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Abstract In this study we examine pools of carbon
(C), nitrogen (N), and phosphorus (P) in the Baltic Sea,
both simulated and reconstructed from observations.
We further quantify key fluxes in the C, N, and P
cycling. Our calculations include pelagic reservoirs as
well as the storage in the active sediment layer, which
allows a complete coverage of the overall C, N, and P
cycling on a system-scale. A striking property of C
versus N and P cycling is that while the external
supplies of total N and P (TN and TP) are largely
balanced by internal removal processes, the total
carbon (TC) supply is mainly compensated by a net
export out of the system. In other words, external
inputs of TN and TP are, in contrast to TC, rather
efficiently filtered within the Baltic Sea. Further, there
is anet export of TN and TP out of the system, but a net
import of dissolved inorganic N and P (DIN and DIP).
There is on the contrary a net export of both the
organic and inorganic fractions of TC. While the
pelagic pools of TC and TP are dominated by
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inorganic compounds, TN largely consists of organic
N because allochthonous organic N is poorly degrad-
able. There are however large basin-wise differences
in C, N, and P elemental ratios as well as in inorganic
versus organic fractions. These differences reflect both
the differing ratios in external loads and differing
oxygen conditions determining the redox-dependent
fluxes of DIN and DIP.
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Introduction

Coastal seas such as the Baltic (Fig. 1) are in terms of
productivity and oxygen conditions heavily influenced
by external sources of inorganic and organic C, N, and
P. Internal pelagic and benthic processes such as
primary production and mineralization of organic
material drive transformations between inorganic and
organic pools, and further transports between sedi-
mentary, marine, and atmospheric reservoirs. Partic-
ularly important for the cycling of N and P (and to a
lesser extent C) in the Baltic Sea are redox alterations
of biogeochemical processes (e.g. Conley et al. 2009;
Savchuk 2010). Eutrophication has caused expanding
areas suffering from critically low or even depleted
oxygen levels in many coastal ecosystems—not least
in the Baltic Sea which is considered to have the
largest man-made dead zones in the world (Diaz and
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Fig. 1 Map over the Baltic Sea area, indicating the thirteen
BALTSEM sub-basins; / Northern Kattegat (NK), 2 Central
Kattegat (CK), 3 Southern Kattegat (SK), 4 Samsg Belt (SB),
5 Fehmarn Belt (FB), 6 Oresund (OS), 7 Arkona Basin (AR),
8 Bornholm Basin (BN), 9 Gotland Sea (GS), /0 Bothnian Sea
(BS), 11 Bothnian Bay (BB), /2 Gulf of Riga (GR), /3 Gulf
of Finland (GF)

Rosenberg 2008). Deoxygenation tends to reduce
overall DIN levels in the water column (e.g. Savchuk
2010), whereas the effect on pelagic DIP levels is the
opposite (e.g. Conley et al. 2002).

Following oxygen depletion, other oxidants than
oxygen (i.e. nitrate, manganese- and iron oxides, and
sulfate) are used to oxidize/mineralize organic mate-
rial. DIN can be transformed into dinitrogen gas (N5)
through denitrification and/or anammox. This N,
production represents a net loss from the DIN and
TN reservoirs as N, is not included in these pools
either by definition or determination methods. DIP-P
can during oxic conditions be bound into particulate
iron-humic complexes both in the water column and
sediments, while during anoxic conditions iron oxides
are reduced and DIP is released into the water column.
Thus, large-scale deoxygenation has the effect that P is
less efficiently retained in the sediments, and the
pelagic DIP concentrations then tend to increase.
Removal of DIN due to denitrification and anammox
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in combination with a release of accumulated DIP
from anoxic bottoms lead to favorable conditions for
N, fixing cyanobacteria (e.g. Vahtera et al. 2007). N,
fixation represents an important additional N source as
shown by both measurements and model simulations.

Dissolved inorganic carbon (DIC) concentrations in
the surface layer are adjusted by CO, assimilation and
respiration, and further by CO, fluxes between air and
water as the partial pressure of CO, (pCO.,) in surface
waters tends to equilibrate with pCO, in the air. The
CO, buffering capacity is controlled by the total
alkalinity (TA) concentration. Deteriorating oxygen
conditions results in increasing fractions of organic
material being mineralized anaerobically. Anaerobic
mineralization in general results in a TA generation
(for example as a result of denitrification) that can
enhance the buffering capacity for CO, in the water
column and increase the absorption of atmospheric
CO, (or decrease CO, outgassing) (e.g. Thomas et al.
2009).

Eutrophication can be understood as a misbalance
between in- and outputs (sources and sinks) of
nutrients (e.g. Savchuk 1986, 2002), leading to
increased accumulation of organic matter in aquatic
systems (e.g. Nixon 1995). At system level, eutroph-
ication is thus determined by nutrient pools and their
biogeochemical fluxes. These pools and fluxes should
be particularly reliably described by models. There-
fore, one of the most important model validation
criteria is to compare simulated pools and fluxes with
values derived from observations within the budgeting
approach. One major point of large-scale and long-
term budget calculations is to determine key carbon
and nutrient fluxes on a basin-scale or even system-
scale. These fluxes together with carbon and nutrients
stocks can then for example be used to estimate
residence times in the system. Besides, budgets are
also a very important and convenient tool for
interdisciplinary communications and presentation of
results to the general public and stakeholders (Sav-
chuk and Wulff 2007).

