Poland and in the Pomeranian Voivodeship (Province), 
hile the use of phosphorus fertilizers was higher than
n the Pomeranian Voivodeship, but lower when compared 
o the country as a whole ( Dzierzbicka-Głowacka et al.,
019b ). The high nitrate concentration in autumn might
uggest leakage from agriculture areas on the mainland, 
hile increased ammonium and phosphate concentrations 
ight suggest the presence of a wastewater plume. The

ncreased wastewater plume in spring and summer could 
e related to population growth as a result of tourism
uring late spring, summer, and early autumn. Similar to
his study, Szymczycha et al. (2012) observed variations in
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Table 2 Sources of dissolved inorganic nitrogen (DIN) 
and phosphates (PO 4 

3 −) in the Bay of Puck, in units of t 
yr −1 . 

Source DIN PO 4 
3 −

Atmosphere 

∗ 485 18 
Rivers and point sources ∗ 220 70 
Resuspension 

∗ 825 97 
F SGD 

∗∗ 50 56 
SGD (F + S) ∗∗∗ 9303 950 

∗ Korzeniewski, 2003 
∗∗ Szymczycha et al., 2012 
∗∗∗ this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nutrient concentrations over the year, indicating pro-
nounced seasonal changes in the groundwater nutrient con-
tent. Ammonium reached its highest average value in FSGD
samples collected during the summer months (239 μmol
L −1 ) and its lowest value (55 μmol L −1 ) in FSGD samples
collected during the spring. The highest average phosphate
concentration was observed in FSGD samples collected dur-
ing the autumn (76.6 μmol L −1 ), while the lowest was in
FSGD samples collected during the spring (49 μmol L −1 ).
The concentrations of NO 3 

− and NO 2 
− were less temporally

variable. Wojciechowska et al. (2018) measured the con-
centrations of nitrogen and phosphorus compounds during
a one-year research period (July 2017—June 2018) at three
watercourses — Płutnica River, Reda River, and Błądzikowski
Stream — flowing into the Bay of Puck. The concentrations
ranged from 5.4 to 44.0 μmol L −1 for PO 4 

3 −, from 123.4 to
2388.3 μmol L −1 for NO 3 

−, and from 2.7 to 53.3 μmol L −1

for NH 4 
+ ( Wojciechowska et al., 2018 ). Seasonal changes

in nutrient concentrations were observed, with maximum
concentrations of nitrates in August and September, after
the application of fertilizers to land. With regard to SGD
the three watercourses displayed similar seasonal trends in
changes in nutrient concentrations, however, significantly
higher concentrations were observed for nitrates. Leakage
of nitrates from fields to surface water and groundwater
may occur, but due to geochemical processes taking place
in aquifers prior to discharge, the nitrate concentration may
actually diminish in groundwater. Phosphates were higher in
SGD than in the watercourses. However, similar to the wa-
tercourses, the N:P ratio in SGD showed mostly P-limitation
(supplementary material Tab. 1S). Liu et al. (2016) also ob-
served higher N:P proportions (175:1) than the Redfield ratio
in SGD in the Southern Yellow Sea. It was proposed therein
that this non-Redfield input of nutrients may change the nu-
trient concentrations in coastal waters, destroy the original
nutrient structure, and increase the probability of the oc-
currence of green tides, eutrophication and other ecological
problems. 

4.2. SGD-derived nutrient fluxes 

The chemical loads carried by SGD are typically calculated
as the product of the groundwater discharge rate and the
average concentration of the element or compound of inter-
est in coastal groundwater. Inherent in those calculations is
the assumption that chemical transport through the coastal
aquifer and sediments is conservative ( Kroeger and Charette
2008 ). In aquifers, or as the groundwater is moved seaward,
processes for removal of several nutrients can occur. Ni-
trates can be removed via denitrification ( Szymczycha et
al., 2017 ), ammonium can be removed via anammox ( Wang
et al., 2017 ), and phosphates can be reduced by biological
uptake, sorption, and precipitation ( Corbett et al., 2002 ;
Szymczycha et al., 2012 ). As mentioned above, nutrient
concentrations in SGD samples did not have a normal dis-
tribution and contained few outliers. This is most probably
due to different sources of nutrients, and the variable influ-
ence of N and P removal or addition processes. Therefore, to
estimate nutrient fluxes via SGD, we used the seasonal me-
dian nutrient concentration of each compound and the sea-
sonal flow rate obtained from a one-dimensional, advection-
diffusion model ( Kłostowska et al., 2019 ). Fig. 3 presents
the average nutrient load for each season based on the min-
imum and maximum SGD rate for each season ( Kłostowska
et al., 2019 ). In general, the nutrient loads showed signif-
icant seasonal variability. The highest nitrate loads were
observed in autumn and spring, and were 10.2 × 10 6 mol
yr −1 and 10.3 × 10 6 mol yr −1 , respectively. The highest am-
monium and phosphate loads were observed in spring, and
were 249.2 × 10 6 mol yr −1 and 22.3 × 10 6 mol yr −1 , re-
spectively . The obtained results may indicate the response
of SGD-derived nutrients levels to both agriculture activi-
ties ( Dzierzbicka-Głowacka et al., 2019b ; Wojciechowska et
al., 2018 ) and waste water leakage ( Dzierzbicka-Głowacka
et al., 2019a ). In addition, the obtained nutrient fluxes were
significantly higher than those obtained by Szymczycha et
al. (2012) ( Table 2 ). In our previous study, the concentra-
tions used to calculate fluxes were characteristic only of the
small areas of the Bay of Puck and were based on the FSGD
rate. It is most probable that this approach led to the un-
derestimated results. In Table 2 the SGD nutrient fluxes are
compared to other sources, and SGD turned out to be the
most important source of nutrients. Nutrient input to the
Bay of Puck via SGD is a potentially important source and
must be considered when assessing the nutrient budgets. Liu
et al. (2016) also observed increased nutrient fluxes via SGD
(both FSGD and RSGD) on the background of other sources,
in the Southern Yellow Sea, however, in comparison to this
study they were approximately 600 times higher for DIN and
80 times lower for PO 4 

