Chapter 2

Controlling Eutrophication in the Baltic Sea

and the Kattegat

Lars Hdkanson and Andreas C. Bryhn

Abstract The basic aim of this work was to moti-
vate a realistic strategy to combat marine eutrophica-
tion in north-eastern Europe. Data from the Kattegat
(located between Sweden and Denmark) were used
to illustrate basic principles and processes related
to nutrient fluxes. We have applied a process-based
mass-balance model, CoastMab, to the Kattegat and
quantified the nutrient fluxes to, within, and from the
system. Several scenarios aiming to decrease eutroph-
ication in the Kattegat have been modeled. By far
the most dominating nutrient fluxes to the bioproduc-
tive surface-water layer in the Kattegat come from
the south (from the Baltic Proper), which should be
evident just by comparing the catchment area for the
Baltic Sea, including the Baltic States, parts of Russia,
Belarus and Germany, Poland, Finland, and Sweden in
relation to the relatively small catchment area drain-
ing directly into the Kattegat (from SW Sweden and
parts of Denmark). The dominating deep-water fluxes
come from the north (from the Skagerrak). The strat-
egy that one should ask for should concur with some
evident practical constraints, e.g., it is not realistic to
reduce all anthropogenic P or N discharges. For coun-
tries where major investments in nutrient reductions
have already been made, it will become increasingly
expensive to reduce the remaining tons. In the “opti-
mal” scenario discussed in this work, about 10,000 t
year ! of P is being reduced and also N reductions
that would lower the N concentration in the Baltic
Proper by 10%. The cost for this “optimal” strategy
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was estimated at 200-420 million euro year™' given
that the focus will be on the most cost-effective P
reductions connected to the most polluted estuaries and
coastal areas. To achieve cost-effectiveness, one can
assume that most of this would go to upgrading urban
sewage treatment in the Baltic States, Poland, and other
former East Bloc countries. The costs to reduce 15,016
t year ! of P and 133,170 t year™! of N according to
the HELCOM strategy (agreed upon by the Baltic Sea
states in November 2007) would be 3,100 million euro
year‘1 . That is, 2,680-2,900 million euro year‘1 higher
than the “optimal” strategy advocated in this work.

Keywords: Eutrophication - Nitrogen - Phosphorus -
Kattegat - Baltic sea

2.1 Background and Aim of the Work

Validated process-based mass-balance models are —
categorically — the only tool to quantify fluxes, concen-
trations, and amounts and to make predictions of how
nutrient concentrations would change in response to
reductions in nutrient loading where the given reduced
flux is put into a context where all other fluxes influ-
encing the given concentrations are quantified in an
appropriate and realistic manner. The aim of this work
has been to do the following:

e Discuss fundamental aspects related to eutroph-
ication in aquatic systems and using data from
the Kattegat to illustrate basic principles and pro-
cesses. The ultimate aim is to motivate the most
realistic strategy to combat eutrophication. We
have applied the CoastMab model (a process-based
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mass-balance model using ordinary differential
equations giving monthly fluxes) to the Kattegat
directly and without any ‘“tuning” to quantify
the nutrient fluxes to, within, and from system.
This model has been described in detail in many
other contexts (Hakanson and Bryhn 2008a, 2008b,
Hékanson 2009) and the basic aim here is not to
repeat the motivation and testing of the equations
but to focus on the principles in more general terms
and how to use the model in finding the best pos-
sible remedial strategy. We will, however, describe
the basic structure of the model (i.e., how the water
and sediment compartments are defined).

e Present key driving variables related to salinity,
water temperatures, water discharges, and nutri-
ent concentrations and trend analysis for the study
period (1995-2008) for the Kattegat system to
stress that similar background information should
be at hand for all aquatic systems in contexts where
remediation of eutrophication is discussed from a
mass-balance perspective. Boesch et al. (2008) has
given a literature review related to the conditions in
the Kattegat.

* When the presuppositions have been defined, sev-
eral remedial scenarios will also be given, which
are meant to demonstrate how the given system
would likely respond to changes in tributary P and
N loading.

* Finally, based on those results, recommendations
will be given for a remedial strategy to reduce the
eutrophication in the case study area, the Kattegat.

The transport processes in aquatic systems are
general and apply for all substances in most aquatic
systems, but there are also substance-specific parts
(e.g., related to the particulate fraction, criteria for
diffusion and denitrification). Note that the model
used to quantify these transport processes in this work,
CoastMab, is general so this is not a model where
the user should make any tuning and calibrations or
change model constants when the model is applied to a
new aquatic system. The idea is to have a model based
on general and mechanistically correct algorithms
describing the monthly transport processes (sedimen-
tation, resuspension, diffusion, mixing, etc.) at the
ecosystem scale (i.e., for entire defined basins) and to
calculate the role of the different transport processes
and how a given system would react to changes in
inflow related to natural changes and anthropogenic
reductions of water pollutants.
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Fig.2.1 Location map of the Baltic Sea

For persons not familiar with the Baltic Sea sys-
tem, Fig. 2.1 gives a geographical overview and the
names of the main basins. The salinity decreases from
over 30 psu in Skagerrak to about 3 psu in the north-
ern part of the Bothnian Bay. It is easy to imagine
the enormous water dynamics of the system which
is responsible for the inflow of salt water from the
south (Kattegat and Skagerrak), the freshwater outflow
and the rotation of the earth (the Coriolis force), the
variations in winds and air pressures that cause the nec-
essary mixing, and water transport casing this salinity
gradient. These salinities demonstrate that the Baltic
Sea system including the Kattegat is a very dynamic
system. The catchment area of the entire Baltic Sea
system is many times larger than the Swedish and
Danish areas draining into the Kattegat, and the water
from the entire Baltic Sea system will eventually also
flow into the Kattegat. The basic structure of the work
done and some of the main features of the CoastMab
model are illustrated in Fig. 2.2. First (at level 1),
the coastal mass-balance model for salt, which is
explained in detail in Hékanson and Bryhn (2008a)
for the Baltic Sea basins, will be used to quantify the
water fluxes to, within, and from all the sub-basins and
vertical layers in the Kattegat, including mixing and
diffusion.
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Fig. 2.2 Illustration of the

basic structure of the
process-based mass-balance
model (CoastMab)
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The main results will be given in Section 2.3. It
should be stressed that the CoastMab modeling has
been tested in many coastal areas and lakes and also
discussed in Hakanson and Bryhn (2008a, 2008c). This
model will calculate the water fluxes needed to explain
the measured salinities. This means that data on salin-
ities in the inflowing water to the Kattegat from the
Baltic Proper and Skagerrak are needed to run the
model and in the following simulations, data from
the period 1995-2008 will be used. This modeling
also needs morphometric data (mean depth, volume,
form factor, dynamic ratio, etc.) and the hypsographic
curve and those data are discussed in Section 2.2.
The size and form of a given aquatic system, i.e.,
the morphometry, influences the way in which the
system functions, since the depth characteristics influ-
ence resuspension and internal loading of nutrients, the
nutrient concentrations regulate the primary produc-
tion, which in turn regulates the secondary production,
including zooplankton and fish (see Hékanson and
Boulion 2002). At level 2, CoastMab for phosphorus
is used (see Hakanson 2009). One should note that
many of the algorithms to quantify the transport pro-
cesses for phosphorus, salt, and nitrogen are also valid

algorithens for mixing and
U diffosion

for other substances, e.g., inflow, sedimentation of par-
ticulate phosphorus and SPM, mixing, diffusion of salt
and dissolved phosphorus and nitrogen, resuspension,
and burial. There are also substance specific trans-
port processes. For example, for nitrogen, atmospheric
deposition, gas transport (nitrogen also appears in a
gaseous phase), atmospheric Ny fixation, and denitri-
fication. Nitrogen modeling is included in this work
and data from Eilola and Sahlberg (2006) (see also
Hakansson 2007) have been used for the atmospheric
N deposition. At level 3, CoastMab for SPM (sus-
pended particulate matter) is used. This means that the
inflow, production, sedimentation, burial, and mineral-
ization of suspended particulate matter are quantified
on a monthly basis (Hakanson 2006). Sedimentation is
important for the oxygen consumption and oxygen sta-
tus of the system, especially for the oxygen conditions
in the deep-water layer below the theoretical wave base
and for the diffusion of phosphorus from sediments to
water. At level 4, general regression models to pre-
dict how the two key bioindicators in eutrophication
studies, the Secchi depth (a standard measure of water
clarity and the depth of the photic zone) and the con-
centrations of chlorophyll-a (a key measure of both
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primary phytoplankton production and biomass and
the driving variable for the foodweb model, CoastWeb;
see Héakanson and Boulion 2002, Hékanson 2009),
would likely change in relation to changing phos-
phorus and nitrogen concentrations, salinities, SPM
values, temperature, and light conditions.

2.2 Basic Information

As a background to this work, Figs. 2.3 and 2.4 show
maps related to the areal variations in two of the target
bioindicators for eutrophication, the concentration of
chlorophyll-a and the Secchi depth.

These two maps provide an overview of the areal
distribution patterns of two important variables and
from maps such as these one can identify “hotspots,”
i.e., areas with high algal biomasses expressed by
the chlorophyll-a concentrations and areas with turbid
water and low Secchi depths, which should be tar-
geted in remedial contexts related to eutrophication.
And vice versa, these maps also provide key informa-
tion related to areas where reductions in anthropogenic
nutrient input should not have a high priority. One
can note that the conditions in the Kattegat are sig-
nificantly better than in, e.g., the Gulf of Finland, the
Gulf of Riga, and the estuaries of Oder and Vistula.
However, this does not imply that nothing should be
done to improve the eutrophication in the Kattegat.
From Fig. 2.3, one can note typical chlorophyll-a con-
centrations in the Baltic Sea and parts of the North
Sea. Values lower than 2 ug L™! (oligotrophic condi-
tions; see Table 2.1) are found in the northern parts of
the Bothnian Bay and the outer parts of the North Sea,
while values higher than 20 jug L~! (hypertrophic con-
ditions) are more often found in, e.g., the Vistula and
Oder lagoons.

The hotspots shown in the map outside the British
coast may be a result of data from situations when algal
blooms are overrepresented. This map shows that at
water depths smaller than 10 m, the Baltic Sea has
typical chlorophyll concentrations between 2 and 6
wg L1 during the growing season (May—September),
which correspond to the mesotrophic class. Figure 2.4
shows that several areas with low Secchi depths can
be observed, e.g., in the Gulf of Riga and along the
North Sea coasts of Holland, Belgium, and Germany.
However, some of the observed patchiness may be a

result of the interpolation method rather than a true
patchiness. In the following, the utilized morphometric
data for the Kattegat will first be presented. It will also
be explained why and how the given morphometrical
parameters are important for the mass-balance calcula-
tions. This has been discussed in more detail for lakes
by Hakanson (2004). The idea here is to provide a
background illustrating how morphometric parameters
are used in the CoastMab model.

Compilations of data on salinities, phosphorus,
nitrogen, temperature, oxygen concentrations, Secchi
depths, and concentrations of chlorophyll-a will also
be given. The water fluxes will be presented in the
next section. They are used for quantifying the trans-
port of the nutrients. The dynamic mass-balance model
for suspended particulate matter (CoastMab for SPM)
quantifying sedimentation will also be used. SPM
causes scattering of light in the water and influences
the Secchi depth and hence the depth of the photic
zone; SPM also influences the bacterial decomposition
of organic matter, and hence also the oxygen situa-
tion and the conditions for zoobenthos, by definition
an important food source for benthivorous prey fish.
This section will give trend analyses concerning all the
studied water variables for the period 1995-2008. An
important aspect of this modeling (at the ecosystem
scale) concerns the use of hypsographic curves (i.e.,
depth/area curves for defined basins) to calculate the
necessary volumes of water of the defined vertical lay-
ers. This information is essential in the mass-balance
modeling for salt, phosphorus, nitrogen, and SPM. If
there are errors in the defined volumes, there will also
be errors in the calculated concentrations since, by def-
inition, the concentration is the mass of the substance
in a given volume of water. This section also presents
an approach to differentiate between the surface-water
and the deep-water layers. Traditionally, this is done
by water temperature data, which define the thermo-
cline, or by salinity data, which define the halocline.
CoastMab uses an approach which is based on the
water depth separating areas where sediment resus-
pension of fine particles occurs from bottom areas
where periods of sedimentation and resuspension of
fine newly deposited material are likely to happen (the
erosion and transportation areas, the ET areas). The
depth separating areas with discontinuous sedimenta-
tion (the T areas) from areas with more continuous
sediment accumulation (the A areas) of fine materials
is called the theoretical wave base. This is an important
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Fig. 2.3 Areal distribution of
chlorophyll-a concentrations
in the Baltic Sea and parts of
the North Sea during the
growing season
(May-September) in the
upper 10 m water column for
the period from 1990 to 2005
(from Hékanson and Bryhn
2008a)

Fig.2.4 Average annual
Secchi depths in the Baltic
Sea and parts of the North Sea
in the upper 10 m water
column for the period from
1990 to 2005 (from Hakanson
and Bryhn 2008a)
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Table 2.1 Characteristic features in (A) freshwater-dominated
systems, (B) brackish systems, and (C) marine coastal systems
of different trophic levels (see also OECD 1982, Hakanson and

Jansson 1983, Wallin et al. 1992; Hakanson and Boulion 2002,
Haékanson et al. 2007). All data represent characteristic (median)
values for the growing season for the surface-water layer

Trophic level ~ Secchi® (m)  Chl-a (ngL™!)  Total N (ugL')  Total P(ugL™')  Cyanobacteria® (ug ww L)
A. Freshwater-dominated systems, salinity < 5 psu

Oligotrophic >5 <2 <60 <8 <22
Mesotrophic 3-5 2-6 60-180 8-25 2.2-250
Eutrophic 1-3 6-20 180-430 25-60 250-1,400
Hypertrophic <1 >20 >430 >60 >1,400

B. Brackish systems, salinity 5-20 psu

Oligotrophic >8 <2 <70 <10 <9.5
Mesotrophic 4.5-8 2-6 70-220 10-30 9.5-380
Eutrophic 1.54.5 6-20 220-650 30-90 380-2,500
Hypertrophic ~ <1.5 >20 >650 >90 >2,500

C. Marine systems, salinity >20 psu

Oligotrophic >11 <2 <110 <15 <55
Mesotrophic 6-11 2-6 110-290 15-40 55-680
Eutrophic 2-6 6-20 290-940 40-130 680-4,040
Hypertrophic <2 >20 >940 >130 >4,040

Relationships between chlorophyll, TP, TN, and salinity calculated from Hikanson (2006)

4Secchi depth calculated from Hékanson (2006)

bConcentration of cyanobacteria (CB) calculated using the model from Hakanson et al. (2007) when TN/TP is set to 15
(weight ratio), surface-water temperature to 17.5°C, and the salinity to 2.5, 12.5, and 36, respectively, for freshwater,

brackish, and marine systems

concept in mass-balance modeling of aquatic systems
(see Hakanson 1977, 1999, 2000). The theoretical
wave base will also be used to define algorithms

* to calculate concentrations of matter in the given
volumes/compartments,

* to quantify sedimentation by accounting for the
mean depths of these compartments,

e to quantify internal loading via advec-
tion/resuspension as well as diffusion (the vertical
water transport related to concentration gradients
of dissolved substances in the water),

e to quantify upward and downward mixing between
the given compartments, and

e to calculate outflow of substances from the given
compartments.

Empirical monthly values of the salinity for the
period 1995-2008 have been used to calibrate the
CoastMab model for salt and those calculations pro-
vide data of great importance for the mass balances for
phosphorus, nitrogen, and SPM, namely

e The fluxes of water to and from the defined com-
partments.

* The monthly mixing of water between layers in the
given basin.

* The basic algorithm for diffusion of dissolved sub-
stances in water in each compartment.

e The water retention rates influencing the turbulence
in each compartment, and hence also

e The sedimentation of particulate phosphorus, nitro-
gen, and SPM in the given compartments. So, this
section will provide and discuss the data necessary
to run the CoastMab model.

2.2.1 Morphometric Data and Criteria
for the Vertical Layers

Basin-specific data are compiled in Table 2.2 for the
case study area, the Kattegat, and will be briefly
explained in this section. This table gives data on, e.g.,
total area, volume, mean depth, maximum depth and
the depth of the theoretical wave base (Dyp in m),
the fraction of bottoms areas dominated by fine
sediment erosion and transport (ET areas) above the
theoretical wave base, the water transport between
the Kattegat and the Baltic Proper (see Hékanson
and Bryhn 2008a), sediment characteristics (water
content and organic content = loss on ignition; mainly
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Table 2.2 Basic data (and abbreviations) for the three basins studied in this work. Bold values are used in

the modeling
Baltic Proper
Kattegat (KA) Skagerrak (SK) (BP)

Area (A) (km?) 21,818 33,400 211,100
Theoretical wave base (Dwpg) (m) 39.9 40.9 43.8
Area above WB (ET areas) (km?) 18,684 13,190 87,600
Area below WB (A areas) (km?) 3,134 3,510 123,500
ET areas (ET) (%) 86 79 47
Max. depth (Dyax) (m) 91 (130) - 459
Volume (V) (km?) 522.7 - 13,055
Volume above WB (ET areas) (km?) 487.5 - -
Volume below WB (A areas) (km?) 35.2 - -
Mean depth (Dyv) (m) 23.96 - 61.8
Form factor (V) -) 0.79 - 0.40
Dynamic ratio (DR) -) 6.16 - 7.43
Water transport from Kattegat (km3 29 332 250

to Baltic Sea (Q) year‘l)
Water transport to Kattegat (km? 889 332 250

from Baltic Sea (Q) year’l)
A-sediment water content (W, (% ww) 70 - 75

0-10 cm)
Fresh sediment water content (% ww) 85 - -

W)
A-sediment organic content (% dw) 10 - -

(G, 0-10 cm)
Fresh sediment organic content (% dw) 15 - -

I6)
Old sediment organic content (% dw) 7.5 - -

IG6)
Latitude (°N) 57 - -

based on data supplied by Prof. Ingemar Cato, SGU,
Uppsala), and latitude.