Earlier Baltic Sea nutrient budget studies have
included observed TN and TP (Savchuk 2005 and
references therein), as well as simulated DIN, DIP, and
dissolved silica (Savchuk and Wulff 2009). In this
study we calculate C, N, and P budgets using the
physical-biogeochemical BALTSEM model. The pre-
sent version of BALTSEM (cf. Gustafsson et al.
2014a) explicitly includes DIC, DIN, and DIP, as well
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as dissolved and particulate organic C, N, and P,
allowing separate budget calculations for organic,
inorganic, and total C, N, and P pools and fluxes. Our
calculations include pelagic pools and their transfor-
mations as well as storage and transformations in the
active sediment layer, which allows a complete
coverage of the overall C, N, and P cycling.

The main objectives of this study are (i) to validate
model results by use of basin-wide pools and average
concentrations of N and P reconstructed from observa-
tions, and (ii) to quantify key C, N, and P fluxes, i.e., the
external loads, internal source and sink terms, transports
between basins, and export out of the system. Further,
(iii) we describe and discuss similarities and differences
between cycling of C, N, and P at system level.
Validation data and a description of the BALTSEM
model are presented in “Materials and methods”
section. Results are presented and discussed in “Results
and discussion” section. Our main findings are sum-
marized in “Summary and conclusions” section.

Materials and methods
Oceanographic data

Integrated basin-wide annual mean concentrations and
pools of TN, TP, DIN, and DIP used for BALTSEM
validation were computed on 3D gridded fields
reconstructed from observations by the Data Assim-
ilation System (DAS; Sokolov et al. 1997) for the
time-period 1970-2014. The data for reconstruction
have been extracted from the Baltic Environmental
Database (BED) and a system of distributed databases
maintained by Finland, Denmark, Germany, and
Sweden (http://nest.su.se/bed/). A detailed descrip-
tion of the procedure, including consideration of
peculiarities, limitations, and uncertainties is available
in Savchuk (2010).

Model description

BALTSEM is a coupled physical-biogeochemical
model that divides the Baltic Sea into thirteen connected
sub-basins (Fig. 1). Each sub-basin is described as
horizontally homogeneous although with high vertical
resolution and. The horizontal areas at different water
depths are based on real hypsography of the various sub-
basins of the system. Mixing and advection is simulated

in a hydrodynamic module (Gustafsson 2000, 2003),
while the dynamics of nutrients and plankton (Savchuk
2002; Gustafsson et al. 2012; Savchuk et al. 2012) as
well as organic carbon and the carbonate system
processes (Gustafsson et al. 2014a, b, 2015) are
simulated in a biogeochemical module.

Nitrogen is represented by ammonium,
nitrate + nitrite, refractory and labile fractions of
dissolved organic nitrogen (DON), and detrital par-
ticulate organic nitrogen (PON). The ammonium and
nitrate + nitrite concentrations together comprise the
DIN pool. Phosphorus is represented by DIP, refrac-
tory and labile fractions of dissolved organic phos-
phorus (DOP), and detrital particulate organic
phosphorus (POP). Carbon is represented by DIC,
dissolved organic carbon (DOC), and detrital partic-
ulate organic carbon (POC). In addition, the C, N, and
P contents of autotrophs and heterotrophs contribute to
the pelagic pools of POC, PON, and POP. Total
organic C, N, and P (TOC, TON, and TOP) represent
the sums of dissolved and particulate organic C, N, and
P respectively.

DOC in the model is distributed between four
individual state variables, allowing a separation
between marine and terrestrial DOC, and further
between refractory and labile fractions (Gustafsson
et al. 2014a). The separation between marine and
terrestrial fractions is for consistency also applied to
POC in the water column as well as organic carbon in
the active sediment layer. The separation is made for
comprehensive tracing of the pathways of terrestrial
organic carbon in the model.

C, N, and P accumulate in the sediments via
sedimentation of particles to the simulated active
sediment layer. This layer undergoes transformations
in form of mineralization and downward transport
(representing resuspension and resettling) of organic
matter. A fraction of the material in the active layer is
mineralized and released to the water column, while a
small share is permanently lost through burial. For
DIN and DIP, the sediment-to-water fluxes are mod-
ified by denitrification/anammox and P sequestration
respectively. Denitrification and anammox related
fluxes are not calculated separately in the model.
Instead, the overall nitrate/nitrite losses related to
sedimentary mineralization processes are controlled
by oxygen conditions in the overlying water column:
Under anaerobic conditions all of the mineralized
nitrogen is released to the water colomn as
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ammonium, while under aerobic conditions one
fraction of the nitrite and nitrate that was produced
by mineralization and nitrification is released to the
water column ands the remaining fraction is removed
by denitrification (Savchuk et al. 2012). As denitrifi-
cation seems to be far more important than anammox
in the Baltic Sea (e.g. Bonaglia et al. 2016), we shall
henceforth refer to nitrate/nitrite losses as denitrifica-
tion, although in reality the losses result from a
combination of denitrification and anammox.

DIP fluxes between the sediment surface and water
column are controlled by oxygen concentration and
salinity (e.g. Savchuk et al. 2012). Reciprocal salinity
as an indicator of freshwater conditions is used here as
a proxy of the available iron and humic substances that
in oxic conditions bind inorganic P in particulate
complexes. If oxygen reaches critically low concen-
trations in the water column, DIP-P is rapidly released
from underlying sediments due to dissolution of iron-
humic P-binding complexes. Sediments underlying
oxic water are in contrast able to adsorb DIP-P from
the water column through precipitation and storage of
P bound by iron-humic complexation.