3 −. The Southern Yellow Sea, though,
has a surface area of 30.9 × 10 4 km 

2 , which is approximately
90 times bigger than the Bay of Puck. Wang et al. (2017) sug-
gested that nutrients carried by SGD account for 95—97% of
the oxidized inorganic nitrogen, 79—87% of the phosphate,
and 97—98% of the silicate in the nutrient source in Sanya
Bay. SGD may compensate for at least 90% of the oxidized
inorganic nitrogen, 15% of the phosphate, and 60% of the sil-
icate in the nutrient sink in that bay and satisfy all nitrogen
and silicate requirements for phytoplankton growth in the
bay in the dry season. 

The impact of SGD on the Baltic Sea ecosystem is still
not well understood. Accurate determination of SGD-driven
nutrient loads to the Baltic Sea should represent an impor-
tant area of future research, especially with regard to pre-
dicting the future ecosystem status of the Baltic Sea. Nu-
trient mass balance models or budgets still indicate sedi-
ments as the major Baltic Sea sink. In Table 3 the nutrient



B. Szymczycha et al./Oceanologia 62 (2020) 117—125 123 

Figure 3 Seasonal fluxes of nutrients to the Bay of Puck a) nitrate (NO 3 
−), b) ammonium (NH 4 

+ ), c) phosphate (PO 4 
3 −). 

Table 3 The sediment return fluxes in different Baltic Sea regions, in units of μmol m 

−2 d −1 . 

Area NO 3 
− NH 4 

+ PO 4 
3 − Reference 

Bay of Puck 4.4—1378.0 213.2—21368.5 15.2—1912.9 This study 
mix-max 
average 

637.0 11746.6 1366.0 

Gulf of Gda ́nsk 
min-max 

nd ∗∗ nd 2.12—37.1 Łukawska-Matuszewska and 
Burska, 2011 

Gda ́nsk Deep 

average ±SD ∗
nd 1003.2 ±283.2 100.8 ±38.4 Graca et al., 2006 

Gulf of Finland 

min-max 
−360—480 0—1250 nd Conley et al., 1997 

∗ standard deviation 
∗∗ no data 
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return fluxes in different Baltic Sea regions are listed. SGD is
presented also as the sediment-water flux and, interest-
ingly, contributes significantly to DIN on the top of other
studies. This study shows that in groundwater-impacted
areas sediments are a significant source of nutrients. At
present, little is known regarding SGD in different Baltic
Sea coastal areas, and even less in terms of the accompa-
nying fluxes of nutrients. However, it has to be acknowl-
edged that in coastal areas, where variations in bottom wa-
ter oxygen concentrations occur, SGD can be an additional
driver of phosphate release. Given the large quantities of
inorganic phosphorus compounds stored in Baltic Sea sedi-
ments, reduced oxygen conditions together with SGD would
greatly increase sediment water phosphorus fluxes. In this
study, high phosphate fluxes occurred in spring and sum-
mer, and might exacerbate both spring and summer algal
blooms. 

5. Conclusions 

Phosphate (PO 4 
3 −) concentrations significantly varied

among study sites and seasons while both ammonium (NH 4 
+ )

and nitrate (NO 3 
−) concentrations varied only seasonally.

The N:P ratio indicated P limitation in most of the sam-
ples. The obtained nutrient fluxes via SGD are higher than
in our previous study including only a FSGD component. In
addition, the obtained results indicate that SGD is an im-
portant driver of nutrient release from sediments, in com-
parison to sediment return fluxes reported in other Baltic
Sea areas. Eutrophication areas are primarily located near
the coast (e.g. Diaz and Rosenberg, 2008 ) due to land-based
inputs. SGD can significantly contribute to Baltic Sea nutri-
ent concentrations, thus increasing spring and summer algal
blooms. 
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