There are more than 15,000 measurements on water
temperature, salinity, TN and TP concentrations, and
chlorophyll and about 14,000 data on Secchi depths
and oxygen concentrations for the period from 1995
to 2008 used in this work from the entire Kattegat.
The theoretical wave base is defined from the ETA dia-
gram (see Fig. 2.5; erosion—transport—accumulation;
from Hakanson 1977), which gives the relationship
between the effective fetch, as an indicator of the free
water surface over which the winds can influence the
wave characteristics (speed, height, length, and orbital
velocity).

The theoretical wave base separates the transporta-
tion areas (7), with discontinuous sedimentation of
fine materials, from the accumulation areas (A), with
continuous sedimentation of fine suspended particles.
The theoretical wave base (Dyp in m) is, e.g., at a water

depth of 39.9 m in the Kattegat. This is calculated from
Eq. (2.1) (Area = area in km?):

Dy, = (45.7 - ~/Area) /(v Area + 21.4) 2.1

It should be stressed that this approach to separate
the surface-water layer from the deep-water layer has
been used and motivated in many previous contexts
for lakes (Hakanson et al. 2004), smaller coastal areas
in the Baltic Sea (Hékanson and Eklund 2007), and
the sub-basins in the Baltic Sea (Hékanson and Bryhn
2008a, 2008c). This approach gives one value for the
theoretical wave base related to the area of the system.
The validity of this approach for the Kattegat is demon-
strated in Fig. 2.6a for the salinity, Fig. 2.6b for the
oxygen concentration, and Fig. 2.7 for the TN/TP ratio
(TN = total nitrogen; TP = total phosphorus).

From Fig. 2.6a, it may be noted that for the Kattegat
the surface-water (SW) salinity is clearly different
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Fig. 2.5 The ETA diagram (erosion—transportation—

accumulation; redrawn from Hakanson 1977) illustrating
the relationship between effective fetch, water depth, and
potential bottom dynamic conditions. The theoretical wave
base (Dwb; 39.9 m in the Kattegat) may be used as a general
criterion in mass-balance modeling to differentiate between
the surface-water layer with wind/wave-induced resuspension
and deeper areas without wind-induced resuspension of fine
materials. The depth separating E areas with predominately
coarse sediments from 7 areas with mixed sediments is at 25 m
in the Kattegat

from the deep-water (DW) salinity. The mean SW
salinity is 24.6 psu (see Table 2.3, which also gives
monthly mean values and coefficients of variation,
CV), whereas the mean DW salinity is 33.3 (the CV
value is very low, 0.02; CV = coefficient of variation,
CV = SD/MV;, SD = standard deviation, MV = mean
value). Tables 2.3 and 2.4 give mean monthly values
and coefficients of variations not just for salinity but
also for water temperatures, oxygen concentrations,
phosphate, TP, nitrite, nitrate, ammonium, and TN, and
Table 2.3 gives the corresponding data for PON (partic-
ulate organic nitrogen), POC, chlorophyll, and Secchi
depth.

The aim of the modeling is to describe these empir-
ical salinities as close as possible and to predict the
given TP, TN, chlorophyll concentrations and Secchi
depths so that the predicted values agree with the
empirical data. Note that the basic aim is to predict
the mean annual values rather than the monthly data
because (1) annual and not monthly nutrient fluxes
from the Baltic Proper are used in this modeling and
(2) annual and not monthly nutrient fluxes from land
(from HELCOM 2000) are used. So, in this modeling,
the case study system (KA) has been divided into

two depth intervals: (1) the surface-water layer (SW),
i.e., the water above the theoretical wave base; (2)
the deep-water layer (DW) defined as the volume of
water beneath the theoretical wave base. It should be
stressed that the theoretical wave base at around 40 m
in the Kattegat describes average conditions. During
storm events, the wave base will be at greater water
depths (see Jonsson 2005) and during calm periods at
shallower depths. The wave base also varies spatially
within the studied area. From Figs. 2.6 and 2.7, it is
evident that the depth of the wave base describes the
conditions in the Kattegat very well. Figure 2.8 gives
the hypsographic curve for the Kattegat and how the
areas above and below the theoretical wave base are
defined.

One can note that the area below the theoretical
wave base (Dyp) at 39.9 m in KA is 3,134 km? and
the total area is 21,818 km?2. The volume of the SW
layer is 487.5 km? and of the DW layer only 35.3 km?;
the entire volume is 522.7 km3. The maximum depth
is 130 m, but from Fig. 2.8, one can see that the area
below 91 m is very small so 91 m has been used as a
functional maximum depth in this modeling. Among
the morphometric parameters characterizing the stud-
ied sub-basin, three main groups can be identified (see
Hékanson 2004):

e Size parameters: different parameters in length
units, such as the maximum depth, parameters
expressed in area units, such as water surface area,
and parameters expressed in volume units, such as
water volume and SW volume.

e Form parameters (based on size parameters) such as
mean depth and the form factor.

* Special parameters, for example, the dynamic ratio
and the effective fetch.

The CoastMab model uses several of these vari-
ables. They are listed in Table 2.2. The volume devel-
opment, also often called the form factor (Vy4, dimen-
sionless), is defined as the ratio between the water
volume and the volume of a cone, with a base equal
to the water surface area (A in km?) and with a height
equal to the maximum depth (Dpax in m):

Vi = (A X Dmy x 0.001)/(A x Dpmax x 0.001 x 1/3)

= 3 X Dmv/Dwmax 2.2
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Fig. 2.6 The relationship
between (a) water depth and 1201 A
salinity in the Kattegat and (b)
between water depth and
oxygen concentration. The
two figures also show the
theoretical wave base at about
40 m in the Kattegat. Data
from SMHI. The statistical
analyses given in Fig. 2.6b
demonstrate that the
theoretical wave base at 40 m
is also the threshold depth for
the oxygen concentrations
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The form factor describes the form of the basin.
The form of the basin is very important, e.g., for inter-
nal sedimentological processes. In basins of similar
size but with different form factors, one can presup-
pose that the system with the smallest form factor
would have a larger area above the theoretical wave
base and more of the resuspended matter transported
to the surface-water compartment than to the deep-
water compartment below the theoretical wave base

Oxygen concentration (mg/l)

compared to a system with a higher form factor. This
is also the way in which the form factor is used in the
CoastMab model.

The dynamic ratio (DR; see Hakanson 1982) is
defined by the ratio between the square root of the
water surface area (in km? not in m?) and the mean
depth, Dyy (in m; DR = Area/Dyry). DR is a stan-
dard morphometric parameter in contexts of resuspen-
sion and turbulence in entire basins. ET areas above
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Data from the growimg season (months 4 to 10)
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Fig. 2.7 The relationship between (a) water depth and the

TN/TP ratio in the Kattegat, (b) between water depth and log val-
ues for the TN/TP ratio, and (c¢) between water depth and log(TP)

the theoretical wave base (i.e., areas where fine sed-
iment erosion and transport processes prevail) are
likely to dominate the bottom dynamic conditions in
basins with dynamic ratios higher than 3.8. Slope pro-
cesses are known (see Hakanson and Jansson 1983)
to dominate the bottom dynamic conditions on slopes
greater than about 4-5%. Slope-induced ET areas
are likely to dominate basins with DR values lower
than 0.052.

One should also expect that in all basins there is
a shallow shoreline zone where wind-induced waves
will create ET areas, and it is likely that most basins
have at least 15% ET areas. If a basin has a DR of

Water depth (m)

and log(TN), respectively. The figures also show the theoretical
wave base at about 40 m in the Kattegat. Data from SMHI

0.26, one can expect that in this basin the ET areas
would occupy 15% of the area. If DR is higher or
lower than 0.26, the percentage of ET areas is likely
to increase. Basins with high DR values, i.e., large and
shallow system, are also likely to be more turbulent
than small and deep basins. This will influence sedi-
mentation. During windy periods with intensive water
turbulence, sedimentation of suspended fine particles
in the water will be much lower than under calm condi-
tions. This is accounted for in the CoastMab model and
the dynamic ratio is used as a proxy for the potential
turbulence in the monthly calculations of the transport
processes. It should be stressed that the form factor and
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Table 2.4 Mean monthly values (MV) and coefficients of varia-
tion (CV) for variables in the deep-water layer of Kattegat for the
period 1995-2008 for deep-water temperature (DWT), salinity

(Sal), oxygen concentration (O), phosphate (POy), total phos-
phorus (TP), nitrite (NO,), nitrate (NO3z), ammonium (NHy),
and total nitrogen (TN)

DWT  Sal 0, PO, TP NO, NO3 NH4 TN
Month  (°C) (psu)  (mL L) (umol L) (umolL™")  (umolL™') (umolL™') (umolL!) (umolL™1)
1 444 2651  7.36 0.63 0.88 0.34 7.60 0.71 21.69
2 586  33.64 641 0.76 0.91 0.27 9.26 0.25 18.53
3 533 3387 643 0.75 0.87 0.24 10.75 0.70 20.77
4 550 3419 6.13 0.73 0.85 0.23 9.09 0.99 19.20
5 588 3437 5.88 0.75 0.90 0.25 8.41 1.32 18.12
6 6.51 3411 546 0.72 0.86 0.26 7.67 1.03 17.69
7 7.66 3381  4.56 0.79 0.92 0.22 8.47 0.69 17.99
8 962 3376 3.83 0.84 0.97 0.34 7.42 0.88 17.38
9 11.14 3386 3.62 0.83 0.98 0.42 6.70 0.71 16.45
10 11.66  34.09 4.6 0.76 0.92 0.26 6.40 0.28 15.27
11 1122 33.69 4.85 0.74 0.91 0.40 5.49 0.42 15.00
12 952 3380 547 0.72 0.85 0.43 6.30 0.24 15.30
MV 786 3331 535 0.75 0.90 0.30 7.80 0.69 17.78
1 0.17 0.03  0.08 0.14 0.17 1.25 0.20 1.53 0.16
2 0.17 0.03  0.08 0.14 0.14 1.19 0.18 1.41 0.18
3 0.15 0.02  0.07 0.17 0.19 0.59 0.31 1.16 0.23
4 0.14  0.02 0.07 0.23 0.28 0.38 0.30 0.91 0.23
5 0.11 001  0.07 0.20 0.22 0.43 0.32 0.88 0.22
6 0.14 001 0.08 0.26 0.24 0.66 0.42 0.85 0.19
7 0.21 001 0.3 0.24 0.24 0.50 0.34 1.05 0.16
8 0.27 0.02 020 0.30 0.28 0.67 0.45 0.95 0.21
9 0.21 0.02 024 0.30 0.27 0.74 0.41 1.07 0.17
10 0.19  0.02 0.8 0.27 0.25 0.77 0.39 1.36 0.19
11 0.12 002 0.3 0.21 0.22 0.74 0.43 1.24 0.17
12 0.10  0.02 0.08 0.20 0.19 1.78 0.28 1.90 0.19
MV 0.16  0.02 0.12 0.22 0.22 0.81 0.34 1.19 0.19

the dynamic ratio provide different and complementary
aspects of how the form may influence the function of
aquatic systems. The effective fetch (see the ETA dia-
gram in Fig. 2.5) is often defined according to a method
introduced by the Beach Erosion Board (1972). The
effective fetch (L¢r in km) gives a more representa-
tive measure of how winds govern waves (wave length,
wave height, etc.) than the effective length, since sev-
eral wind directions are taken into account. Using
traditional methods, it is relatively easy to estimate the
effective fetch by means of a map and a special trans-
parent paper (see Hakanson 1977). The central radial
of this transparent paper is put in the main wind direc-
tion or, if the maximum effective fetch is requested, in
the direction which gives the highest L¢s value. Then
the distance (x in km) from the given station to land
(or to islands) is measured for every deviation angle a;,
where a; is £ 6, 12, 18, 24, 30, 36, and 42°. L. may
then be calculated from

Lot = Zx,- - cos(a;)/ (Z cos(a,-)) .SC" (23)

> cos(a;) = 13.5, a calculation constant.
SC’ = the scale constant; if the calculations are done
on a map in scale 1:250,000, then SC" = 2.5.

The effective fetch attains the highest values close
to the shoreline and the minimum values in the cen-
tral part of a basin. This relationship is important in,
e.g., contexts of shore erosion and morphology, for
bottom dynamic conditions (erosion—transportation—
accumulation), and hence also for internal processes,
mass-balance calculations, sediment sampling, and
evaluations of sediment pollution. For entire basins,
the mean effective fetch may be estimated as Area (see
Fig. 2.5). In a round basin, the requested value should
be somewhat lower than the diameter (d = 2r; r = the
radius); the area is 7% and hence d = 1.13-Area and
the mean fetch approximately Area.
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Fig. 2.8 Hypsographic curve
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2.2.2 Sediments and Bottom Dynamic
Conditions

As stressed in Fig. 2.5, the theoretical wave base
may also be determined from the ETA diagram. This
approach focuses on the behavior of the cohesive fine
materials settling according to Stokes’ law in labora-
tory vessels:

e Areas of erosion (E) prevail in shallow areas or on
slopes where there is no apparent deposition of fine
materials but rather a removal of such materials; E
areas are generally hard and consist of sand, consol-
idated clays, and/or rocks with low concentrations
of nutrients.

e Areas of transportation (7) prevail where fine
materials (such as the carrier particles for water
pollutants) are deposited periodically (areas of
mixed sediments). This bottom type generally dom-
inates where wind/wave action regulates the bot-
tom dynamic conditions. It is sometimes diffi-
cult in practice to separate areas of erosion from
areas of transportation. The water depth separating
transportation areas from accumulation areas, the
theoretical wave base, is, as stressed, a fundamental
component in these mass-balance calculations.

e Areas of accumulation (A) prevail where the fine
materials (and particulate forms of water pollutants)
are deposited continuously (soft bottom areas).

Generally hard or sandy sediments within the areas
of erosion (F) often have a low water content, low
organic content, and low concentrations of nutrients
and pollutants. These are the areas (the “end stations™)
where high concentrations of pollutants may appear
(see Table 2.5). The conditions within the T areas are,
for natural reasons, variable, especially for the most
mobile substances, like phosphorus, manganese, and
iron, which react rapidly to alterations in the chemical
“micro-climate” (given by the redox potential) of the
sediments. Fine materials may be deposited for long
periods during stagnant weather conditions.

In connection with a storm or a mass movement on
a slope, this material may be resuspended and trans-
ported up and away, generally in the direction toward
the A areas in the deeper parts, where continuous depo-
sition occurs. Thus, resuspension is a most natural
phenomenon on T areas. It should also be stressed that
fine materials are rarely deposited as a result of sim-
ple vertical settling in natural aquatic environments.
The horizontal velocity is generally at least 10 times
larger, sometimes up to 10,000 times larger, than the
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Table 2.5 Mean.values TP TN G Water depth
(MV)and coefficient of 0-2 cm (mg g—l dW) (mg g—l dW) (% WW) (m)
variation (CV) for TP, TN and
loss on ignition in surficial ET/SW
(0-2 cm) accumulation area n 67 13 67 67
sediments (A) and erosion and MV 0.99 1.69 9.87 22.6
transport sediments (ET) in CvV 0.29 0.46 0.72 0.47
Kattegat (data from Prof. A/DW
Ingemar Cato, SGU) n 40 17 40 27

MV 0.88 2.43 11.02 52.6

CV 0.16 0.34 0.30 0.16

vertical component for fine materials or flocs that set-
tle according to Stokes’ law (Bloesch and Burns 1980,
Bloesch and Uehlinger 1986). An evident boundary
condition for this approach to calculate the ET areas
is that if the depth of the theoretical wave base Dy, >
Dwax, then Dyp = Dvax.

In CoastMab, there are also two boundary con-
ditions for ET (= the fraction of ET areas in the
basin):

If ET > 0.99 then ET = 0.99 and if ET < 0.15 then
ET =0.15.