Based on budget calculations, Gustafsson et al.
(2014b) demonstrated that external sources of TA
based on available observations together with internal
TA sources cacluted in the BALTSEM model are not
sufficient reporoduce observed TA concentrations in
the system. Unresolved additional TA sources were
for that reason calibrated for the different sub-basins in
the system. These unresolved sources are used in this
study as well.

Simulation setup

In the present study, the model run covers the period
1970-2014. The model is forced by meteorological
data with a 3-h resolution. The meteorological data
include wind speed, air temperature, relative humidity,
cloudiness, air pressure, and precipitation. In addition,
daily average sea level in the Kattegat as well as daily
profiles of all state variables at the Skagerrak boundary
are required. Monthly runoff data as well as river loads
and atmospheric depositions are needed as well.
Model forcing for BALTSEM covers the period
1850-2014. Historical forcing data, covering the
period 1850-2006, have been described in detail by
Gustafsson et al. (2012). In addition, meteorological
forcing files covering the period 1999-2014 were
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computed from MESAN data downloaded from
databases provided by the Swedish Meteorological
and Hydrological Institute (SMHI). The Kattegat
water level was updated to December 2014 using data
provided by the SMHI. Based on Pollution Load
Compilation (PLC) data (HELCOM 2013) river runoff
and nutrient loads have been updated to 2012. Data for
2013-2014 were not available, so for that reason the
monthly loads from 2012 were repeated in the years
2013-2014.

River loads of DIC, DOC and TA are in contrast
based only on available observations in 1996-2000
(cf. Gustafsson et al. 2014b). These observations have
been used to compute average concentrations of DIC,
DOC and TA in river water entering different sub-
basins of the system. Based on Stepanauskas et al.
(2002), the river loads of particulate organic carbon
(POC) were assumed to be equal to the PON load
multiplied by the C:N ratio for particulate organic
matter in river water. The atmospheric deposition of
DOC has been assumed to be constant throughout the
study period and based on Anttila et al. (1995)
amounts to 1 g C m > year .

Exchange of CO, between air and sea is controlled
by the air—water difference in pCO, and by the wind
speed dependent transfer velocity. Following Wan-
ninkhof et al. (2009), the exchange (Fco,) is computed
as:

Fco, = kuwco,Ko(pCO2,, — pCO,)

The transfer velocity, k,.co,, is computed according
to Weiss et al. (2007):
kwco, = k(660/Sc¢)*?

The parameterization for normalized transfer
velocity, k, follows Wanninkhof et al. (2009):

k=3+0.1W + 0.064W?> + 0.011W?

In the expressions above, Ky is the CO, gas
solubility (Weiss 1974); pCO,,, and pCO,, indicate
pCO, in surface water and air respectively; Sc is a
temperature-dependent Schmidt number (Wanninkhof
1992); W is wind speed.

Basins

To construct carbon and nutrient budgets we aggre-
gated some BALTSEM sub-basins into larger units:



Biogeochemistry (2017) 134:301-317

305

The Kattegat (KT) includes sub-basin 1-3, the Danish
Straits (DS) includes sub-basin 4-6, the Baltic Proper
(BP) includes sub-basin 7-9, and the Entire Baltic Sea
(EBS) includes all sub-basins (Fig. 1). Areas and
volumes of these basins are presented in Table S1
(supporting information).

Results and discussion
Pools and ratios

Basin-wide volume weighted mean annual concentra-
tions of DIN, DIP, TN, and TP were calculated based
on both model output and observations. Comparisons
between time-series of model-based and measure-
ment-based values were performed for the EBS
(Fig. 2) as well as for seven basins (the Kattegat
(Fig. S1), Danish Straits (Fig. S2), Baltic Proper
(Fig. S3), Bothnian Sea (BS; Fig. S4), Bothnian Bay
(BB; Fig. S5), Gulf of Riga (GR; Fig. S6), and Gulf of
Finland (GF; Fig. S7) respectively (cf. Fig. 1)).
Average simulated versus observed concentrations of
TN, TP, TON, TOP, DIN, and DIP in 1980-2014 are
presented in Tables 1 and 2 (the period 1970-1979

was excluded from the comparison because of gaps
and uncertainties in the observed values).

For N, the simulated TN concentration in EBS is
somewhat higher than observed. This is a result of
overestimated TON in BP and BS (the largest basins in
the system; cf. Table S1). Simulated DIN is on the
other hand underestimated in the entrance area (KT
and DS) as well as in BP, but overestimated in the
gulfs (BS, BB, GR, and GF). The simulated P
concentrations in EBS are close to observed values.
However, we find overestimated simulated DIP in the
gulfs but underestimated in the entrance area and BP
(similar to DIN).

The availability of DIC observations is rather
limited in most basins, and observed DOC and/or
TOC concentrations are mostly unavailable with
required resolution. For that reason we have no
estimates of basin-wide mean C concentrations based
on observations. Simulated organic and inorganic
carbon concentrations have however been validated in
earlier publications (Gustafsson et al. 2014a, 2015),
and average basin-wide simulated concentrations of
TC, TOC, and DIC are presented in Table 3.

Basin-wise differences in DIC concentrations are
partly related to salinity; the higher the salinity, the

Fig. 2 Average observed
(circles) and simulated (full
lines) volume weighted
annual mean concentrations
of DIN, DIP, TN, and TP
(UM) in the entire Baltic
Sea; open circles indicate

years with data available in 1970 19I80 19'90
all sub-basins, while full

2000 2010 1970 1980

1990 2000 2010

circles indicate 18 F
concentrations estimated by

first replacing missing S 6l S 047
values in individual sub- Z:L ) nv:_" -
basins (cf. Figs. SI-S7) by 8 o
their long-term mean
. 0.2
concentrations, and then |
calculating overall mean 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
concentrations for the entire
Baltic Sea

TN (M)

14 k
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Table 1 Average
simulated and observed
pelagic N (uM) in
1980-2014, as well as the
difference between
simulated and observed
concentrations calculated as
100 x (sim—obs)/obs (%)
(basins according to Fig. 1)

Table 2 Average
simulated and observed
pelagic P (uM) in
1980-2014, as well as the
difference between
simulated and observed
concentrations calculated as
100 x (sim — obs)/obs (%)
(basins according to Fig. 1)

TN TON DIN

Sim Obs Diff (%) Sim Obs Diff Sim Obs Dift (%)
KT 17 18 —4.5 14 14 39 32 4.5 —29.8
DS 20 22 —83 18 18 -0.7 23 4.0 —41.7
BP 22 20 +5.8 18 17 9.5 33 3.7 —11.1
BS 20 19 +3.4 16 15 23 3.7 35 +8.3
BB 22 20 +7.9 14 14 1.3 8.0 6.6 +21.4
GR 33 32 +5.1 26 26 -2.0 7.8 6.1 +28.8
GF 25 25 +1.4 19 20 -3.1 5.7 4.7 +20.8
EBS 22 20 +5.0 18 16 73 3.9 4.0 -2.5

TP TOP DIP

Sim Obs Diff (%) Sim Obs Diff Sim Obs Dift (%)
KT 0.77 0.79 —-2.9 0.41 0.39 4.9 0.36 0.40 —10.4
DS 0.79 0.96 —17.8 0.45 0.52 —13.7 0.34 0.44 =227
BP 1.17 1.21 -3.0 0.32 0.31 6.2 0.85 0.90 —6.2
BS 0.59 0.50 +18.6 0.21 0.23 —6.1 0.38 0.27 +39.0
BB 0.22 0.21 +2.7 0.12 0.16 —22.8 0.10 0.05 +75.5
GR 0.96 0.91 +5.1 0.46 0.60 —23.8 0.50 0.31 +61.0
GF 1.24 0.87 +42.1 0.40 0.36 11.4 0.83 0.51 +64.2
EBS 0.98 0.95 +2.3 0.30 0.29 2.0 0.68 0.66 +2.5

higher the fraction of DIC-rich North Sea water. There
is in addition a strong influence from riverine DIC (e.g.
Thomas and Schneider 1999). For example, although
BS, GR, and GF have similar salinities (not shown) the
DIC concentrations are completely different because
of different properties of the catchment area (lime-
stone rich catchments in the south versus silicate rocks
in the north). The TOC concentrations are related both
to terrestrial influence and productivity. The lowest
average TOC concentrations are found in the entrance
area where the riverine influence is least pronounced.

Table 3 Average

TC TOC DIC
simulated pelagic C (uM) in
1980-2014 KT 2124 186 1938
DS 2046 283 1763
BP 1959 327 1632
BS 1577 315 1262
BB 1195 332 864
GR 2505 502 2004
GF 1838 369 1469
EBS 1844 326 1519
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Thus, in the entrance area with high DIC (strong North
Sea signal) and low TOC concentrations we find the
highest DIC/TC fraction (Table 4).

TC is dominated by DIC in all basins—82% on
average (Table 4). N is in contrast dominated by
organic N in all basins; the overall DIN fraction is on
average 18%. P is dominated by DIP (~69%), but

Table 4 Simulated versus observed pelagic DIN/TN and DIP/
TP fractions (%), as well as simulated DIC/TC fractions (%);
average values over the time period 1980-2014

DIN/TN DIP/TP DIC/TC
Sim. Obs. Sim. Obs. Sim.

KT 18 25 47 51 91

DS 12 18 43 46 86

BP 15 18 72 75 83

BS 19 18 64 55 80

BB 37 33 44 26 72

GR 23 19 52 34 80

GF 23 19 67 58 80

EBS 18 19 69 69 82
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here we find large differences between different
basins. The highest DIP fraction (~72-75%) is found
in BP, whereas in BB the simulated DIP fraction is
44% (but only 26% according to observations).
Differences between N and P are partly a result of
redox-sensitive DIN and DIP alterations, but further
depend on the fact that riverine organic P is assumed to
be primarily bio-available (85% degradable versus
15% refractory), while riverine organic N is assumed
to be primarily unavailable for bacterial degradation
(30% degradable versus 70% refractory; cf. Stepa-
nauskas et al. 2002). Organic carbon supplied from
land and by atmospheric depositions has been assumed
to be on average separated into 40% degradable and
60% refractory matter (Gustafsson et al. 2014a) (see
further below). The fact that the overall simulated
TON concentration in the system is overestimated
could imply that the prescribed degradable fraction of
organic N in land loads is too low.