ET areas are generally larger than 15% (ET = 0.15)
of the total area since there is always a shore zone
dominated by wind/wave activities. For practical and
functional reasons, one can also generally find shel-
tered areas, macrophyte beds, and deep holes with
more or less continuous sedimentation, that is, areas
which actually function as A areas, so the upper bound-
ary limit for ET may be set at ET = 0.99 rather than at
ET = 1. The value for the ET areas is used as a distri-
bution coefficient in the CoastMab model. It regulates
whether sedimentation of the particulate fraction of the
substance (here phosphorus, nitrogen, or SPM) goes to
the DW or ET areas. The sediment data are compiled
in Table 2.6.

One can note the following:

Most TP values from the upper 2 cm of the accumu-
lation area sediments below the theoretical wave base
vary in the range from 0.7 to 1.1 mg TP g~! dw (the
mean value is close to 0.88 mg g~! dw; dw = dry
weight); the TN data from 2.1 t0 2.8 mg g~! dw (MV =
2.4 mg g~! dw); the organic content is about 10-11%
ww (ww = wet weight).

1. Due to substrate decomposition by bacteria and
compaction from overlying sediments, the TP, TN
concentrations and the organic content (loss on
ignition, IG) decrease with sediment depth in the

accumulation areas (see Hakanson and Jansson
1983). In all of the following simulations, a sed-
iment depth of 0-10 cm will be used and this
means that the reference values for the water con-
tent, organic content, TP and TN concentrations
will be adjusted to this. The reference values for
the 0—10 cm layer are set to be 33% lower than the
P and N values given in Table 2.4 for the 0-2 cm
layer.

2. The bulk density (d in g cm™ ww) is between 1.1
and 1.3.

3. The water content (W in % ww) has been set to 70%
for the upper 10 cm accumulation area sediments in
the Kattegat (0—10 cm) and to 85% for the newly
deposited SPM on the ET areas.

4. The organic content (= loss on ignition, IG in
% dw) is set to 10% for the upper 10 cm accu-
mulation area sediments in the Kattegat. The IG
value in underlying clayey sediments is around
7.5% dw.

The area of erosion (Areag) is calculated from the
hypsographic curve and the corresponding depth given
by the ETA diagram (Fig. 2.5). This means that the
depth separating E areas from T areas is given by

Dgr = (30.4 - v/ Area) /(v Area + 34.2) 2.4

Note that the area is given in km? in Eq. (2.3) to get
the depth in m.

2.2.3 Trends and Variations in Water
Variables

This section will present and discuss empirical data
in the Kattegat for the period 1995-2008 (data from
SMHI) as a background to the subsequent modeling.
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Table 2.6 The relationship

; Erosion Transportation Accumulation

between bottom dynamic -

conditions (erosion, Physical Parameters

transportation, and Water content (% ww) <50 50-75 >75

accumulation) and the Organic content (% dw) <4 4-10 >10

physical, chemical, and Nutrients (mg g~ dw)

biological character of the Nitrogen <2 10-30 >5

surficial sediments. The given Phosphorus 0.3-1 03-1.5 >1

data represent characteristic Carbon <20 20-50 =50

values from marine coastal Metals

areas based on data from 11 Tron (mg g! dw) <10 10-30 520

Baltic Sea coastal areas (from M 1

Hékanson et al. 1984). ww = .anganese l(mg g dw) <0.2 0.2-0.7 0.1-0.7

wet weight; dw = dry weight Zinc (pg g dw) <50 50-200 >200
Chromium (pg g~ dw) <25 25-50 >50
Lead (ng g”' dw) <20 20-30 >30
Copper (g g~! dw) <15 15-30 >30
Cadmium (ng g! dw)  <0.5 0.5-11.5 >1.5
Mercury (ng g~! dw) <50 50-250 >250

Figure 2.9 first gives data on the target bioindicators,
Secchi depth, oxygen concentrations, and concentra-
tions of chlorophyll-a in the surface-water layer in
Kattegat.

This figure and the following figures also give
statistical trend analyses (regression line, coefficient
of determination, %, and number of data, n). From
Fig. 2.9, one can note the following:

e There is a very weak trend for these three
bioindicators, as revealed by the small slope
coefficients (—0.00776 for Secchi depth, —0.0021
for oxygen, and —0.0028 for chlorophyll) and
the low 72 values (0.21, 0.0052, and 0.0027).
So, for this period, the conditions have been
rather stable in the Kattegat for these three key
variables.

¢ One can also note the clear seasonal pattern for oxy-
gen, no evident seasonal pattern for Secchi depth,
and a fairly distinct pattern for chlorophyll. One
might have expected a more evident seasonal pat-
tern for chlorophyll with peak values in the spring
and fall.

The corresponding information is given in Fig. 2.10
for surface-water temperatures, salinity, TP and TN
concentrations, and the TN/TP ratio.

The TN/TP ratio addresses the question about
“limiting” nutrient, which is certainly central in aquatic
ecology and has been treated in numerous papers and

textbooks (e.g., Dillon and Rigler 1974, Smith 1979,
2003, Riley and Prepas 1985, Howarth 1988, Evans
et al. 1996, Wetzel 2001, Newton et al. 2003, Smith
et al. 2006, Hakanson and Bryhn 2008a, 2008c). The
average composition of algae (CjosN6P) is reflected
in the Redfield ratio (N/P = 7.2 by mass). So, by
definition, algae need both nitrogen and phosphorus
and one focus of coastal eutrophication studies con-
cerns the factors limiting the phytoplankton biomass,
often expressed by chlorophyll-a concentrations in the
water. Note that the actual phytoplankton biomass at
any given moment in a system is a function of the
bioavailable nutrient concentrations, light, and pre-
dation on phytoplankton by herbivorous zooplankton
minus the death of phytoplankton regulated by the
turnover time of the phytoplankton (see Hakanson
and Boulion 2002). From Fig. 2.10, one can note the
following:

e All trends are weak. The strongest is the decrease
in TN concentrations; the increase in tempera-
ture is also interesting in these days when global
warming is on the agenda; the changes in salin-
ity, TP, and TN/TP are very small. It should be
stressed that all these changes are statistically sig-
nificant because the number of data is so large.
These data support the conclusion that there have
been no major changes in the Kattegat system dur-
ing the last 18 years regarding the variables in
Fig. 2.10.
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Based on data from surface-water layer
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Fig. 2.9 The temporal variation in (a) Secchi depths (m),
(b) oxygen concentrations (O;), and (c¢) concentrations of
chlorophyll-a (jug L") in the surface-water layer of the Kattegat

e Figure 2.11 gives the temporal (monthly) trend
in tributary water discharge from Swedish rivers
entering the Kattegat. Here, one can see a
characteristic seasonal variation with high water
discharge in spring, but also this trend is very weak.

in the years 1995-2008 (month 1 is January of 1995). The figure
also gives statistical trend analyses (regression line; coefficient
of determination, 2, and number of data, n; data from SMHI)

e Figure 2.12 illustrates another problem related to
the concept of “limiting” nutrient. Using data from
the Baltic Proper, this figure gives a situation where
the chlorophyll-a concentrations show a typical
seasonal “twin peak” pattern with a pronounced
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Fig. 2.10 The temporal
variation in (a) temperatures,
(b) salinities (psu), (¢) TP
concentrations, (d) TN
concentration, and (e) the
TN/TP ratio in the
surface-water layer of the
Kattegat in the years
1995-2008 (month 1 is
January of 1995). The figure
also gives statistical trend
analyses (regression line;
coefficient of determination,
%, and number of data, n).
Data from SMHI
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Fig.2.11 The temporal
variation in monthly tributary
water discharge from Swedish
rivers entering the Kattegat in
the period 1985-2002. The
figure also gives tatistical
trend analyses (regression
line; coefficient of
determination, 12, and number
of data, n). Data from SMHI

QSwed (m3/s)

u
Month 1 = 1 Jan 1000

peak in April. The higher the primary production,
the more bioavailable nitrogen (nitrate, ammonium,
etc.) and phosphorus (phosphate) are being used by
the algae (the spring bloom is mainly diatoms) and
eventually the nitrate concentration drops to almost
zero and the primary production decreases — but
the important point is that the primary production,
the phytoplankton biomass, and hence also the con-
centration of chlorophyll-a remain high during the
entire growing season!

Trends in nutrient inputs to the Kattegat have to
some extent been investigated by Carstensen et al.
(2006). They found a significant decrease from 1989
to 2002 in TP inputs to Kattegat, Oresund, and the
Belt Sea from the catchment but no changes in TN
inputs from land or from the atmosphere during this
period. Carstensen et al. (2006) also correlated changes
in nutrient inputs from land with changes in nutrient
concentrations of Kattegat waters, but failed to account
for any trends in nutrient inputs from the Skagerrak
and the Baltic Proper. Carstensen et al. (2006) dis-
missed the possibility of explaining nutrient trends in
bottom waters of the Kattegat by nutrient trends in the
Skagerrak on the grounds that nutrient concentrations
in the Skagerrak are very low and scantly influenced
by inputs from land.

However, although nutrient concentrations are low
in the Skagerrak and the Baltic Proper compared to
concentrations in many tributaries, nutrient fluxes from
the Skagerrak and the Baltic Proper are very large in a
mass-balance context, which has been noted by Eilola
and Sahlberg (2006) and which will be further elab-
orated in this work. Comprehensive trends in TN and
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Fig. 2.12 Variations in chlorophyll-a concentrations, phos-
phate, and nitrate in the Baltic Sea (using data from the Gotland
deep between 1993 and 2003; data from SMHI, Sweden)

TP inputs to the Kattegat from land plus inputs from
the atmosphere, the Skagerrak, and the Baltic Proper
have to the best of our knowledge not been studied.

2.2.4 The Dilemma Related to Predictions
of Cyanobacteria

Figure 2.13 illustrates this dilemma using data for the
Kattegat. The figure gives the TN/TP ratio on the y-axis
and the surface-water temperature on the x-axis. It has
been demonstrated by analyses of empirical data from
many systems that there exists a threshold value for
blooms of cyanobacteria when the TN/TP ratio is lower
than 15 and when the SW temperatures are higher than
15°C (see Hakanson et al. 2007).
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Fig. 2.13 The relationship
between temporal TN/TP ratio
and surface-water
temperatures in the Kattegat
in the years 1995-2008
(month 1 is January of 1995).
The figure also illustrates
threshold temperatures and
TN/TP ratios (at 15) for
cyanobacteria. Data from
SMHI
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Based on this, one should expect that the conditions
in the Kattegat would favor cyanobacteria in about
20% of the time (Fig. 2.13). However, cyanobacteria
do not seem to abound in Kattegat but they certainly
abound in the Baltic Sea (see Hakanson and Bryhn
2008a, 2008c). In hypertrophic lakes, the biomass of
cyanobacteria can be very high with concentrations of
about 100 mg L' (Smith 1985). Howarth et al. (1988a,
1988b) found no data on N-fixing planktonic species
in estuaries and coastal seas, except for the Baltic Sea
and the Peel-Harvey estuary, Australia. Also results
from Marino et al. (2006) support this general lack
of N-fixing cyanobacteria in estuaries. There are more
than 10 nitrogen-fixing cyanobacteria species in the
Baltic Proper (Wasmund et al. 2001). A field study in
the Baltic Sea (Wasmund 1997) indicated that in this
brackish environment cyanobacteria have the highest
biomass at 7-8 psu and that the blooms in the Kattegat
and Belt Sea are more frequent if the salinity is below
11.5 psu (see also Sellner 1997). A laboratory experi-
ment with cyanobacteria from the Baltic Sea supports
the results that the highest growth rate was at salinities
in the range between 5 and 10 psu (Lehtiméki et al.
1997). So, the scarcity of cyanobacteria in the Kattegat
may be related to the relatively high salinity of about

225 25

25 psu in this system. This also means that in this mass-
balance modeling for nitrogen, there is no atmospheric
nitrogen fixation.

2.2.5 The Reasons Why This Modeling
Is Not Based on Dissolved Nitrogen
or Phosphorus

At short timescales (seconds to days), it is evident that
the causal agent regulating/limiting primary produc-
tion is the concentration of the nutrient in bioavailable
forms, such as DIN (dissolved inorganic nitrogen)
and DIP, nitrate, phosphate, and ammonia. Short-term
nutrient limitation is often determined by measuring
DIN and DIP concentrations or by adding DIN and/or
DIP to water samples in bioassays. However, infor-
mation on DIN and DIP from real coastal systems
often provides poor guidance in management decisions
because

* DIN and DIP are quickly regenerated (Dodds 2003).
For example, zooplankton may excrete enough DIN
to cover for more than 100% of what is consumed
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by phytoplankton (Mann 1982). In highly produc-
tive systems, there may even be difficulties to actu-
ally measure nutrients in dissolved forms because
these forms are picked up so rapidly by the algae.
Dodds (2003) suggested that only when the levels
of DIN are much higher than the levels of DIP (e.g.,
100:1), it is unlikely that DIN is limiting and only
if DIN/DIP < 1, it is unlikely that P is the limiting
nutrient. He also concluded that DIN and DIP are
poor predictors of nutrient status in aquatic systems
compared to TN and TP.

e Phytoplankton and other primary producers also
take up dissolved organic N and P (Huang and Hong
1999, Seitzinger and Sanders 1999, Vidal et al.
1999).

* DIN and DIP are highly variable in most aquatic
systems including the Kattegat (see Hakanson and
Bryhn 2008a, 2008c and Tables 2.3 and 2.4) and
are, hence, very poor predictors of phytoplankton
biomass and primary production (as measured by
chlorophyll concentrations; see Fig. 2.14).

e Primary production in natural waters may be lim-
ited by different nutrients in the long run compared
to shorter time perspectives (see Redfield 1958,
Redfield et al. 1963). Based on differences in nutri-
ent ratios between phytoplankton and seawater,
Redfield (1958) hypothesized that P was the long-
term regulating nutrient, while N deficits were even-
tually counteracted by nitrogen fixation. Schindler

log(Chl)=-0.035-log(DIN #0.38; r2=0.010; n=166; p=0.24

A.

log(Chl)

© Skagerack
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4 Baltic Proper
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0 2 4 6 8 1 12 14 16 18 2 22
log(DIN)

Fig. 2.14 Empirical data from the Baltic Sea, Kattegat, and
Skagerrak on mean monthly chlorophyll-a concentrations (log-
arithmic data) versus empirical data (log) on DIN and DIP,

(1977, 1978) tested this hypothesis in several
whole-lake experiments and found that primary pro-
duction was governed by P inputs and unaffected by
N inputs, and that results from bioassays were there-
fore irrelevant for management purposes. Redfield’s
hypothesis has also been successfully tested in mod-
eling work for the global ocean (Tyrrell 1999)
and the Baltic Proper (Savchuk and Wulff 1999).
However, Vahtera et al. (2007) have used a “vicious
circle” theory to suggest that both nutrients should
be abated to the Baltic Sea since they may have dif-
ferent long-term importance at different times of the
year.

So, the concentrations of the bioavailable fractions,
such as DIN and DIP in g L~! or other concentration
units, cannot as such regulate primary phytoplankton
production in g day™' (or other units), since pri-
mary production is a flux including a time dimension
and the nutrient concentration is a concentration with-
out any time dimension. The central aspect has to
do with the flux of DIN and DIP to any given sys-
tem and the regeneration of new DIN and DIP related
to bacterial degradation of organic matter containing
N and P. The concentration of DIN and DIP may
be very low and the primary phytoplankton produc-
tion and biomass can be high as in Fig. 2.12 because
the regeneration and/or inflow of DIN and DIP is
high.

log(Chl)=-0.044-log(DIP }+0.33; r2=0.0085; n=166; p=0.19

1
B.
°
8
6
20
0 O Skagerack
O Kattegat
2 ) 4 Baltic Proper
© Bothnian Sea
+ Bothnian Bay
-4
-4 -2 0 2 8 1 12 14 16

46
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respectively. The figure also gives the equations for the regres-

sions and the corresponding * values (from Hakanson and
Bryhn 2008a)
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The regeneration of DIN and DIP concerns the
amount of TN and TP available in the water mass, i.e.,
TN and TP represent the pool of the nutrients in the
water, which can contribute with new DIN and DIP.
It should be stressed that phytoplankton has a typical
turnover time of about 3 days and bacterioplankton has
a typical turnover time of slightly less than 3 days (see
Hékanson and Boulion 2002). This means that within
a month there can be 10 generations of phytoplankton,
which would need both DIN and DIP in the approx-
imate proportions given by the Redfield ratio (7.2 in
grams).

2.2.6 The Reasons Why It Is Generally
Difficult to Model Nitrogen

There are four highlighted spots with question marks
in Fig. 2.15 indicating that for many coastal systems, it
is very difficult to quantify some of the most important
transport processes in a general manner for nitrogen.
Three of them are denitrification, atmospheric wet and
dry deposition, and nitrogen fixation, e.g., by certain
forms of cyanobacteria.

Figure 2.15 also highlights another major uncer-
tainty related to the understanding of nitrogen fluxes
in coastal systems, the particulate fraction, which is
necessary for quantifying sedimentation. Atmospheric
nitrogen fixation may be very important in contexts

Nitrogen
fixation by many but
not all cyanobacteria

of mass-balance calculations for nitrogen (see Rahm
et al. 2000) and in this modeling; the same value for
atmospheric nitrogen deposition has been used as in
the OSPAR model by SMHI. The data on atmospheric
nitrogen deposition for the Kattegat should be reason-
able in terms of order-of-magnitude values. Without
empirically well-tested algorithms to quantify nitrogen
fixation, crucial questions related to the effectiveness
of the remedial measures to reduce nutrient discharges
to aquatic systems cannot be properly evaluated, since
costly nitrogen reductions may be compensated for by
nitrogen fixation by cyanobacteria. However, this is
a problem in many systems, such as the Baltic Sea,
but not in the Kattegat where there seem to be no
significant amounts of cyanobacteria.

2.2.7 Comments and Conclusions

Traditional hydrodynamic or oceanographic models to
calculate water fluxes to, within, and out of coastal
areas generally use water temperature data (the ther-
mocline) or salinity (the halocline) to differentiate
between different water layers. This section has moti-
vated another approach, the theoretical wave base as
calculated from process-based sedimentological crite-
ria, to differentiate between the surface-water layer and
lower vertical layers and this approach gives one char-
acteristic value for each basin. Morphometric data for

Atmospheric wet and

dry deposition River and open

(mainly N) water input to
coastal area
7
99 L Biouptake and /
growth
ﬂlﬁﬁlaﬁton Dissolved | PF?? | Patticulate
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Internal loading
. . (resuspension and diffusion 29
Fig. 2.15 Overview of of P) Sediment / S )
important transport processes N&P Denitrification (N)
and mechanisms related to the

concept of “limiting” nutrient
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Baltic Sea from Hakanson and
Bryhn 2008a)
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the Kattegat and the hypsographic curve have been
used in the CoastMab modeling. The basic aim of
this section has been to present empirical data from
the Kattegat on total phosphorus (TP), total nitrogen
(TN), chlorophyll, Secchi depth, water temperature,
and salinity. The empirical data from the Kattegat show
the following:

1. All relevant water variables in the SW layer of
the Kattegat have been fairly stable in the period
between 1995 and 2008.

2. There is a small increase in surface-water tempera-
tures in the Kattegat (compare global warming).

3. The salinities have also been fairly stable since
1995.

4. The concentration of chlorophyll-a shows a very
slowly decreasing trend in the surface-water layer
of the Kattegat since 1975. The seasonal pattern
in monthly median chlorophyll-a concentrations is
relatively obscure.

5. The water column has been divided into two lay-
ers, separated by the theoretical wave base. This
describes the conditions very well.

The long-term trends in TN and TP inputs to the
Kattegat from land plus inputs from the atmosphere,
the Skagerrak, and the Baltic Proper are, however,
largely unknown.

2.3 Water, SPM, Nutrient, and
Bioindicator Modeling

2.3.1 Background on Mass Balances
for Salt and the Role of Salinity

The salinity is of vital importance for the biology of
coastal areas influencing, e.g., the number of species
in a system (see Remane 1934) and also the reproduc-
tive success, food intake, and growth of fish (Rubio
et al. 2005, Nissling et al. 2006). Furthermore, a
higher salinity increases the flocculation and aggre-
gation of particles (see Héakanson 2006) and hence
affects the rate of sedimentation, which is of particu-
lar interest in understanding variations in water clarity
within and among coastal areas. More salt in the water,
greater the flocculation of suspended particles. This

does influence not only the concentration of particu-
late matter, but also the concentration of any substance
with a substantial particulate phase such as phosphorus
and nitrogen. The salinity also affects the relation-
ship between total phosphorus (TP), total nitrogen
(TN), and primary production/biomass (chlorophyll-a;
Hakanson and Bryhn 2008a, 2008c). These relation-
ships are shown in Figs. 2.16 and 2.17 and they are
used in this work to calculate chlorophyll-a concentra-
tions from dynamically modeled salinities in the differ-
ent sub-basins, from dynamically modeled phosphorus
and nitrogen concentrations, and from information on
the number of hours with daylight. The salinity is easy
to measure and the availability of salinity data for the
Kattegat is very good.

So, Figs. 2.16 and 2.17 illustrate the role of salin-
ity in relation to the Chl/TP and Chl/TN ratios. The
figures give the number of data in each salinity class;
the box-and-whisker plots give the medians, quartiles,
percentiles, and outliers; and the table below the dia-
gram provides information on the median values, the
coefficients of variation (CV = SD/MV; SD = stan-
dard deviation; MV = mean value), and the number
of systems included in each class (n). These results
are evidently based on many data from systems cov-
ering a wide salinity gradient. An interesting aspect
concerns the pattern shown in the figure. One can note
the following:

e The median value for the Chl/TP ratio for lakes is
0.29, which is almost identical to the slope coeffi-
cient for the key reference model for lakes (0.28 in
the OECD model; see OECD 1982).

e The Chl/TP ratio changes in a wave-like fashion
when the salinity increases. It is evident that there is
a minimum in the Chl/TP ratio in the salinity range
between 2 and 5. Subsequently, there is an increase
up to the salinity range of 10-15 and then a contin-
uous decrease in the Chl/TP range until a minimum
value of about 0.012 is reached in the hypersaline
systems. From the relationship between the Chl/TN
ratio and the salinity, one can identify differences
and similarities between the results presented for
the Chl/TP ratio.

e At salinities higher than 10-15, there is a steady
decrease also in the Chl/TN ratio (note that there
are no data on TN from the hypersaline Crimean
lakes).
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For salinity < 10: (Chl/T N)"0.5 = -0.014abs(salinity-10) 0. 5+).145; 2= 0.05; n=263; p= 0.0004

For salinity >10: y =(ChVTN)"0.5

-0.0122abs(salinity-10)~0.5+0.145; r? = 021; n = 358; p < 0.0001
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Fig. 2.16 Scatter plot of all available data relating the ratio
CI/TN to salinity (psu). The figure also gives two regressions
for salinities either below (crosses) or higher than the threshold
value of 10 (circles) (from Hékanson and Bryhn 2008a). Note
that for the Kattegat, the surface-water (SW) salinity is about 25

The Chl/TN ratio attains a maximum value for sys-
tems in the salinity range between 10 and 15 and
significantly lower values in lakes and less saline
brackish systems.

The table in Fig. 2.16 gives the median Chl/TN val-
ues and they vary from 0.0084 (for lakes), to 0.017
for brackish systems in the salinity range between
10 and 15, to very low values (0.0041) for marine
coastal systems in the salinity range between 35
and 40.

The water exchange in the Kattegat is calculated
using the CoastMab model for salt. This section will
present monthly budgets for water and salt in the
Kattegat. Mass-balance models have long been used as
a tool to study lake eutrophication (Vollenweider 1968,
OECD 1982) and also used in different coastal appli-
cations (see Hakanson and Eklund 2007, Hékanson
and Bryhn 2008c). Mass-balance modeling makes it

30 35 40

psu; if TN is 300 g L', this gives Chl & 3 jug L~!. The scatter
around the given regression partly depends on light, uncertain-
ties in data, and uncertainties in the particulate coefficient for
nitrogen

possible to predict what will likely happen to a system
if the conditions change, e.g., a reduced discharge of a
pollutant related to a remedial measure. Mass-balance
modeling can be performed at different scales depend-
ing on the purpose of the study. A large number of
coastal models do exist, all with their pros and cons.
For example, the 1D nutrient model described by Vichi
et al. (2004) requires meteorological input data with a
high temporal resolution, which makes forecasting for
time periods longer than 1 week ahead problematic.
The 3D model used by Schernewski and Neumann
(2005) has a temporal resolution of 1 min and a spa-
tial resolution of 3 nm (nautical miles), which means
that it is difficult to find reliable empirical data to run
and validate the model. Several water balance stud-
ies have also been carried out in the Kattegat and
the Baltic Sea, see, e.g., Jacobsen (1980), HELCOM
(1986, 1990), Bergstrom and Carlsson (1993, 1994),
Omstedt and Rutgersson (2000), Stigebrandt (2001),
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Fig. 2.17 Box-and-whisker plot (showing medians, quartiles,
percentiles, and outliers) illustrating the Chl/TP ratio for 10
salinity classes. The statistics give the median values, the coef-
ficients of variation (CV), and the number of data in each class
(from Hékanson and Bryhn 2008a). Note that for the Kattegat,

Rutgersson et al. (2002), Omstedt and Axell (2003),
Omstedt et al. (2004), and Savchuk (2005). The result
of such mass-balance calculations for salt or for other
substances depends very much on how the system is
defined and how the model is structured.

Within the BALTEX program (BALTEX 2006,
BACC 2008), the water and heat balances are major
research topics and estimates on the individual terms
in the water balance are frequently being revised (e.g.,
Bergstrom and Carlsson 1993, 1994, Omstedt and
Rutgersson 2000, Rutgersson et al. 2002). The major
water balance components in the Baltic Sea are the in-
and outflows at the entrance area, river runoff, and net
precipitation (Omstedt et al. 2004). Change in water
storage needs also to be considered at least for shorter
time periods. The different results depend on the time
period studied and the length of the period. Several
studies have also divided the Baltic Sea into sub-basins
and from the water and salt balances estimated the
flows (e.g., Omstedt and Axell 2003, Savchuk 2005).

The necessary empirical data on salinity (and other
water variables) to run the CoastMab model have

the surface-water (SW) salinity is about 25 psu; if TP is 20 pg
L', this gives Chl ~ 3 g L. The scatter around the given
regression partly depends on light, uncertainties in data, and
uncertainties in the particulate coefficient for nitrogen

originally been obtained from SMHI (the Swedish
Meteorological and Hydrological Institute) and data
from the period 1995 to 2008 have been used in this
work. There are inter-annual and seasonal variations
in both net precipitation and riverine water input to
the Kattegat (HELCOM 1986, Bergstrom and Carlsson
1993, 1994, Winsor et al. 2001) as well as in the
exchange of water with the Kattegat and the salin-
ity of this water (Samuelsson 1996). This work has
focused on a period when there is access to compre-
hensive data for the mass balances for salt, but also
for this period there are inherent uncertainties in the
data. This is shown by the CV values in Tables 2.3
and 2.4.

The fluxes and retention rates for the different sub-
basins and compartments of the Kattegat, as defined
in this mass-balance modeling for salt, will be used in
the following mass-balance modeling for phosphorus,
nitrogen, and SPM. The basic structuring of this model
(CoastMab) enables extensions not just to substances
other than salt, but also to systems other than the Baltic
Sea and the Kattegat.



2 Controlling Eutrophication in the Baltic Sea and the Kattegat

41

2.3.2 Water Fluxes

Figure 2.18 illustrates the basic structure of the model
with its two water compartments (SW and DW in the
Kattegat) and also results of the modeling for water
fluxes. Note that this modeling is done on a monthly
basis to achieve seasonal variations, which is important
in the mass-balance models for phosphorus, nitrogen,
and SPM.

All the water fluxes in Fig. 2.18 are given in
km? year™! to get an overview. This figure also
shows water fluxes from Swedish and Danish trib-
utary rivers, precipitation, and evaporation. For the
tributary fluxes data from SHMI for the period 1995-
2008 have been used. The salinities in the inflow-
ing water from Skagerrak have been calculated using
data exemplified in Table 2.7 for the surface-water
inflow.

The model quantifies the fluxes needed to achieve
steady-state concentrations for the salinity that corre-
spond as closely as possible to the empirical monthly
salinities in the two compartments. All equations have
been given by Hikanson and Bryhn (2008a), and they
are compiled in Table 2.8.

One can note from Fig. 2.18 that the greatest water
fluxes into the Kattegat are the deep-water (DW)

flux from Skagerrak (SK) (2,165 km® year™!), the
surface-water (SW) flux from the Baltic Proper (BP)
(960 km3 year‘l); the tributary inflow, precipitation,
and deep-water inflow from the Baltic Proper are rela-
tively small (30, 51, and 47 km? year™!, respectively).
Since this is mass balance for salt, the fluxes out of the
system should be equal to the inflow at steady state.
These fluxes provide a very important interpretational
framework for the other mass balances (for phospho-
rus, nitrogen, and SPM). From the fluxes of water,
one can also define the associated retention times (7)
and retention rates (1/7). The retention rates for water
may be used in mass-balance models for, e.g., nutri-
ents since these rates indicate the potential turbulence
in the given compartment, and the turbulence regu-
lates the settling velocity for suspended particles —
the higher the potential turbulence, the lower the set-
tling velocity for particulate phosphorus (Héakanson
and Bryhn 2008a). The retention time for water in each
compartment is defined from the total inflow of water
(m? year™!) and the volume of the compartment (m?).
Empirical salinity data are compared to modeled val-
ues in Fig. 2.19a. The inherent empirical uncertainties
in the mean monthly salinity values (the CV values)
are small, about 0.28 in the SW layer and very small in
the DW layer, 0.02 (see Tables 2.3 and 2.4).

Water fluxes to, within and from the Kattegat (km3/yr)
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Fig.2.18 Characteristic
annual water fluxes to, from,
and within the Kattegat for the v
period 1995-2008 Dmax (91 m and not 130 m)
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Table 2.7 Mean monthly values (MV) and coefficients of vari-
ation (CV) for variables in the surface-water layer of Skagerrak
for the period 1995-2008 for Secchi depth, surface-water

temperature (SWT), salinity (Sal), total phosphorus (TP), and
total nitrogen (TN)

Month Secchi (m) SWT (°C) Sal (psu) TP (ng L) TN (ngL™)
1 7.8 5.6 324 21.8 233.2
2 6.0 45 32.0 22.7 261.3
3 6.8 4.6 31.3 18.0 249.4
4 8.3 5.9 30.7 14.6 225.7
5 7.9 8.4 30.3 13.5 207.5
6 6.4 113 30.9 12.5 195.3
7 8.4 14.8 31.3 11.4 181.7
8 9.2 16.0 31.9 1.2 163.0
9 8.1 15.2 31.4 13.0 165.8
10 8.1 12.8 30.3 15.1 175.9
11 6.5 10.3 32.4 17.5 186.2
12 9.7 7.9 31.9 21.6 213.8
MV 7.75 9.77 31.39 16.07 204.9
1 0.37 0.27 0.07 0.23 0.30
2 0.32 0.35 0.09 0.17 0.23
3 0.31 0.27 0.11 0.30 0.38
4 0.21 0.18 0.15 0.33 0.27
5 0.25 0.25 0.17 0.35 0.26
6 0.26 0.26 0.14 0.38 0.32
7 0.20 0.20 0.10 0.33 0.29
8 0.27 0.17 0.09 0.40 0.25
9 0.25 0.10 0.11 0.34 0.24
10 0.18 0.12 0.13 0.26 0.18
11 0.18 0.13 0.06 0.30 0.21
12 0.15 0.21 0.09 0.24 0.26
MV 0.25 0.21 0.11 0.30 0.27

The excellent results shown in Fig. 2.19a are not
a result of a blind test, rather a result achieved after
many calibrations. To understand how the Kattegat
system, or any aquatic system, responds to changes
in, e.g., loading of toxins, salt, or nutrients, it is
imperative to have a dynamic process-based perspec-
tive quantifying the factors and functions regulating
inflow, outflow, and internal transport processes and
retention rates. This section has demonstrated that this
modeling using the theoretical wave base rather than
traditional temperature data to define the surface-water
and deep-water compartments can give excellent cor-
respondence between empirical and modeled data for
the salinity. It is often stressed in contexts of marine
eutrophication that it is important to develop prac-
tically useful general dynamic mass-balance models
based on the ecosystem perspective to be able to give

realistic evaluations of how systems will respond to
changes in nutrient loading or other remedial actions
(Smith 2003). The basic aim of this section has been
to present data on the fluxes of water and the theo-
retical retention times for water and salt since those
values give fundamental information on how the sys-
tem reacts to changes in, e.g., nutrient loading. The
idea with this modeling is that these water fluxes, water
retention rates, and the algorithms to quantify vertical
mixing and diffusion among the defined layers should
be structured in such a manner that the model can be
used to quantify also fluxes of phosphorus, nitrogen,
and SPM. This places certain demands on the structure
of this model, which are different from oceanographic
models, e.g., in quantifying resuspension, mixing, and
diffusion and in the requirements regarding the acces-
sibility of the necessary driving variables.
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Table 2.8 A compilation of equations in the mass-balance
model for salt (CoastMab) for the Kattegat. Abbreviations: F for
flow (kg month™), R for rate (1 month™"), C for concentration
(%0 = psu = kg m™), DC for distribution coefficients (dimen-
sionless), M for mass (kg salt), D for depth in m, A for area in
m?, V for volume in m?; ET stands for areas with erosion and

resuspension (advection) of fine sediments above the theoretical
wave base; 7 is the theoretical retention time (years); flow from
one compartment (e.g., SW) to another compartment (e.g., MW)
is written as Fswwmw; mixing flow is abbreviated as Fxpwmw; O
is water discharge (m3 month™!)