Overall we find a close agreement between simu-
lated and observed N:P ratios for total, organic, and
inorganic fractions (Table 5), although simulated
DIN:DIP ratios are lower than the observed values in
all basins. For the entire system, the average simulated
pelagic molar C:N:P-ratios are: TC:TN:TP = 1900:
22:1; TOC:TON:TOP = 1097:59:1; DIC:DIN:DIP =
2262:5.7:1 (Table 5). There are considerable basin-
wise differences. For example, in BB we find an
average DIC:DIN:DIP ratio of 9284:86:1, whereas in
BP the ratio is 1948:3.9:1. The high DIC:DIP and
DIN:DIP ratios in BB can be explained by a highly
efficient P sequestration in this basin, resulting both
from high oxygen concentration and low salinity. In
BP on the other hand, DIC:DIP and DIN:DIP ratios are
considerably lower than in BB because of widespread

oxygen deficiency that impedes P retention in the
sediments (Table 5; cf. Conley et al. 2002).

Simulations are biased to some degree because of
knowledge gaps in the parametrizations of processes.
These gaps refer for example to lateral transports of
material along bottoms and further the benthic cycling
of carbon and nutrients—in particular the coulped
iron-sulfur-phosphorus cycling in the sediments which
cannot be resolved by the model. It is also known that
the model in cases tends to underutilize available
nutrients and underestimate primary production com-
pared to the available observations. Many of these
issues have been discussed in depth by Savchuk et al.
(2012). However, basin-average nutrient concentra-
tions based on observations can be biased depending
on the coverage and distribution (temporal and spatial)
of the oceanographic stations employed to calculate
the mean concentrations. This means that the values
based on observations do not by default provide the
best possible representation of basin-average pools
and concentrations. There is nonetheless a reasonable
agreement between pools and concentrations accord-
ing to model calculations and reconstructed from
observations, respectively.

Constant ratios for degradable versus refractory
fractions are of course simplifications; in the real
Baltic Sea we would expect different ratios in different
parts of the system and during different time periods
depending on the properties of the catchment areas—
organic material in rivers that drain areas dominated
by agriculture in the Danish Straits should for example
be more easily degradable than organic matter in forest
streams of the Bothnian Bay (cf. Savchuk and Wulff
2009; Williams et al. 2010). On top of that, refractory
material exposed to sunlight can be phototransformed

Table 5 Average pelagic

TC:TP  TN:TP TOC:TOP ~ TON:TOP ~ DIC:DIP  DIN:DIP

C:P (simulated) and N:P Sim. Sim./obs. Sim. Sim./obs. Sim. Sim./obs.

molar ratios (simulated/

observed) in 1980-2014 KT 2788 23/23 467 35/37 5381 8.8/11
DS 2618 25/23 637 40/36 5242 6.9/9.6
BP 1683 19/17 1013 57/59 1948 3.9/4.2
BS 2676 33/39 1500 75/71 3362 10/13
BB 5561 101/98 2789 115/92 9284 86/131
GR 2664 36/34 1104 56/44 4187 17/21
GF 1498 20/29 914 48/58 1797 6.9/9.7
EBS 1900 22/22 1097 59/60 2262 5.7/6.1
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into labile material, or, on the contrary, labile material
may become bleached and then less degradable
(Deutsch et al. 2012). Rates of phototransformation
processes are however not well described (Keller and
Hood 2013) and for that reason poorly constratined in
the model.

Marine and terrestrial contributions to DOC in
different areas of the Baltic Sea have been estimated
based on carbon isotope signatures (Alling et al. 2008;
Deutsch et al. 2012). Two model studies (Gustafsson
et al. 2014a; Fransner et al. 2016) used these estimates
to calibrate sink terms for terrestrial DOC in the
system and concluded that the majority (~ 60-80%)
of terrestrial DOC must be removed by internal sinks
within the Baltic Sea in order to reproduce observed
concentrations. The relative importance of the two
sink terms (i.e., mineralization in the water column
and flocculation followed by sedimentation and burial/
mineralization in the sediments) is however not clear.

Gustafsson et al. (2014a) estimated that ~60% of
the terrestrial DOC supplied to the Baltic Sea is
removed from the water column by internal sinks
(~40% by mineralization and ~20% by flocculation
and sedimentation), whereas the remaining ~40% is
exported to the North Sea. Recent studies on the bio-
availability of terrestrial DOC however indicate that
less than 20% is degraded, at least over time periods of
several months (Hoikkala et al. 2015; Kulinski et al.
2016). Given the long residence time in the Baltic Sea
and possibly a prolonged exposure to sunlight,
refractory DOC fractions may nevertheless eventually
be phototransformed into bioavailable forms. It is also
possible that the mineralization rate suggested by
Gustafsson et al. (2014a) is overestimated, and the
flocculation rate on the other hand underestimated.
Nevertheless, the rates suggested by Gustafsson et al.
(2014a) where calibrated to produce the best fit
between simulated and observed concentrations of
marine and terrestrial DOC respectively.

Residence times

The system has not been in steady state under the study
period (Gustafsson et al. 2012), which means that
estimates of residence times will be biased by
accumulation/loss from nutrient pools and thus depend
on the time-period chosen. Here the average residence
times over the period 1980-2014 have been estimated
for simulated TC, TN, and TP in the EBS by dividing
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average total pool sizes (pelagic + active sediment)
by average sink terms (net export, burial, and denitri-
fication) (Table 6).