Surface water (SW)

Mswia(t) = Mswka (t=dt) + (FxpwSwKA + FuibkA + FpreckA + Fapwswka + FSWBPKA + FSWSKKA — FxsWDWKA — Fevaka —

Fswxapp — Fswkask)-dt

Inflows

Fxpwswka = MpwkA -Rxka-Vswka/Vpwka; mixing flow from DW to SW in KA (kg/months)

Firivka = Ouibka - Curibka; tributary inflow to KA (kg/months)

Forecka = Qprecka*Cprecka; flow to KA from precipitation (kg/months)

Fapwswka = Mpwka-Rapwswka -Constggr; diffusive flow DW to SW in KA (kg/months)

Fswipka = Oswsprka-Cswap; SW flow from BP to KA (kg/months)

FSWSKKA = QSWSKKA'CSWSK§ SW flow from SK to KA (kg/months)

Outflows

Fxswpwka = Mswka -Rxka; mixing flow from SW to DW in KA (kg/months)

FevakA = Mswka-Qevaka -0; evaporation from BP (kg/months)

Fswkap = OswkaBp-Cswka; SW flow from KA to BP (kg/months)

Fswkask = Oswkask-Cswka; SW flow from KA to SK (kg/months)

Deep water (DW)

Mpwka (f) = Mpwxa (t-df) + (Fxswpwka + FMwBPKA + FDWSKKA — Fxpwswka — Fapwsws — FDwkask)-df

Inflows

Fxswpwka = Mswka -Rxka; mixing flow from SW to DW in KA (kg/months)

FDWBPKA = QDWBPKA'CDWBP; DW flow from BP to KA (kg/mOl’lthS)

Fpwskka = Opwsprka-Cpwsp; DW flow from SK to KA (kg/months)

Outflows

Fxpwswka = Mpwka -Rxka-Vswka/Vpwka; mixing flow from DW to SW in KA (kg/months)

FdDWSWKA = RdDWSWKA'MDWKA'COHStdiff; diffusive flow DW to SW in KA (kg/months)

Fpwkask = Opwkask:-Cpwka; DW flow from KA to SK (kg/months)

2.3.3 Mass Balances

2.3.3.1 Phosphorus Dynamics

To combat eutrophication, it is fundamental to try to
identify the anthropogenic contributions to the nutrient
loading. HELCOM (see Table 2.9) has presented very
useful data regarding the natural, diffuse, and point
source discharges of phosphorus and nitrogen to the
Kattegat. Evidently, the natural nutrient fluxes should
not be reduced, only a certain part of the anthropogenic
fluxes from point sources and diffuse emissions.

As a background to the discussion to find the best
possible remedial strategy to mitigate the eutrophica-
tion in the Baltic Sea, Table 2.10 shows central aspects
of the strategy proposed by HELCOM (2007b), which
was also accepted by the Baltic States in November
2007. Based on costs for building water treatment
plants in the Baltic States and the St. Petersburg area
(20,000 euro t! P; HELCOM and NEFCO 2007), the
action alternative motivated in Hékanson and Bryhn
(2008a; about 10,000 t phosphorus year™!) would cost
0.2—-0.4 billion euro year‘1 , or about 10% of the cost of
the Baltic Sea Action Plan.
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Table 2.9 Transport of Point From
phosphorus and mtr(.)gen from Nutrient Natural Diffuse sources Total load  Sweden (%)
land to the Kattegat in the
2000) Nitrogen 13,561 53,661 6,452 73,674 54.3

In the requested budgets for nitrogen and phospho-
rus for the Kattegat, it is essential to include all major
transport processes in order to understand the situation
and especially to know how remedial measures reduc-
ing nutrient loading to the system will likely change
nutrient concentrations in water and sediments. The
importance of the internal fluxes and the transport
between basins compared to the anthropogenic nutrient

input from land has also been shown by Christiansen
et al. (1997) in a study of parts of the Kattegat.
The transport processes (sedimentation, resuspension,
burial, diffusion, mixing, biouptake, etc.) for phospho-
rus, nitrogen, and SPM quantified in the CoastMab
model are general and apply for all substances in
all/most aquatic systems (see Fig. 2.20), but there
are also substance-specific parts (mainly related to
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Table 2.10 Required nutrient reductions to

HELCOM (2007a, 2007b)
Phosphorus (t)

according

Nitrogen (t)

Denmark 16 17,210
Estonia 220 900
Finland 150 1,200
Germany 240 5,620
Latvia 300 2,560
Lithuania 880 11,750
Poland 8,760 62,400
Russia 2,500 6,970
Sweden 290 20,780
Transboundary 660 3,780
pool 1
Sum 15,016 133,170

the particulate fraction, the criteria for diffusion from
sediments, and the fact that nitrogen appears with a
gaseous phase).

So, these processes have the same names for all
systems and for all substances:

¢ Sedimentation is the flux from water to sediments
or to deeper water layers of suspended particles and
nutrients attached to such particles.

* Resuspension is the advective flux from sediments
back to water, mainly driven by wind/wave action
and slope processes.

» Diffusion is the flux from sediments back to water
or from water layers with high concentrations of
dissolved substances to connected layers with lower
concentrations. Diffusion is triggered by concen-
tration gradients, which would often be influenced

Point source emissions N
Precipitation
Inflow from \

catchment

Biouptake and retention in biota

by small-scale advective processes; even after long
calm periods, there are currents related to the rota-
tion of the earth, the variations of low and high
pressures, temperature variations between day and
night, etc.; it should be noted that it is difficult to
measure water velocities lower than 1-2 cm s™! in
natural aquatic systems.

* Mixing (or large-scale advective transport pro-
cesses) is the transport between, e.g., surface-water
layers and deeper water layers related to changes
in stratification (variations in temperature and/or
salinity).

e Mineralization (and regeneration of nutrients in
dissolved forms) is the decomposition of organic
particles by bacteria.

* Primary production is creation of living suspended
biomass from sunlight and nutrients.

* Biouptake is the uptake of the substance in biota.
In the CoastMab/CoastWeb model, one first cal-
culates biouptake in all types of organisms with
short turnover times (phytoplankton, bacterioplank-
ton, benthic algae, and herbivorous zooplankton)
and from this biouptake in all types of organisms
with long turnover times (i.e., fish, zoobenthos,
predatory zooplankton, jellyfish, and macrophytes)
to account for the fact that phosphorus circulating in
the system will be retained in these organisms and
the retention times for phosphorus in these organ-
isms are calculated from the turnover times of the
organisms.

e Burial is the sediment transport of matter from the
biosphere to the geosphere often of matter from the
technosphere.

Water and SPM exchange

between the coast and the sea
-

-
Surface water \ _..,Cﬁ..

Mineralization

Mixing .

Resuspension ET-sediments

A
Y

Deep water Sedimentation

N l Diffusion
Cnmpacno" e —

Fig. 2.20 An outline of transport processes (= fluxes) and
the structure of the dynamic coastal model (CoastMab) for
phosphorus, nitrogen, salinity, and suspended particulate matter

Wave base

Active A-sediments

Biopassive A-sediments (geosphere)

(SPM). Note that atmospheric nitrogen fixation and deposition
and denitrification are not shown in this figure
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e Outflow is the flux out of the system of water and
everything dissolved and suspended in the water.

Figure 2.19b, ¢ gives the modeled annual TP con-
centrations in SW and DW water against the corre-
sponding empirical data. The results in Fig. 2.19 are
well within the uncertainty bands given by %1 stan-
dard deviation for the empirical data and one cannot
expect better results given the fact that there have been
no calibrations and that the dominating transport from
the Baltic Proper is based on the mean annual trans-
port. The modeled mean annual TP concentrations in
A-sediments (0—10 cm) are given in Fig. 2.21a and also
these modeled values fall within the requested empiri-
cal range (0.5-0.66 mg TP g~! dw). The annual fluxes
of phosphorus are shown in Fig. 2.22. These fluxes
give information of fundamental importance related to
how the Kattegat reacts to changes in phosphorus load-
ing. It should be noted that the phosphorus fluxes to
and from organisms with short turnover times (BS) are
very large compared to all other fluxes, but the amount
of TP found in biota is small compared to what is found
in some other compartments.

This illustrates the classical difference between
“flux and amount.” In the ranking of the annual fluxes
for the Kattegat from Fig. 2.22, it is evident that
the most dominating fluxes are the ones to and from
biota with short turnover times (about 320 kt year‘l),
whereas the average monthly amount of TP in all types
of plankton is just about 1.7 kt. Most phosphorus is
found in A-sediments (104 kt), on ET areas (10 kt),
and in the SW layer (5 kt). Looking at the TP fluxes to
the Kattegat, the DW flux from Skagerrak is the dom-
inating one (47 kt year™!), followed by the SW inflow
from the Baltic Proper (20 kt year™!), DW inflow from
the Baltic Proper (5.4 kt year!), SW inflow from
the Skagerrak (2.4 kt year™!), tributary inflow (2 kt
year~!), and atmospheric precipitation (0.1 kt year™").
Sedimentation in the SW layer is also important, 3.1
kt year™! to the DW layer and 19 kt year! to the ET
sediments (Fig. 2.23).

Sedimentation in the DW layer is relatively small
(4.2 kt year™") since about 50% of the phosphorus in
the SW layer and about 85% of the phosphorus in the
DW layer (see Table 2.12 and Fig. 2.19d, e) are in dis-
solved forms, which do not settle out. Figure 2.19d, e
gives a comparison between modeled dissolved frac-
tions and empirical ratios between phosphate and total
phosphorus. It should be stressed that the dissolved

fraction (DF) as defined in the model from the partic-
ulate fraction (DF = 1 — PF) is not the same thing as
phosphate.

There are several different dissolved forms of phos-
phorus often abbreviated as DP (DIP + DOP), and
Fig. 2.19d, e illustrates that the overall correspondence
between modeled DF and the ratio between phosphate
and total phosphorus in the Kattegat is reasonable.
Together with the relatively high oxygen concentra-
tions in the entire Kattegat, this also implies that
diffusion of phosphorus from the A-sediments is small
in the Kattegat (only 0.008 kt year!). The diffusive
flux in the water from the DW compartment to the SW
compartment is also small (0.01 kt year’l). Burial, i.e.,
the transport of TP from the sediment biosphere to the
sediment geosphere, is 5.1 kt year™!.

2.3.4 SPM Dynamics

The dynamic SPM model (CoastMab for SPM) has
been described by Hakanson (2006, 2009). The model
gave very good results for the tested 17 different Baltic
Sea coastal areas. The mean error when empirical data
on sedimentation (from sediment traps) were com-
pared to modeled values was 0.075, the median error
was —0.05, the standard deviation was 0.48, and the
corresponding error/uncertainty for the empirical data
was 1.0, as given by the coefficient of variation. This
means that the uncertainties in the empirical data set
the limit for further improvements of model predic-
tions. The error for the modeled values was defined
from the ratio between modeled and empirical data
minus 1, so that the error is zero when modeled val-
ues correspond to empirical data. There are different
sources for SPM:

1. Primary production, which causes increasing
biomasses for all types of plankton (phytoplank-
ton, bacterioplankton, and herbivorous zooplank-
ton) influencing SPM in the water.

2. Inflow of SPM to the surface-water layer in the
Kattegat from the Baltic Proper and Skagerrak.

3. Inflow of SPM to the deep-water layer (i.e., from
Baltic Proper and/or Skagerrak).

4. Tributary inflow.

Table 2.11 gives the panel of driving variables for
the dynamic SPM model. These are the site-specific
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Fig.2.21 Empirical data versus modeled values in the Kattegat.
(a) Modeled TP concentrations in the accumulation area sed-
iments (0-10 cm) versus empirical maximum and minimum
values, (b) modeled TN concentrations in the accumulation area
sediments (0—10 cm) versus empirical maximum and minimum
values and modeled TN concentrations in recently deposited
matter on ET areas, (¢) modeled Secchi depths versus +1 stan-
dard deviation (SD) of the mean empirical value, (d) empirical

data on variables needed to run the dynamic SPM
model. No other parts of the model should be changed.
Figure 2.22 shows the annual SPM fluxes to, within,
and from the Kattegat. It is evident that the most
dominating abiotic SPM inflow is DW inflow from
the Skagerrak (about 12,000 kt year™'), followed by
tributary inflow (2,000 kt year’l), SW inflow from
the Baltic Proper (1,850 kt year’l), SW inflow from
the Skagerrak (800 kt year™!), and DW inflow from
the Baltic Proper (100 kt year™!). Sedimentation in
the SW layer is also important with 5,600 kt year™!.
Sedimentation of SPM from the SW to the DW layer
is 950 kt year~!. The flux related to internal loading
(resuspension) is 915 kt year™! from ET areas to the
SW layer and 325 kt year™! to the DW layer. Burial,
i.e., the transport of SPM from the sediment biosphere
to the sediment geosphere, is 1,500 kt year~!. The total
SPM production is 9,000 kt year‘l .

mean concentrations of chlorophyll, modeled chlorophyll con-
centrations based on only TP, on only TN, and on both TP and
TN (bold), (e¢) modeled sedimentation based on the water con-
tent of recently deposited matter and on the mean water content
in sediments from the upper 10 cm sediment layer and compared
to the mean annual sedimentation in the Baltic Proper, and (f)
modeled SPM concentrations in the surface-water layer and in
the deep-water layer in the Kattegat

Previous knowledge regarding the SPM concentra-
tion, its variation, and the factors influencing varia-
tions among and within sites was very limited for the
Kattegat. The results discussed here represent a step
forward in understanding and predicting SPM in the
Kattegat and also in other similar systems. Evidently,
it would have been preferable to have access to a
large database on SPM, but it is very demanding (in
terms of costs, manpower, ships, etc.) to collect such
data, especially under storms. It should also be noted
that bioturbation, fish movements (Meijer et al. 1990),
currents (Lemmin and Imboden 1987), and slope pro-
cesses (Hékanson and Jansson 1983), as well as boat
traffic, trawling, and dredging, might all influence the
SPM concentrations and how SPM varies among and
within sites. These factors have, however, not been
accounted for in this modeling, which does not concern
sites but entire basins.
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Fig. 2.22 Characteristic
annual phosphorus fluxes to,
from, and within the Kattegat
for the period 1995-2008.
Note that the net inflow of
phosphorus from the Baltic
Proper is 17.5 kt year ™!,
SMHI (Hékansson 2007, the
OSPAR assessment) gives 14
kt year~!

Fig.2.23 Characteristic
annual SPM fluxes to, from,
and within the Kattegat for the
period 1995-2008
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Table 2.11 Panel of driving variables for the dynamic SPM
model

A. Morphometric parameters
1. Hypsographic curve
B. Chemical variables

2. Data on salinity, TP, TN concentrations, Secchi depths,
and/or SPM concentration in the inflowing water to the
coastal area

3. Data and tributary inflow of TP, TN, and SPM
C. Other variables

4. Tributary water discharge or latitude and annual
precipitation and evaporation

2.3.5 Nitrogen Fluxes

The dynamic modeling of the nitrogen fluxes uses
the same CoastMab model and the same water fluxes
(to, within, and from the Kattegat) and the same
mixing rates and diffusion rates, as given by the
CoastMab model for salinity; it uses the same algo-
rithms for sedimentation, resuspension, biouptake, and
retention in biota as the CoastMab model for phospho-
rus. However, for nitrogen, the following substance-
specific modifications have been applied:

1. The particulate fraction of nitrogen (PN) in the SW
layer is calculated using the same basic algorithm
as used for phosphorus except that for the dis-
solved fraction of nitrogen in the SW compartment,

Table 2.12 Mean monthly values (MV) for the surface-water
layer of Kattegat for the period 1995-2008 for the ratios
between phosphate (PO4) and total phosphorus (TP), dissolved
inorganic nitrogen (DIN = NO»+NO3+NHy4) to total nitrogen
(TN), and the ratio between these two ratios

Month PO4/TP DIN/TN  (DIN/TN)/(PO4/TP)
1 0.72 0.40 0.55
2 0.68 0.42 0.63
3 0.50 0.35 0.70
4 0.45 0.30 0.67
5 0.47 0.29 0.61
6 0.34 0.22 0.64
7 0.36 0.18 0.51
8 0.40 0.15 0.39
9 0.43 0.15 0.36

10 0.46 0.19 0.43

11 0.52 0.26 0.50

12 0.64 0.32 0.51

MV 0.48 0.26 0.54

the monthly correction factors given in Table 2.12
have been used (i.e., the (DIN/TP)/(PO4/TP) data
have been multiplied with the monthly modeled
DF value for phosphorus). These modeled values
are compared to the empirical DIN/TN values in
Fig. 2.19 h and there is a good general agreement.

. The particulate fraction of nitrogen (PN) in the

DW layer in the Kattegat is calculated using the
same approach. Table 2.13 gives the monthly cor-
rection factors [i.e., (DIN/TP)/(PO4/TP)]. The mod-
eled values are compared to the empirical DIN/TN
values in Fig. 2.19 1 and also these values are in rel-
ative good agreement with the measured DIN/TN
values.

. Since there are no or very small amounts of

nitrogen-fixing cyanobacteria in the Kattegat, N»
fixation is not accounted for in this modeling.

. The nitrogen inflow from Skagerrak is based on the

same water fluxes as the ones used for the salin-
ity, phosphorus, and SPM, the empirical data for the
SW layer in Skagerrak.

. The nitrogen inflow from the Baltic Proper is based

on the same empirical data (TN in pg L) for the
SW layer (from HELCOM 2007a, 2007b) as pre-
sented and used by Hékanson and Bryhn (2008a),
ie.,

Jan. 298.7 Jul. 270.4
Feb. 292.1 Aug. 266.9
Mar. 292.8 Sep. 265.5
Apr. 280.5 Oct. 283.7
May 264.7 Nov. 278.8
Jun. 273.2 Dec. 305.7

For the DW inflow from the Baltic Proper to the
Kattegat, the following mean annual value has been
used (also from HELCOM 2007a, 2007b): 314 pg
L

. The tributary inflow of nitrogen to the Kattegat

is based on the values from HELCOM given in
Table 2.10.

. The denitrification in the Kattegat (in water and sed-

iments) has been calculated as a residual term to
satisfy the mass balance for nitrogen. This means
that denitrification in the SW layer has been calcu-
lated by

Faenitsw = 0.01 - (SWT/9.33) - MiNsw - Vsw/V
(2.5)
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Table 2.13 Mean monthly values (MV) for the deep-water
layer of Kattegat for the period 1995-2008 for the ratios
between phosphate (POy4) and total phosphorus (TP), dissolved
inorganic nitrogen (DIN = NO,+NO3+NHy4) to total nitrogen
(TN), and the ratio between these two ratios

Month PO4/TP DIN/TN (DIN/TN)/(PO4/TP)
1 0.72 0.40 0.55
2 0.84 0.53 0.63
3 0.86 0.56 0.65
4 0.86 0.54 0.62
5 0.84 0.55 0.66
6 0.84 0.51 0.60
7 0.86 0.52 0.61
8 0.87 0.50 0.57
9 0.84 0.48 0.57
10 0.83 0.45 0.55
11 0.82 0.42 0.52
12 0.85 0.46 0.54
MV 0.83 0.49 0.59

where 0.01 is a calibration constant (a denitrification
rate for the water with the dimension 1 month™!); den-
itrification is assumed to be temperature dependent
(SWT) and 9.33 is the mean annual temperature and
SWT/9.33 is a dimensionless temperature moderator;
Mtnsw is the mass (amount) of TN in the SW layer
(2); Vsw is the SW volume; and V is the total volume
(m3) so Vgw/V is a dimensionless moderator for the
SW layer.
Denitrification in the DW layer is given by

Faenitpw = 0.01 - (DWT/9.33) - Mtnpw - Vow/V
(2.6)
For the ET sediments, denitrification has been cal-
culated from

Faeniter = 3 - MTNET - (SWT/9.33) 2.7

where 3 is a calibration constant (a denitrification rate
for the ET sediments with the dimension 1 month’l);
MrNgT is the mass (amount) of TN in the ET sediments
(o).

Denitrification in the A-sediments (0-10 cm) is
given by

Faenita = 0.003 - (DWT/9.33) - Mna  (2.8)

It should be stressed again that all the denitrification
constants are determined from calibrations to satisfy
the mass balance for nitrogen and they are not based on
general, tested, algorithms which have been proven to

work well in many coastal systems. This means that the
predictions using the mass-balance model for nitrogen
are more uncertain than the predictions of salt, phos-
phorus, and SPM. The diffusion of dissolved nitrogen
from the deep-water layer to the surface-water layer is
small in the Kattegat because the concentration gradi-
ent is small; the diffusion is calculated with the same
algorithm as used for salinity and phosphorus. The
predictions for the TN concentrations in the SW and
DW layers in the Kattegat are compared to empirical
monthly data in Fig. 2.19. Since these modeled val-
ues are based on calibrated denitrification rates, the
modeled values are close to the empirical data. Annual
fluxes of nitrogen are shown in Fig. 2.24. These fluxes
give important information of how the Kattegat sys-
tem likely reacts to changes in nitrogen loading. It
should be noted that also the nitrogen fluxes to and
from organisms with short turnover times (BS) are very
large compared to all other fluxes, but the amounts of
TN found in biota are small compared to what is found
in other compartments.

In the ranking of the annual fluxes to the Kattegat,
the most dominating abiotic fluxes are the TN flux
to DW layer from the Skagerrak (435 kt year™'), fol-
lowed by the SW inflow from the Baltic Proper (270
kt year™), tributary inflow (82 kt year™!), SW inflow
from the Skagerrak (30 kt year™"), atmospheric precip-
itation (18 kt year‘l), and DW inflow from the Baltic
Proper (15 kt year™!). Sedimentation in the SW layer
is 30 kt year! to the DW layer and 180 kt year™! to
the ET sediments. Sedimentation in the DW layer is 17
kt year~!; about 25% of the nitrogen in the SW layer
and about 50% in the DW layer (see Fig. 2.19 h, i) of
the nitrogen appear in dissolved form. Figure 2.19 h, i
gives a comparison between modeled dissolved frac-
tions and empirical ratios between DIN and TN. It
should be stressed that the dissolved form (DF), as
defined in the model from the particulate fraction (DF
= 1 — PF), is not the same thing as DIN. Figure 2.19
shows that the overall correspondence between mod-
eled DF and the ratio between DIN and TN in the
Kattegat is quite good, especially for the SW layer.
From Fig. 2.24 one can note that the diffusion of nitro-
gen from sediments to water and from the DW layer
to the SW layer is very small. Denitrification, on the
other hand, is large: 13 kt year™' from SW, 170 kt
year‘l from ET, 8.3 kt year‘1 from A-sediments, and
0.1 kt year™! from the DW layer. Burial of TN from
the A-sediments is 12 kt year™!.
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2.3.6 Predicting Chlorophyll-a
Concentrations

Values of chlorophyll-a concentrations in the surface-
water layer drive the secondary production (including
the production of zooplankton and fish), which means
that it is very important to model chlorophyll as accu-
rately as possible. This section will first describe the
approach used to model chlorophyll and then present
results describing how well modeled values correspond
to measured data. Typical chlorophyll-a concentrations
for the Kattegat and parts of the North Sea are shown in
Fig. 2.3. Values lower than 2 jug L™! (oligotrophic con-
ditions) are found in the northern parts of the Bothnian
Bay and the outer parts of the North Sea, while values
higher than 20 pwg L~! (hypertrophic conditions) are
often found in, e.g., the Vistula and Oder lagoons.

Concentrations of chlorophyll-a represent one of the
most important bioindicators related to eutrophication.
Hakanson and Bryhn (2008a, 2008c¢) discussed several
approaches to predict chlorophyll in the surface-water
layer:

Swedish
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1. From regressions based on empirical TN concentra-
tions and light conditions (see, e.g., Fig. 2.25)

2. From regressions based on modeled or empirical TP
concentrations (see, e.g., Fig. 2.26), light, salinity,
and boundary conditions related to surface-water
temperatures

Approaches applied in this work are also given in
Table 2.14.

To obtain seasonal/monthly variations, the follow-
ing calculations will use three approaches, which will
be compared to empirical data:

1. Chl from TP, TN, and salinity. This is the approach
given in Table 2.14a, which has provided an r*
value (> = coefficient of determination) of 0.76
and is based on data from 493 systems from many
parts of the world. The relationship between TN
and TP concentrations for these data is shown
in Fig. 2.26 and the results shown in this figure
are important in contexts of remedial strategies,
since the figure demonstrates that there is gener-
ally a significant co-variation between TN and TP
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Fig.2.25 Scatter plot
between chlorophyll and TN.
The figure also gives
regressions for the actual data
and log-transformed data for
the 618 data points (from
Hakanson and Bryhn 2008a)

Fig.2.26 Scatter plot
between median surface-water
concentrations of chlorophyll
and total P (TP) for the
growing season from 10
sub-groups constituting a
salinity gradient. The figure
also gives regressions for the
actual data and
log-transformed data for the
533 data points. How much of
the scatter in this diagram
depends on variations in
salinity is discussed in the
running text (from Hékanson
and Bryhn 2008a)
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Table 2.14 Compilation of regressions for predicting (A) con-
centrations of chlorophyll-a in the surface water from TP- and
TN concentrations and surface-water salinities using a compre-
hensive database from 493 coastal systems from many parts
of the world and using data from the growing season (see
Hékanson and Bryhn 2008a), (B) TP concentrations in the sur-
face water from TN concentrations and surface-water salinities
using the same comprehensive database, (C) TN concentrations
in the surface water from TP concentrations and surface-water
salinities using the same database. F' > 4 in all cases

Step P x-variable Model

A.

1 0.66 TP log(Chl) = 1.17-log(TP)-0.94

2 0.72 TN log(Chl) = 0.66-1og(TP)
+0.73-10og(TN)-2.16

3 0.76 Sal log(Chl) =
0.67-1og(TP)+0.57-1og(TN)—
0.02-abs(Sal-12)-1.62

B.

1 0.66 TN log(TP) = 0.923-1og(TN)-0.012

2 0.72 Sal log(TP) = 1.011-1og(TN)
+0.2245-log(1+Sal)-1.478

C.

1 0.65 TP log(TN) = 0.70-1og(TP)+1.668

2 0.75 Sal log(TN) = 0.668-log(TP)-

0.0092-Sal+1.830

concentrations and this indicates that one would
often reduce also TP concentrations in receiving
water systems if remedial measures focus on nitro-
gen reductions, and vice versa. To achieve real-
istic seasonal patterns, the dimensional moderator
(Ypayr. = HDL/12) based on the number of hours
with daylight each month (from Table 2.6) has also
been applied in all the following predictions using
the regression in Table 2.14a.

. Chl from TP and salinity. This approach used the
results shown in Fig. 2.27 and also modeled val-
ues on the dissolved fraction of phosphorus, since
this is the only fraction that can be taken up by
phytoplankton and since values of the dissolved
fraction of phosphorus in the SW layer (DFsw; dim.
less) are automatically calculated by the CoastMab
model for phosphorus and are thus available for
predicting chlorophyll.

This modeling also uses a boundary condition
related to low water temperatures given by

If SWT > 4°C, then Yswt = 1
else Yswr = (SWT +0.1)/4

(2.9)

This water temperature moderator will not influence
modeled chlorophyll values when the surface-water

temperature is higher than 4°C, but it will lower pre-
dicted chlorophyll values during the winter time,
and since there is also primary production under
ice, the constant 0.1 is added. This moderator has
been used and motivated before (see Hakanson and
Eklund 2007). This means that using this approach
Chl (ng L) is predicted from

Chlmog = TPsw - DEsw - YpayL - Ysal - Yswr

TPsw = TP concentration in SW water in pg L.
Ysa = Y4 a dimensionless moderator for the influ-
ence of salinity on chlorophyll calculated from:
Y1 = if Sal < 2.5 psu then (0.20-0.1-(Sal/2.5-1))

else (0.20+0.02-(Sal/2.5-1))
Y2 = if Sal< 12.5 then Y1 else (0.28-0.1-(Sal/12.5—
1)
Y3 = if Sal > 40 then (0.06-0.1-(Sal/40-1)) else Y2
Y4 =if Y3 <0.012 then 0.012 else Y3.

. Chl from TN. This approach is similar to the algo-
rithm given in Eq. (2.9) but the basic relationship
between Chl, TN, and salinity is the one given in
Fig. 2.16.

Figure 2.21d compares the modeled values using
the three approaches with the mean monthly empiri-
cal chlorophyll values from the Kattegat for the period
1995-2008. There is generally relatively good corre-
spondence between the modeled values and the empiri-
cal data and in all following simulations, the regression
based on both TP and TN will be used. It should be
stressed that the empirical chlorophyll values are quite
uncertain; the average monthly CV value is as high
as 1.08, so all model predictions are well within +1
standard deviation of the empirical mean values.

2.3.7 Predicting Water Clarity and Secchi
Depth

The Secchi depth is an important variable since the
water clarity defines the depth of the photic zone. In
all the following calculations, the depth corresponding
to two Secchi depths is used to define the entire depth
of the photic zone (see Hakanson and Peters 1995).
There exists a close relationship between SPM, Secchi
depth, and salinity (see Hakanson 2006) — the higher
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Fig. 2.27 Scatter plot
between concentrations of
total P (TP) and total N (TN)
for the growing season from
nine sub-groups constituting a
salinity gradient. The figure
also gives regressions for the
actual data and 2000
log-transformed data for the o
495 data points (from
Hakanson and Bryhn 2008a)
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the salinity, the higher the aggregation of suspended
particles, the larger the particles, and the higher the
water clarity. An SPM concentration of 10 mg L~}
would imply turbid conditions in a freshwater system,
but relatively clearer water in a saline system. The rela-
tionship between Secchi depth (Sec in m), SPMgsw (mg
L"), and salinity (Salgw in psu) is given by

Sec = 10" (—((107(0.5 - log(1 + Salgy) + 0.3) — 1)
+0.5) - (10g(SPMgy) + 0.3)/2 + (10°(0.15-
log(1 + Salgy) + 0.3) — 1)) (2.10)

The SPM concentrations in the SW layer (SPMgw
in mg L") are predicted from the dynamic SPM
model. It should be noted that this approach is also
used to predict SPM concentrations in the SW layer
in the Skagerrak from empirical data on Secchi depth
in Skagerrak (and from empirical salinities, as already
explained). The results of these model predictions for
the Secchi depth in the Kattegat are compared to mea-
sured data in Fig. 2.21c. The modeled values are close
to the empirical values and within the uncertainty band
given by +1 standard deviation for the empirical data.
These results give further empirical support to the gen-
eral validity and predictive power of the CoastMab
modeling.

100 120 140 160 130 200

TP ()

2.3.8 Conclusions

To understand how the Kattegat system, or any aquatic
system, responds to changes in, e.g., loading of tox-
ins or nutrients, it is imperative to have a dynamic
process-based perspective, quantifying the factors and
functions regulating inflow, outflow, and internal trans-
port processes and retention rates. This section has
demonstrated that this modeling approach, using the
theoretical wave base rather than traditional tempera-
ture and salinity data to define the surface-water and
deep-water compartments, can give excellent corre-
spondence between empirical and modeled data on the
salinity. This section has presented budgets for water,
salt, TP, TN, and SPM in the Kattegat. This process-
based mass-balance modeling has used empirical data
(from SMHI) for the period 1995-2008. An aim of
the first part of this section was to present data on the
fluxes of water and the theoretical retention times for
water and salt in the defined sub-basins of the Kattegat
since those values give fundamental information on
how the system reacts to changes in, e.g., nutrient
loading. This places certain demands on the structure
of this model, which are different from oceanographic
models, e.g., in quantifying resuspension, mixing,
and diffusion and in the requirements regarding the
accessibility of the necessary driving variables. This
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section has also discussed empirically based models,
which have been added to the process-based dynamic
CoastMab model. These are the sub models for Secchi
depth and chlorophyll-a concentrations. When tested
against empirical data for the Kattegat, there was good
overall correspondence between predicted values for
Secchi depth and chlorophyll-a concentrations and
the dynamic SPM model predicts sedimentation, SPM
concentrations, and burial in accordance with existing,
but rather scattered, data.

2.4 Management Scenarios

This section will present several scenarios, which are
meant to focus on key problems related to a sustainable
management of the trophic state in the Kattegat. The
same principles and questions discussed in this section
should apply to most systems in contexts of reme-
diation of eutrophication. The last scenario will put
the results together and discuss an “optimal” manage-
ment plan for the Kattegat related to realistic nutrient
reductions to lower the eutrophication. The first sce-
nario is logical in the sense that the main focus is
on the largest nutrient flux to the surface water in
the Kattegat. If very costly remedial actions reduc-
ing 10,000-100,000 t nutrients (P and N, respectively)
annually to the Baltic Sea including the Kattegat
are needed at a yearly cost in the range of 1,000-
30,000 million euro year’l, the model should be able
to predict the expected changes in the surface-water
layer (the bioproductive layer) not just for the nutri-
ent concentrations but also for key bioindicators of
eutrophication, such as the Secchi depth and the con-
centration of chlorophyll-a. So, scenario 1 is the first
logical step in an attempt to find an “optimal” abate-
ment plan to reduce eutrophication. Comprehensive
analyses based on very large data sets on the condi-
tions in the Kattegat have shown (in Section 2.2) that
the anthropogenic nutrient emissions have not altered
the eutrophication in the Kattegat markedly during
the last 15-20 years. It is, however, well documented
(see, e.g., a compilation of data and literature refer-
ences in Hakanson and Bryhn 2008a, 2008c) that the
eutrophication in the Baltic Sea increased significantly
in the period between 1920 and 1980. The second
and third scenarios will focus specifically on phospho-
rus and nitrogen reductions in the catchments of the

rivers entering the Kattegat from Sweden. The Baltic
Sea Action Plan (see Table 2.10), which the govern-
ments of the Baltic countries agreed upon in November
2007, implies that 15,000 t of phosphorus and 133,000
t of nitrogen of the total riverine nutrient fluxes to
the entire Baltic Sea (including the Kattegat) should
be reduced annually, including 290 t year~! of phos-
phorus and 20,780 t year' of nitrogen from Sweden.
The second and third scenarios will address how such
reductions would likely influence the Kattegat. The
fourth scenario will be based on the results from the
first three scenarios and on the results presented in this
work on the water fluxes, salt fluxes, nutrient fluxes,
and fluxes of suspended particulate matter to, within,
and from the Kattegat as well as the results related
to how the two key bioindicators (Secchi depth and
chlorophyll) would likely respond to changes in nutri-
ent concentrations in surface water of the Kattegat.
The basic idea is that this scenario should motivate an
“optimal” remedial strategy to improve the eutrophica-
tion in the Kattegat. Nutrient reductions are ultimately
related to political decisions. One can safely assume
that it is practically impossible to remediate all human
emissions of nutrients to the Baltic Sea. The 15,000
t year~! suggested by HELCOM (2007b) represent a
reduction of 50% of the 30,000 t year™' of phospho-
rus transported via rivers/countries to the Baltic Sea.
From countries that have already carried out costly
measures to reduce nutrient discharges to the Baltic
Sea, only a smaller part of the remaining anthropogenic
nutrient fluxes can realistically and cost-effectively be
reduced. The costs for nutrient reductions are essen-
tial to quantify for optimizing the cost-effectiveness
of nutrient abatement strategies. Cost-effectiveness is
not only a means for saving money, but also a means
for increasing the chances that the selected strat-
egy will be fully implemented. Less expensive mea-
sures are easier to undertake than expensive measures
(Bryhn 2009). One point made in this section is that
there are major differences in cost-effectiveness among
the different options. Comparing cost-effectiveness
between options is really important and the CoastMab
model can be a useful complementary tool in such
contexts to address the “benefit” side of the cost—
benefit analysis.