Because of a strong P retention in sediments
underlying oxic waters, the sediment P pool exceeds
the pelagic pool by a factor two. The retention further
results in a very long residence time for TP, almost
50 years—some 50% longer than the residence time
of water and salt (approximately 33 years; Stigebrandt
and Gustafsson 2003). N cycling is in contrast largely
dominated by a removal through denitrification (main
sink term for N), which has the effects (i) that sediment
and pelagic N pools are similar, and (ii) that the
residence time is comparatively short (less than
10 years). The residence time for TC is somewhere
in between those for TN and TP; approximately
38 years. C assimilation by autotrophs and subsequent
removal through sedimentation and burial can be
compensated by absorption of atmospheric CO,. Thus,
DIC pools are replenished through a net uptake of
atmospheric CO,.

Wulff and Stigebrandt (1989) estimated the pelagic
residence times to 5.5 and 13.3 years for TN and TP
respectively by dividing pool sizes (based on winter
values in the period 1977-1980) by the sum of
advective and biogeochemical sinks. On the other
hand, Wulff et al. (2001) and Savchuk (2005) calcu-
lated the pelagic residence times of TN and TP by
dividing pool sizes by external loads: Wulff et al.

Table 6 Simulated average TC, TN, and TP sources and sinks
(kton yearfl), pools (kton), and residence times (years) in the
Entire Baltic Sea over the period 1980-2014 respectively

TC TN TP
Land loads 10,646 803 447
Atm. deposition 429 296 6.2
N, fixation - 408 -
Net air-sea CO, 3878 - -
Net export 13,416 198 11.5
Burial 909 145 31.2
Denitrification - 1153 -
Net accumulation 628 10.6 8.1
Pelagic pools 497,503 6768 678
Sediment pools 41,654 6643 1431
Total pools 539,157 13,411 2109
Residence times 37.6 9.0 49.3

Residence times (years) were estimated by dividing total pool
sizes by sink terms
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(2001) estimated the residence times for TN and TP to
5.3 and 11.6 years respectively based on data in the
period 1975-1991. Savchuk (2005) estimated the
residence times for TN and TP to 4.7 and 14.7 years
respectively based on data in the period 1991-1999.
Using the latter approach, our model calculations
result in pelagic residence times of 6.2 and 13.3 years
for TN and TP respectively in the period 1980-2014
(again, the calculated residence times depend on the
chosen time period since the system is not in steady
state).

Biogeochemical fluxes

Although N and P loads peaked around 1980 and have
since then declined considerably, there are only minor
signs of ecosystem recovery because of the poor
capacity of sediments to permanently remove P from
the system—particularly during periods characterized
by large areas of anoxic sediments (e.g. Conley et al.
2002).

In Table 7, N and P fluxes and pools are shown for
two different periods; 1981-1990 and 2001-2010. N
and P loads (land loads + atmospheric depositions)
are considerably smaller in the latter period: N loads
and P loads decreased from 1266 to 940 kton N year ™'
(—26%) and 63.9 to 39.6 kton P year ' (—38%)
respectively. The simulated N, fixation on the other
hand increased from 305 kton N year™ " in the 1980s to
492 kton N year™ " in the in the 2000s (61% increase).
Including N, fixation, the total N source is only 8.8%
smaller in the 2000s compared to the 1980s. Reduc-
tions in loads (particularly P loads) are not generally
reflected by reductions in pools. The simulated pelagic

N and P pools are in the 2000s 4.7 and 8.2% larger,
respectively than in the 1980s.

While denitrification and P sequestration are con-
trolled by oxygen conditions (and in the case of P
sequestration also salinity), the magnitudes of these
fluxes largely depend on the magnitude of primary
production. Net ecosystem production (NEP) is
defined as gross primary production minus respiration
of autotrophs and heterotrophs (Woodwell and Whit-
taker 1968). Here we use NEP in the meaning:
NEP = net primary production (definition according
to Platt et al. (1989); i.e., net primary produc-
tion = gross primary production minus respiration
of the autotrophs) minus total regeneration of organic
material in the water column (including bacterial
degradation of organic material and zooplankton
excretion). NEP in P units is shown in Fig. 3a,
whereas the development of anoxic and hypoxic areas
are shown in Fig. 3b. Oxygen conditions improve
considerably in the late 1980s and early 1990s, and
around this period we also find the highest simulated
NEP. The corresponding broad peak in net P accu-
mulation in the sediments is a result of both improved
oxygen conditions (i.e., more effective P retention)
and at the same time an increased supply of P to the
sediments because of a high pelagic productivity (and
sedimentation). The decline in sediment P accumula-
tion in the last decade is similarly explained by a slight
reduction of NEP in the water column combined with a
rather drastic deterioration in oxygen conditions.
Changes in the denitrification rate appears to be more
strongly coupled to changes in NEP and sedimentation
than to changes in the hypoxic area (Fig. 3c). The
connection between oxygen conditions and

Table 7 Simulated average TN and TP sources and sinks (kton year "), pools (kton) in the Entire Baltic Sea over the periods
1981-1990 and 2001-2010 respectively, as well as the differences between the two periods (%)

TN TP

1981-1990 2001-2010 Diff. (%) 1981-1990 2001-2010 Diff. (%)
Land load + atm. dep. 1266 940 -26 63.9 39.6 -38
N, fixation 305 492 +61 - - -
Net export 210 182 —13 13.8 10.2 —26
Burial 144 142 —1.4 30.0 31.6 +53
Denitrification 1119 1193 +6.6 - - -
Pelagic pools 6567 6878 +4.7 655 709 +8.2
Sediment pools 6631 6492 -2.1 1378 1438 +4.4
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Fig. 3 Simulated 5-year mean rates of a NEP in P units
(circles), sedimentation (triangles), and P accumulation in the
sediments (asterisks); b hypoxic (circles) and anoxic (triangles)

denitrification is however not straightforward since
denitrification in anoxic water can only continue until
all nitrate is consumed. Thus, when the oxygen
concentration reaches zero, the denitrification rate
can be anything from very high to nonexistent.
Literature estimates of contemporary annual N,
fixation in the Baltic Proper span a wide range;
180-552 kton year_1 (Larsson et al. 2001; Wasmund
et al. 2001, 2005; Rolff et al. 2007; Savchuk and Wulff
2009; Schneider et al. 2009). Our simulated average
N, fixation rate in 1980-2014 is 408 4+ 130 kton N
yearfl in the EBS (Table 6). This means that N,
fixation in the model on average accounts for 27% of
the total external N sources. Denitrification is by far
the most important sink term for TN according to our
calculations. As compiled by Savchuk and Wulff
(2009), earlier reported estimates of denitrification
rates in different areas of the Baltic Sea can vary quite
considerably. These matters will not be discussed in
any detail in the present study, instead we choose to
highlight a few recent estimates: Noffke et al. (2016)
estimated the benthic denitrification rate in the Baltic
Proper to ~0.43 mmol m 2 day ', or some 500 kton
year_l, while Deutsch et al. (2010) estimated the
benthic denitrification rate in the EBS to be in a range
426652 kton year_l. Dalsgaard et al. (2013)
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area; ¢ NEP in N units (circles), sedimentation (triangles), and
denitrification (asterisks) for the entire Baltic Sea

estimated that pelagic denitrification in the Baltic
Proper amounts to 132-547 kton year '. Our simu-
lated average total denitrification rate (ben-
thic + pelagic) in the EBS in 1980-2014 is
1153 4+ 59.5 kton N yearfl (Table 6) (1048 £ 73.0
kton N year™ ' in the sediments and 105 + 54 kton N
year~ ' in the water column respectively). For com-
parison the TN source from land loads and atmo-
spheric depositions (not including N, fixation)

combined amounts to 1099 & 161 kton N year™'.

Budget calculations

Average TC, TN, and TP budgets for the period
1980-2014 are presented in Figs. 4, 5 and 6. The
budgets include land loads, atmospheric loads (in-
cluding deposition, N, fixation by cyanobacteria, and
absorption of atmospheric CO,), net transports
between basins, burial, denitrification, and further
both pelagic pools and the pools in the active
sediment. The corresponding overall fluxes and pools
are presented in Table 6. Land loads are the largest
sources of TC, TN, and TP (on average 71, 53, and
88% respectively of total sources). For TC there is also
a large net uptake of atmospheric CO, (26%), and for
TN there are large contributions from both
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atmospheric depositions (20%) and N, fixation by
diazotrophic cyanobacteria (27%). Denitrification and
burial are responsible for approximately 87% of the
total N removal, while the remaining 13% is exported
to the North Sea. P sinks are dominated by burial
(73%) while C removal in contrast is largely domi-
nated by export (94%). For TC and TN we find a
general outward transport, i.e., a net transport from the
gulfs to BP and further to the entrance area and out of
the system (Figs. 4, 5). There is in contrast a net TP
transport from BP to BS and further from BS to BB
(Fig. 6).

Temporal development for source and sink terms of
total, organic, and inorganic C, N, and P are indicated
in Figs. 7, 8 and 9. In addition to the total C, N, and P
source and sink terms in Figs. 4, 5 and 6, these time
series also include NEP, sediment mineralization, and
net accumulation. The NEP sink terms for DIC, DIN,
and DIP exactly correspond to the NEP source terms
for TOC, TON, and TOP (Figs. 7, 8, 9). Further, the
sediment mineralization terms are equally large
sources for DIC, DIN, and DIP as they are sinks for
TOC, TON, and TOP. For that reason, NEP and
sediment mineralization do not contribute to the TC,
TN, and TP budgets.

DIP release from the sediments exceeds TP land
loads approximately by a factor five. We nevertheless

Fig. 4 Total carbon budget
for the Baltic Sea in
1980-2014. Average
pelagic (bold) and benthic
(within brackets) pools
(kton C), land loads and
atmospheric loads
(including C deposition and
net air-sea CO, exchange),
net transports, and
permanent burial (kton C
year_l)

— Net transport
—= Burial

557+537

Total carbon 1980-2014

— Land load + atm. load

find that for TP, the overall main balance is that
between the land load source and the burial sink.
Although the benthic mineralization of organic mate-
rial produces large fluxes of DIC and DIN to the water
column, these are in contrast to the DIP release not an
order of magnitude larger than the external sources.
The system is ultimately driven by external nutrient
loads, but the response to changes in these loads is by
no means expected to be linear; changes in nutrient
loads not only directly affect the primary productivity,
but in addition indirectly through changes in oxygen
demand which in turn influences the redox-sensitive
N- and P cycling.