Target variables which should be used for
measuring benefits should not be the reductions
in nutrient input from countries or tributaries related
to a given remedial action, neither the reductions in



56

L. Hdkanson and A.C. Bryhn

nutrient concentrations in the Kattegat system, but
rather the change in the target bioindicators in the
system: How would a certain remedial strategy for
reducing X tons of phosphorus for Y euro in river Z
change the water clarity, the Secchi depth; reduce
the risks of blooming of cyanobacteria (e.g., in the
Baltic Proper); and reduce the maximum concen-
tration of chlorophyll-a in the Baltic Proper and/or
the Kattegat? To address such issues, one needs a
validated, process-based mass-balance model. No
such model is at present available for nitrogen, but the
CoastMab model presented in this work may be used
to address the target issues related to how the Kattegat
would respond to changes in phosphorus input and
also, with the given reservations, for nitrogen in the
Kattegat and for the key bioindicators, and this will be
demonstrated in this section.

2.4.1 Reductions in Tributary Phosphorus
Loading to the Baltic Sea

This scenario is based on the following two key argu-
ments:

e The focus is set on the dominating fluxes to the
surface-water layer in the Kattegat. That is, on
the nutrient fluxes from the Baltic Proper (see the
annual budgets presented in Fig. 2.22 for phos-
phorus and in Fig. 2.24 for nitrogen). By far the
most dominating nutrient loading to the biopro-
ductive surface-water layer in the Kattegat comes
from the Baltic Proper, which should be evi-
dent just by looking at the catchment area for
the entire Baltic Sea, including the Baltic States,
parts of Russia, Belarus, and Germany, Poland,
Finland, and Sweden in relation to the relatively
small catchment area draining directly into the
Kattegat (from south-western Sweden and parts of
Denmark).

The focus will also be set on phosphorus and not
on nitrogen because

e It is not possible to provide scientifically rele-
vant predictions how the Baltic Sea system would
respond to reductions in nitrogen loading since
there are many major uncertainties related to the
quantification of nitrogen fixation, wet and dry
deposition of nitrogen, the algorithm regulating
the particulate fraction for nitrogen and hence
also sedimentation of particulate nitrogen and

denitrification. For the Kattegat, on the other hand,
atmospheric nitrogen fixation is neglected in this
modeling because there are no significant amounts
of N-fixing cyanobacteria in this system; the atmo-
spheric deposition used in this modeling for the
Kattegat comes from the OSPAR model (see Eilola
and Sahlberg 2006, Hakansson 2007) and should
be reliable in terms of order-of-magnitude values.
Quantifying the denitrification is uncertain also in
the Kattegat and it has been treated as a residual
term in the mass balance for nitrogen so that the
modeled concentrations in the surface-water layer,
the deep-water layer, in the ET sediments, and the
A-sediments should correspond to empirical data.
No such calibrations have been done in the mass-
balance calculations for phosphorus (i.e., the basic,
validated CoastMab model is used directly with-
out any tuning) or for the mass-balance calculations
for SPM.
In the Baltic Sea, and especially in the Baltic Proper,
nitrogen reductions are likely to favor the bloom-
ing of harmful algae (cyanobacteria), and such
events should be avoided. This means that reduc-
tions in tributary nitrogen loading to the Baltic
Sea may, in fact, even increase the nitrogen con-
centration in the water (see Hakanson and Bryhn
2008a).
So, there are no general, process-based mass-
balance models for nitrogen, neither for the Baltic
Sea basins, the Kattegat, or for any other coastal
areas in the world, which have been tested (val-
idated) for independent coastal systems and been
demonstrated to yield good predictive power.
In spite of the fact that costly measures have been
implemented to reduce nitrogen transport from agri-
culture, urban areas (e.g., from water purification
plants), and industries, the nitrogen concentrations
in the surface water in the Kattegat have remained
largely constant for the last 15-20 years.

So, the focus is set on the mass-balance model-
ing of phosphorus in scenario 1.

Figure 2.28 gives the results from three simula-
tions:
When half of the total phosphorus reductions have
been carried out (i.e., a reduction of 7,500 t TP
year™!) for the tributaries to the Baltic Proper (as
if 7,500 t TP year™! was suddenly reduced from
Polish rivers entering the Baltic Proper). Evidently,
it is not realistic to implement such large and sudden
reductions. These simulations illustrate the dynamic
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Fig. 2.28 Scenario 1 — changes in nutrient concentration in the
Baltic Proper (BP). Curve 1 gives the default conditions, when
the mean TP concentration in the Baltic Proper is 20 g L7!;
curve 2 when the value is 15 pg L™ (in SWBP) correspond-
ing to a reduction in TP loading of 7,500 t year! to the Baltic
Proper; curve 3 when the value is 13.6 ug L™ corresponding to
a reduction in TP loading of 9,775 t year™! (the optimal scenario

response of the Kattegat system to such a sudden P
reduction into the Baltic Proper delivering its water
to the Kattegat.

e When 9,775 t TP year‘1 from the tributaries
entering the Baltic Sea have been (suddenly)
reduced. Many tests have been presented by
Hakanson and Bryhn (2008a) to try to find an opti-
mal strategy for Baltic Sea management. Such a
strategy should also concur with some evident prac-
tical constraints. For example, it may be very diffi-
cult and costly and maybe damaging for agriculture,
urban development, and industry to reduce more
than 60-70% of the anthropogenic point source
and diffuse discharges of TP in Russia, Poland,
and the Baltic states. There was also a focus on
the conditions in the “hotspots,” i.e., the Gulf of
Finland, the Gulf of Riga, and the Baltic Proper,
and not on smaller coastal areas and not on the
oligotrophic basins (i.e., the Bothnian Bay and the
Bothnian Sea). The total phosphorus reduction of
9,775 t year ' advocated in this management strat-
egy was allocated accordingly: inputs to the Baltic
Proper would be reduced by 6,625 t year™' (48% of

Chlorophyll (pg/l)

&4

according to Hakanson and Bryhn 2008); curve 4 when the value
is 12 pg L1, (a) Corresponding modeled TP concentrations in
the surface water (SW) of the Kattegat (KA). (b) Corresponding
TN concentrations in the surface water (SW) of Baltic Proper
(BP). (c) Probable changes in Secchi depth in the Kattegat. (d)
Corresponding likely changes in chlorophyll-a concentrations in
the Kattegat

anthropogenic emissions), in addition to reductions
of 2,725 t year™' from the rivers entering the Gulf
of Finland (corresponding to 60% of the anthro-
pogenic input) and 425 t year™' of TP to the Gulf
of Riga (or 46% of the anthropogenic input to this
basin). Effective and cost-effective measures avail-
able to meet such reductions will be discussed in
Section 2.4.5.

e This would give an average Secchi depth of 7 m in
the Gulf of Finland and this is what the Secchi depth
was in the Gulf of Finland before 1920. It would
also give a Secchi depth of almost 10 m (9.7 m) in
the Bothnian Sea, of about 8 m in the Bothnian Bay,
5.6 m in the Gulf of Riga, and almost 8 m (7.9 m)
in the Baltic Proper.

* When 15,000 has been reduced according to the
Baltic Sea Action Plan. One can estimate that this
would create a mean annual TP concentration in
the surface water of the Baltic Proper of about
12 pg L', as compared to the default value
today of about 20 pg L~!. Case 1 (a reduction of
7,500 t TP year™') would give an annual mean TP
concentration of 15.2 pg L' case 2 (when 9,775 t
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TP year~! is being reduced as described) would give
a mean annual value of 13.6 g L™! in the surface-
water layer of the Baltic Proper (see Hakanson and
Bryhn 2008a).

From Fig. 2.28, one can note that one should expect
major reductions in the TP concentration (Fig. 2.28a)
in the SW layer in the Kattegat if these remedial actions
were carried out; see also Table 2.15, which gives the
corresponding mean annual values for the Secchi depth
and the chlorophyll, TP, and TN concentrations in the
surface-water layer in the Kattegat. In these simula-
tions, it is assumed that reductions in TP loading would
also imply reductions in SPM loading. This may not be
the case if the TP reductions would mainly relate to the
building of water treatment plant, which could target
specifically on phosphorus removal.

So, if that would be the case, the improvements in
SPM concentrations and the related improvements in
water clarity (Fig. 2.28b, c) would be smaller. This
would also affect the predicted changes in chlorophyll-
a concentrations, but to a lesser extent. So, the results
would depend on the way in which the remedial actions
are carried out and the results shown in Fig. 2.28 are
meant to represent what one would “normally” expect.
One can also note from Table 2.15 that the TN concen-
trations should increase slightly (from 281 to 290 pg
L") as a consequence of the reductions in SPM con-
centrations and the related increases in Secchi depths
(from 6.5 to 8.4 m); the lower SPM concentrations
would decrease the settling velocities for particulate
nutrient forms (nitrogen and phosphorus). One can
conclude from this scenario (and the following sce-
narios) that no other realistic actions will improve the
eutrophication in the Kattegat more than reductions
in phosphorus loading to the Baltic Sea. This is, in
fact, evident from looking at the phosphorus fluxes
(Fig. 2.22) into the surface-water layer in the Kattegat,
since this action addresses the largest TP flux into the
surface-water layer in the Kattegat.

2.4.2 Reductions in Tributary Phosphorus
Loading to the Kattegat from
Sweden

From Fig. 2.22, one can also see that the total Swedish
contribution from diffuse sources corresponds to 500
t year! or 0.65% of the total TP inflow to the

Kattegat; the TP contribution from Swedish point
source emissions amounts to 180 t year™!, or 0.23%
of the total annual TP inflow to the Kattegat (76,900 t
year !). So, what could one expect if half the Swedish
BSAP quota of 145 t year™! or if all of the Swedish
quota (290 t year‘l) would be directed (rather unreal-
istically) to the catchment areas of the Swedish rivers
entering the Kattegat. It is evident from Fig. 2.29 that
this is not an effective strategy to improve the eutroph-
ication in the Kattegat. It should be stressed that more
or less the same results as shown in Fig. 2.29 would
be obtained if 145 or 290 t phosphorus year™' would
be reduced from any inflow to the Kattegat system,
whether this is from Sweden, Denmark, the Skagerrak,
or the Baltic Proper.

2.4.3 Reductions in Tributary Nitrogen
Loading to the Kattegat from
Sweden

Figure 2.24 gives the annual budget for nitrogen
and Fig. 2.30 three simulations in analogy with the
results for phosphorus in Fig. 2.29. As an important
background, one can note that the total contribution
from Swedish diffuse sources corresponds to 29,100
t TN year™' or 3.4% of the total nitrogen inflow to
the Kattegat; the TN contribution from point sources
amounts to 3,500 t year’l , or 0.41% of the total annual
TN inflow to the Kattegat (850,000 t year ). If half
of the Swedish BSAP quota of 10,390 t year~! or the
entire Swedish quota (20,780 t year™!) were (hypothet-
ically) reduced from the tributaries or other inflows
to the Kattegat, the environmental gain would be very
small, as shown in Fig. 2.30a.

The improvements for the Secchi depth and for the
phytoplankton biomass (the chlorophyll-a concentra-
tion) would also be very small indeed. This is also
evident by looking at the nitrogen fluxes to the Kattegat
in Fig. 2.24.

2.4.4 An “Optimal” Management
to Reduce the Eutrophication
in the Kattegat

How would a more “optimal” remedial scenario for
the Kattegat look? Many alternatives have been tested
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Table 2.15 Mean annual
values for Secchi depth,

Reductions (t phosphorus to the Baltic Sea)

chlorophyll-a, TP and TN Default 7,500 9,775 15,000
concentrations in the Secchi depth (m) 6.5 7.5 7.9 8.4
surface-water layer in the Chlorophyll (ng 2.7 23 22 2.0
Kattegat related to scenario 1 L
TP (ng L) 21 17 15 14
TN (gL 281 286 288 290
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Fig. 2.29 Scenario 2 — curve 1 gives the default conditions;
curve 2 the modeled response when 145 t year~! (half the
Swedish BSAP quota) of the tributary TP inflow to the Kattegat
have been removed; and curve 3 the modeled response when
290 t year™! of the tributary TP inflow to the Kattegat has been

and it seems clear from the results already given that
the first focus should be on phosphorus reductions
in the rivers entering the Baltic Proper. The second
focus could be on remedial actions for phosphorus that
would also reduce the nitrogen transport to the Baltic
Proper, although it is difficult to predict how such
nitrogen reductions would actually change the nitrogen
concentrations in the Baltic Proper. It is also, evi-
dently, very important to seek remedial measures that
would reduce phosphorus and nitrogen emissions in a
cost-effective manner; the costs per removed kilogram
nutrient may vary with a factor of 10-100 depending
on the selected approach; and if the same approach
is carried out in different Baltic Sea countries and

removed. (a) TP concentrations in the surface water (SW) of the
Kattegat (KA). (b) The corresponding SPM concentrations in
the surface water (SW) of the Kattegat. (c) Probable changes in
Secchi depth in the Kattegat. (d) Corresponding likely changes
in chlorophyll-a concentrations in the Kattegat

whether the reduction concerns the “first kg” or the
“last kg” in a long-term remedial strategy removing
10,000-100,000 t year’l. It should also be stressed that
nutrient reductions in the Baltic Proper would be ben-
eficial for the entire Baltic Sea systems, where there
are several “hotspots” (e.g., the Gulf of Finland, the
Gulf of Riga, the area outside Kaliningrad, the Oder
and Vistula estuaries) with significantly worse condi-
tions than in the Kattegat system (see Figs. 2.3 and
2.4). Reductions in the “upstream” Baltic Sea sys-
tem would also clearly benefit the Kattegat system.
Figure 2.31 gives results from simulations when 9,775
t TP year! has been reduced (as described and moti-
vated by Hakanson and Bryhn 2008a) and when also
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Fig. 2.30 Scenario 3 — curve 1 gives the default conditions;
curve 2 the modeled response when 10,390 t year™! (half the
Swedish BSAP quota) of the tributary TN inflow to the Kattegat
have been removed; and curve 3 the modeled response when
20,780 t year™! of the tributary TN inflow to the Kattegat have

the average nitrogen concentration in the Baltic Proper
has been hypothetically lowered by 10% (from 281
g L~! on an annual basis to 253 g L™"). This would
significantly lower the TP concentrations in the SW
layer in the Kattegat (Fig. 2.31a) and also reduce the
TN concentrations in the SW layer in the Kattegat
(Fig. 2.31b) and if those measures would be carried
out in a manner that would also reduce SPM emissions
to the Baltic Proper (in a “normal” way), then there
would also be clear reductions in the SPM concentra-
tions in the SW layer in the Kattegat and correspond-
ing increases in water clarity and lower chlorophyll-a
concentrations, as shown in Fig. 2.31.