Although there is a net export of TN and TP out of
the Baltic Sea (on average 198 and 11.5 kton year™ '
respectively; Table 6), there is according to our
calculations a net import of both DIN and DIP from
the North Sea (on average 24.9 and 1.3 kton year '
respectively). DIC export out of the system (on
average 10,120 kton year™') is in contrast the main
loss term for TC. In the productive season, DIN and
DIP are usually assimilated to depletion in the sunlit
layer, while only a small fraction (~ 10%) of the DIC
pool is utilized. In terms of C:N:P ratios, the available
DIC pool thus by far exceeds what is required by the
primary producers. Further, the tendency towards CO,
equilibration between air and surface water means that

1020+127

3894+2944 1844+474

|
GF
18469
(4003)

86
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Fig. 5 Total nitrogen
budget for the Baltic Sea in
1980-2014. Average
pelagic (bold) and benthic
(within brackets) pools
(kton N), land loads and
atmospheric loads
(including N deposition and
N, fixation), net transports,
permanent burial and
denitrification (kton N
year ')

Fig. 6 Total phosphorus
budget for the Baltic Sea in
1980-2014. Average
pelagic (bold) and benthic
(within brackets) pools
(kton P), land loads and
atmospheric loads, net
transports, and permanent
burial (kton P yearfl)

Total nitrogen 1980-2014 463
(129)
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a net CO, removal by phytoplankton is—albeit replenishment). On the contrary, denitrification and
sluggishly—replaced through absorption of atmo- precipitation of P by iron-humic complexation to some
spheric CO,. There are no corresponding processes extent limit the replenishment of these pools.
to refill the pelagic reservoirs of DIN and DIP (N, Coastal seas can thus function as effective TN and
fixation translates to primary production, not storage TP filters in the sense that only minor fractions of the
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Fig. 7 Simulated 5-year mean source and sink terms for DIC,
TOC, and TC in the EBS (Mton C yearfl); including land load,
air-sea CO, flux (Fco, ), atmospheric deposition, net export, net

external inputs are eventually transported to the open
ocean. Such filtering is for reasons discussed above far
less efficient for TC. Our calculations imply that the
Baltic Sea overall is a net sink for atmospheric CO,.
The absorbed atmospheric CO, replenishes the surface
pool of DIC and in extension contributes to the net
DIC export out of the system.

Summary and conclusions

In this study we use an extended version of the
BALTSEM model that includes inorganic nutrients,
labile and refractory fractions of dissolved organic C,
N and P, particulate organic C, N, and P in detritus and
plankton, as well as the carbonate system (TA, DIC,
pH, and pCO,). The model simulation as well as the

1970 1980 1990 2000 2010

10 :

1970 1980 1990 2000 2010

Year Year

ecosystem production (NEP), sediment mineralization, burial,
and net accumulation

observational data cover a 45-year period
(1970-2014), and there is an overall good agreement
between simulated nutrient concentration and concen-
trations based on observations.

We can thus for the first time present a coupled
physical-biogeochemical Baltic Sea model that allows
simultaneous comparisons between simulated and
measured TN and TP concentrations (in addition to
DIN and DIP), as well as calculations of the organic,
inorganic, and total carbon concentrations. As noted by
Wulff and Stigebrandt (1989) in their early estimates of
nutrient budgets for the Baltic Sea, budget calculations
cannot be considered complete if only the water column
is included and not the benthic compartment. By
including the active sediment layer in our budget
calculations, we have obtained a complete coverage of
the C, N, and P cycling on a system-scale. In fact, by
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Fig. 8 Simulated 5-year mean source and sink terms for DIN,
TON, and TN in the EBS (kton N year’l); including land load,
atmospheric deposition, N, fixation, net export, net ecosystem

including the sediments, the residence time for TN
approximately doubles while the residence time for TP
increases by almost a factor four.

The novelty and progress of the present study in
relation to earlier publications can thus be summarized
by (i) the inclusion of organic carbon and the
carbonate system, (ii) the inclusion of carbon and
nutrients temporarily stored in the sediments in our
budget calculations, and (iii) the inclusion of both
refractory and labile dissolved organic material allow-
ing total C, N, and P budgets. Our main findings are
summarized below.

e In spite of limitations both in terms of process
parameterizations in the model and in terms of
spatial and temporal coverage in the observed data,
we find an overall reasonable agreement between
inorganic and organic N and P pools and concen-
trations, as well as inorganic versus organic

@ Springer

production (NEP), denitrification, sediment mineralization,
burial, and net accumulation

fractions obtained from model simulations and
reconstructed from observations, respectively.

e Approximate residence times calculated as reser-
voir sizes divided by permanent sinks are for TC,
TN, and TP 38, 9.0, and 49 years respectively
(including both pelagic and benthic reservoirs).

e Overall, 82 and 69% of the pelagic TC and TP pools
consist of DIC and DIP respectively. In contrast,
only 18% of the pelagic TN pool consists of DIN.

e TN and TP sink terms are dominated by internal
removal processes (87 and 73%), whereas TC sinks
are almost completely dominated by export out of
the system (94%). The Baltic Sea thus functions as a
filter that removes/retains TN and TP, but not TC.

e There is according to our calculations a net import
of DIN and DIP from the North Sea (although a net
export of TN and TP), but on the contrary a net
export of DIC (and TC).
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