It should be noted again that the modeled changes
in TP concentrations are more reliable than the other
changes shown in Fig. 2.31 and that the reductions
in the TN concentrations in the Baltic Proper in this
scenario are hypothetical. If the reductions in TN con-
centrations in the Baltic Sea would be even lower than
10% (which is suggested in the Baltic Sea Action Plan)
this would create even smaller changes than the already
small changes related to this scenario. “Optimal” in
this scenario means that this is probably the best results
one could realistically hope for.

been removed. (a) TN concentrations in the surface water (SW)
of the Kattegat (KA). (b) The corresponding TP concentra-
tions in the surface water (SW) of the Kattegat. (¢) Probable
changes in Secchi depth in the Kattegat. (d) Corresponding
likely changes in chlorophyll-a concentrations in the Kattegat

2.4.5 Effective and Cost-Effective Nutrient
Reductions

The “optimal” strategy advocated in Fig. 2.31 should
appear more attractive when presented in combina-
tion with substantiated measures which could meet
this strategy in an effective (decreasing the loading
with a sufficient number of tons) and cost-effective
(at the lowest possible cost) manner. An initial bench-
mark may be the Baltic Sea Action Plan, described in
Section 2.3.3.1 and Table 2.10, whose full implementa-
tion would require a wide array of measures, including
construction of wetlands, improved sewage treatment,
and decreased agricultural production (Swedish 2008).
The plan also includes measures for the Kattegat and
the yearly cost of the plan has been estimated at
3.1 billion euro t year‘1 (in 2008 prices; HELCOM
and NEFCO 2007). According to calculations by the
Swedish Department of Agriculture, N reductions,
which Sweden has agreed to undertake in the Baltic
Sea Action Plan, cannot be fulfilled unless a large
part of the agricultural sector in the country would
be permanently shut down, an option which would
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Fig. 2.31 Scenario 4 — the “optimal” management scenario.
Curve 1 gives the default conditions, when the mean TP con-
centration in the surface-water layer in the Baltic Proper is 20
pg L71; curve 2 when the value is 13.6 g L~ corresponding
to a reduction in TP loading of 9,775 t year™!; curve 3 when
also the TN concentration in the surface-water layer in the Baltic
Proper has been reduced by 10% (from 281 to 253 pwg L),

eliminate tens of thousands of jobs. Sweden, which is
presently a net exporter of grain, could have to become
a yearly net importer of millions of tons of grain
(Swedish 2008), which would be associated with addi-
tional environmental pressure and transportation costs.
Two particularly cost-effective measures for decreas-
ing P inputs to the Baltic Sea are improved urban
sewage treatment in former East Bloc countries and a
ban on phosphates in detergents (Gren and Elofsson
2008, Bryhn 2009). Regarding the latter measure,
however, attention must also be paid to the regional
differences. On the one hand, in former East Bloc
countries where urban sewage treatment is poor, a ban
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(a) TP concentrations in the surface water (SW) of the Kattegat
(KA). (b) The corresponding TN concentrations in the surface
water (SW) of the Kattegat. (¢) Probable changes in Secchi depth
in the Kattegat. (d) Connected changes in SPM in the surface-
water layer in the Kattegat. (e) Corresponding likely changes in
chlorophyll-a concentrations in the Kattegat

on phosphates would be very cost-effective, at least in
the short run (Bryhn 2009). In Sweden, on the other
hand, where sewage treatment has been implemented
with relatively ambitious standards, marginal costs for
P abatement are higher than those of many projects
regarding urban sewage treatment in Poland, Russia,
and the Baltic states, and a phosphates ban would prob-
ably have much lower cost-effectiveness in more coun-
tries if they would first upgrade their sewage treatment
to Swedish standards (Bryhn 2009). It should also be
noted that alternatives to phosphates in detergents may
have their own adverse environmental effects. One
of the most viable alternatives, Zeolite A, produces
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greater volumes of sludge which cannot be recycled
in the same manner as phosphorus in sewage sludge
can be used as a fertilizer in agriculture. Thus, with
effective sewage treatment in place, phosphates may
actually be the most environmentally friendly option
in a life-cycle perspective (Kohler 2006), which would
imply that many available marginal cost estimates
for a phosphate ban may be greatly underestimated.
Wetland construction and agricultural measures often
have higher marginal P abatement costs than improve-
ments in urban sewage treatment, and in some cases the
cost difference may be a factor of 100 (Bryhn 2009).
So, how much P can be removed by means of upgraded
urban sewage treatment and how much would this
cost? Helcom (2007a) estimated that advanced (ter-
tiary) treatment was performed on sewage from 34%
of the Estonian and Polish population, from 18% of
Latvians and Lithuanians, and from 0% of Czechs,
Russians, and Belarusians. Corresponding figures for
Sweden, Finland, Germany, and Denmark were 86,
80, 85, and 81%, respectively. By upgrading urban
sewage treatment in the former East Bloc countries,
Helcom estimated that 12,400 t year~! of phospho-
rus may be removed, which actually exceeds the TP
abatement goal according to the “optimal” strategy
motivated in Section 2.4.4. Thus, it appears to be pos-
sible to decrease the TP loading to the Baltic Sea with
10,000 t year™! by means of upgrading urban sewage
treatment. The cost is highly dependent on the avail-
able sewage pipe system in urban areas. According
to Bryhn (2009), improved urban sewage treatment
including the pipe system in former East Bloc coun-
tries had a typical marginal cost of 42 euro kg~! P
(2008 prices) while the typical marginal cost was only
20 euro kg~! P when pipes were in an acceptable shape.
This would mean that the TP abatement goal in Section
2.4.4 would cost 200420 million euro year™!, an esti-
mate which corresponds to 6.5-14% of the cost of the
eutrophication part of the Baltic Sea Action Plan. As
previously stressed in this chapter, it is not yet possible
to predict the extent to which TN loading reductions
would be needed to decrease TN concentrations in the
Baltic Proper and so the cost of unknown reductions
in TN loading is therefore likewise difficult to esti-
mate. However, since curves 2 (TP reductions) and 3
(TN+TP reductions) in Fig. 2.31c (Secchi depth) and
Fig. 2.31e (chlorophyll) are quite close to each other,
the cost-effectiveness of separate N treatment in addi-
tion to P treatment should be quite low in any case.

Nevertheless, it is worth mentioning that decreased TP
inputs to the Baltic Proper may also decrease nitrogen
fixation in surface waters (Savchuk and Wulff 1999),
and upgrading P treatment in sewage treatment plants
may in addition retain some of the N in the sewage
effluent.

2.4.6 Comments and Conclusions

In this section, the wisdom of the HELCOM strat-
egy to reduce the eutrophication in the Baltic Sea
(including the Kattegat) has been challenged. Nitrogen
reductions may fail to give lower N concentration
in the water because of compensatory increases in
the nitrogen fixation by cyanobacteria, especially in
the Baltic Proper. The results presented in this sec-
tion indicate that a reduction of 15,000 t year‘l of
phosphorus would likely create what may well be an
undesired oligotrophication of the Baltic Sea system
in the sense that the trophic status, as revealed by
the operational bioindicators (Secchi depth and chloro-
phyll), would approach a lower level than Baltic Sea
managers should realistically ask for. An alternative
remedial strategy to reduce the eutrophication in the
Kattegat based on the following cornerstones has been
presented and motivated:

e Many remedial measures in agriculture, urban
areas, or industry would remove both nutrients
and when substance-specific methods are avail-
able, they should target on phosphorus removal;
less substance-specific methods may reduce both
phosphorus and nitrogen and if such remedial mea-
sures could be carried out in a cost-effective man-
ner, it would be advantageous. The effects of nitro-
gen reductions cannot be predicted with any cer-
tainty in the Baltic Proper, but with some certainty
in the Kattegat.

+ A remedial strategy where 3,180 t year ' of the
phosphorus to the Gulf of Finland, 550 t year! to
the Gulf of Riga, and 5,000 t year! to the Baltic
Proper (and no reductions at all to the Bothnian Sea
and the Bothnian Bay) has been motivated as the
most effective approach to reduce also the eutroph-
ication in the Kattegat system. Evidently, it would
take a long time to implement such reductions in
the Baltic Sea system (including the Kattegat). The
Baltic Sea system could face several changes in
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that time (e.g., related to climatic variations such
as increased water temperatures and reductions in
ice cover). This means that these recommendations
should be taken with due reservations and that they
should be adjusted to such possible future changes.
The CoastMab model applied in this work could be
a useful tool in such contexts.

2.5 Summary and Recommendations

To develop scientifically warranted programs of con-
servation, management, and remediation is a great
challenge. In this situation, quantitative models are
essential to predict, to guide assessment, and to direct
intervention. The CoastMab model used in this work
may be regarded as a tool for water management. It
is also an approach to handle “trade-offs” and test
working hypotheses concerning aquatic transport pro-
cesses and interactions. The fact that the CoastMab
model, in spite of its breadth and complexity, may be
driven by relatively few readily accessible variables
and that it is based on a general algorithm which may
be repeated for different substances gives a certain
robustness and attractiveness to the model and provides
a framework for its practical usefulness and predictive
power, which are essential components in models for
aquatic management.

Section 2.2 gave basic information on the condi-
tions in the case study area, the Kattegat, e.g., on
the morphometry including the criteria to define the
limit for the surface-water layer from the theoretical
wave base. Section 2.3 presented the water fluxes to,
within, and from the Kattegat system. These water
fluxes are important for the quantification of all fluxes
of salt, phosphorus, nitrogen, and SPM regulating
all monthly concentrations. Section 2.3 also gave
approaches to predict chlorophyll-a concentrations and
Secchi depths from dynamically modeled values of
phosphorus, nitrogen, SPM, and salinity and monthly
light conditions.

These approaches are of fundamental importance
in the Coast Web modeling because the food web
model is driven by chlorophyll-a concentrations and
the Secchi depth is a measure of the depth of the photic
layer. The water fluxes determined from the CoastMab
model for salinity are used throughout this modeling.
It has been demonstrated that the CoastMab model for

phosphorus, which prior to this work has been vali-
dated for many independent aquatic systems and been
demonstrated to predict very well, also predicts TP
concentrations in the Kattegat very well. It has been
shown how the CoastMab model predicts TP and TN
concentrations in water and sediments and also the tar-
get bioindicators. In fact, the inherent uncertainties in
the available empirical data used to run and test the
model for salt, phosphorus, SPM, and the two target
bioindicators set the limit to the predictive power of
the model.

It should, however, be noted that it is not possi-
ble to provide scientifically relevant predictions how
the Baltic Sea system would respond to reductions in
nitrogen loading since there are major uncertainties
related to the quantification of nitrogen fixation, wet
and dry deposition of nitrogen, the algorithm regulat-
ing the particulate fraction for nitrogen, and hence also
sedimentation of particulate nitrogen and denitrifica-
tion. For the Kattegat, on the other hand, atmospheric
nitrogen fixation has been neglected in this modeling
because there are no significant amounts of N-fixing
cyanobacteria in this system; the atmospheric depo-
sition used in this modeling for the Kattegat comes
from the OSPAR model (SMHI) and should be reli-
able in terms of order-of-magnitude values; however,
the denitrification is uncertain also in the Kattegat and
it has been treated as a residual term in the mass bal-
ance for nitrogen so that the modeled concentrations
in the surface-water layer, the deep-water layer, the ET
sediments, and the A-sediments should correspond to
empirical data. No such calibrations have been done
in the mass-balance calculations for phosphorus (i.e.,
the basic, validated CoastMab model is used directly
without any tuning) or for the mass-balance calcu-
lations for SPM. It is sub-optimal to give reduction
quotas to different countries (such a strategy is based
on political considerations rather than science). A more
scientific strategy should be based on the identified
“hotspots,” and so the strategy should rather be to tar-
get on basins (generally estuaries) with a high degree
of eutrophication and reduce nutrient input to such sys-
tems. From the maps given in Section 2.1, one can
identify the Gulf of Riga, the Gulf of Finland, the Oder
and Vistula estuaries, and the coastal area outside of
Kaliningrad as hotspots. Because of major changes in
population structure, agriculture, species composition,
fishing/trawling, etc., it is not possible to carry out
measures that would bring the Baltic Sea ecosystem
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including key structural and functional characteristics,
functional groups, and species back to the conditions
as they were, say 100 years ago, but it would be pos-
sible to reduce nutrient inputs so that the Secchi depth
in the Gulf of Finland could return to about 7 m as it
was between 1900 and 1920. To reach such a specific
goal, there must also be major reductions not just in the
rivers entering the Gulf of Finland, but also in the rivers
entering the Baltic Proper, since the water and nutrient
exchange between the Baltic Proper and the Gulf of
Finland is intense (which can be seen from the salinity
maps for the entire Baltic Sea including the Kattegat).
In this work, a realistic remedial scenario has been
presented that would considerably improve the con-
ditions not just in the Kattegat but also in the Gulf
of Riga and the Gulf of Finland as well as the Baltic
Proper and the entire Baltic Sea. The default condi-
tions using the CoastMab model have been described
in detail for water fluxes, salinity, phosphorus, SPM,
chlorophyll, Secchi depth and it has been demonstrated
that the general approaches used here (without any
tuning or calibrations for the Kattegat system) also
generally showed good correspondence between mod-
eled values and empirical data. The nitrogen modeling
also showed good results, but the CoastMab model for
nitrogen includes calibrations related to denitrification
so the results related to the mass balance for nitrogen
are not as reliable as the other predictions. Many tests
have been carried out to find a strategy to reach the goal
that the eutrophication in the Kattegat system could be
reduced. By far the most dominating nutrient loading
to the bioproductive surface-water layer in the Kattegat
comes from the Baltic Proper, which should be evident
just by looking at the catchment area for the entire
Baltic Sea, including the Baltic States, parts of Russia,
Belarus, Germany, Poland, Finland, and Sweden in
relation to the relatively small catchment area draining
directly into the Kattegat (from south-western Sweden
and parts of Denmark). The final results are given
on a monthly basis in Fig. 2.31. Evidently, it is not
realistic to implement such major reductions in nutri-
ent P loading suddenly, and these curves are meant
to illustrate the relatively fast dynamic response of
the Kattegat system in this hypothetical remediation
scenario.

One can note from these tests, and also from
Hakanson and Bryhn (2008a), that a reduction of
15,000 t year ! of phosphorus to the Baltic Sea, as
suggested by HELCOM (see Table 2.10) and agreed

upon by the Baltic Sea states in November 2007,
would likely increase the Secchi depth in the Gulf of
Finland beyond the mean or median values around the
year 1900. One hundred years ago, the nutrient loss
from human activity was already substantial in the
Baltic Sea catchment (Savchuk et al. 2008). Natural
fertilizers were used in agriculture, and horses were
intensively used for transportation in urban and rural
areas. Sewage systems were constructed to prevent
outbreaks of cholera and other diseases in the cities
but sewage treatment was absent or very ineffective
in many areas until after the Second World War. This
indicates that a reduction by 15,000 t year™! is likely
“overkill.” A lowering of the primary production in the
Baltic Sea and the Kattegat will imply also a reduction
in the secondary production, including zooplankton
and fish; it would increase the acidification (since this
is related to the primary production); it would also
increase the concentration of organic toxins in fish —
“in the clearest waters swim the most toxic fish.” This
is a well-established fact called biological dilution (see
Hékanson 1999, 2000). It relates to the definition of the
average concentration of toxins in fish, C = M/BM,
where M is the total mass of a given toxin in fish (in
g; e.g., total PCB, total dioxins, methyl mercury) and
BM is the total biomass of the fish (e.g., prey or preda-
tory fish, or a given species of fish, such as cod; in
kg). If BM decreases as it does in this oligotrophication
scenario, C should increase if there are no simultane-
ous reductions in the loading of toxins to the system.
There is evidently no point to lower the trophic status
of the Baltic Sea or the Kattegat system to levels where
the environmental drawbacks become larger than the
benefits, and every action could potentially include
benefits as well as drawbacks.

The strategy that one should ask for should also con-
cur with some evident practical constraints. For exam-
ple, it is not really realistic to reduce all anthropogenic
TP or TN discharges. And for countries where major
investments in nutrient reductions have already been
made, it will become increasingly expensive to reduce
the remaining tons. So, by a search for an optimal
strategy, one could, for example, limit TP reductions
to 60-70% of the anthropogenic emissions in coastal
systems where few costly remedial actions have been
implemented, and to much less in countries such as
Sweden, Finland, and Germany. So, the wisdom of
the HELCOM strategy to reduce eutrophication in the
Baltic Sea may be challenged.
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It should also be stressed that given the conditions in
the Baltic Proper, nitrogen reductions may fail to give
lower N/P ratios in the water because of compensatory
increases in the nitrogen fixation by cyanobacteria
(see Hakanson and Bryhn 2008a, 2008c). If nitrogen
reductions lower the N/P ratios in the surface water,
this could increase the competitiveness of cyanobac-
teria in relation to other algae even more, which is a
clearly negative consequence of an expensive remedial
strategy implemented to improve rather than worsen
the conditions in the Baltic Sea. Conversely, P reduc-
tions may increase N/P ratios, thereby decreasing both
the competitiveness of cyanobacteria and the fixation
of atmospheric nitrogen (Savchuk and Wulff 1999,
Tyrrell 1999).

In the “optimal” scenario, about 10,000 t year‘1 of
phosphorus is being reduced and also nitrogen reduc-
tions that would lower the TN concentration in the
Baltic Proper by 10%. The costs for this would likely
be about 200-420 million euro t year™! if this is done
in a cost-effective manner, which means a focus on
improved phosphorus removal in urban sewage which
is discharged into the most polluted estuaries and
coastal areas. The costs to reduce 15,016 t year‘]
of TP and 133,170 t year™! of nitrogen according to
the HELCOM strategy would be 3,100 million euro
year‘l. That is, 2,680-2,900 million euro year‘1 higher
than the “optimal” strategy discussed in this work.
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