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ABSTRACT 
 
 Haapsalu Bay is a very shallow area consisting of semiclosed regions partly 
separated by peninsulas in the coastal zone  of West Estonia. The main inflow of fresh 
water, 33.875.436 m3/year, from some small rivers (Ungru, Taebla, Vönnu, Asukula) 
falls into the eastern part of Haapsalu Bay, with the Nitrogen load 72.331 Kg/year and 
Phosphorus load 2.327,88 Kg/year. The central part of the Bay receives municipal and 
industrial sewage waters from the town of Haapsalu with a discharge of nutrients 
28.591,6 Kg N/year and 4.34,17 Kg P/year . In addition, atmospheric deposition 
constitutes an important part of the nutrients load with 40.936 Kg N/year and 183 Kg 
P/year. 
 

As a consequence, intensive production of organic matter and accumulation of 
nutrients lead to a constant eutrophication process. In order to understand biochemical 
processes occurring in the marine ecosystem where the turnover of both phosphorus 
and nitrogen is included a conceptual model has been built up.  Haapsalu Model, 
implemented in Stella Software,  illustrates the phosphorus and nitrogen cycles and 
the concentration of nutrients in their different stages in Haapsalu Bay. Moreover, 
how various reduction strategies will affect the environment in the bay and in the 
Baltic proper may be simulated. The model tests nowadays the bay acts a giant waste 
stabilization pond resulting in the fact that the amount of nutrients carried by flowing 
water out to Baltic Sea should be small. 
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1.- INTRODUCTION 
 

The coastal region of West Estonia is a peculiar part of the Baltic Sea with 
very variable hydrological conditions and a high biological productivity. This coastal 
area is also a significant recreation region, the town of Haapsalu being a well known 
health resort with curative mud baths. 
  
 Earlier studies show the increasing nutrient loading lead to a constant 
eutrophication process which urges efforts to improve the current situation in the 
environment of Haapsalu Bay. 
  
 The aim of this work was to build up a conceptual model where the turnover 
of both nitrogen and phosphorus is included and to observe the concentration of 
nutrients in Haapsalu Bay as affected by human activity. Furthermore, Haapsalu 
Model is intended to illustrate how various reduction strategies of phosphorus and 
nitrogen will affect the environment in the Haapalu Bay and in the Baltic proper. The 
model takes part in Haapsalu Project and is based on a pilot study by Gröndahl and 
Brandt already carried out ( Brandt & Gröndahl 1998) . 
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2.- EUTROPHICATION IN THE MARINE ENVIRONMENT                              
     (Larsson, Elmgren and Wulff, 1985) 
 
 Eutrophication is a common phenomenon in freshwater ecosystems. It is a 
natural process in which nutrient poor (oligotrophic) lakes are slowly transformed into 
nutrients rich (eutrophic) lakes, a process which normally may take thousands of 
years. Due to human activities, however, eutrophication has been accelerated (“man-
made eutrophication”), and is nowadays a world-wide problem, which includes 
marine areas, e.g. the Baltic Sea. 
 

The general consequences of  increased input of plant nutrients ( N and P ) to 
a water body are: 
 
• Increased nutrient concentration in the receiving water 
• Increased primary production ( increased phytoplankton biomass, increased 

growth of filamentous algae) 
• Subsequent physical, chemical, and biological changes (e.g., decreased light 

penetration, oxygen deficiency, and bottom organisms kill) 
 
 

2.1.- The physiological basis for eutrophication 
 
 The physiological basis for eutrophication is photosyntesis. This is a complex 
series of reactions, initiated by light energy absorbed by chlorophyll and other 
pigments in green plants, that results in the synthesis of organic compounds from 
carbon dioxide and water. Photosynthesis may be divided into two main processes. 
 
 In the first step, light energy is transformed into chemical energy, and in the 
second step, inorganic carbon is transformed into organic matter, first glucose and 
then further into cell components. 

 
 Algae and other green plants consist mainly of carbon, hydrogen, and oxygen 
(often more than 98% of the fresh weight). The sources of these elements are carbon 
dioxide and water. In addition to these basic buildings blocks in production of organic 
matter, several other elements or nutrients are also necessary in larger amounts such 
as some metals, calcium, magnesium, potassium and the nonmetals sulphur, nitrogen 
and phosphorus. These are often called macro-nutrients. Other elements are needed in 
only very small amounts, such as the trace metals copper, zinc, boron, manganese, 
and selenium, and these are therefore called micronutrients or trace elements. 
 
 A shortage of an essential nutrient will limit plant growth. In aquatic 
environments nitrogen and/or phosphorus are the elements which most often play the 
key roles as limiting nutrients. Nitrogen is an important element in cellular proteins, 
and phosphorus has a key position in cell energy transfer. Both elements are needed in 
varying proportions depending on the specific requirements among different plant 
species. In phytoplankton organic matter, there are on average 16 nitrogen atoms per 
phosphorus atom. This ratio of nitrogen to phosphorus, called Redfield value, roughly 
describes the algae consumption patter of these elements 
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2.2.- Biogeochemistry of Nitrogen and Phosphorus 

 
 Plants assimilate nutrients most often as simple inorganic ions. For instance, 
nitrogen is easily available in the forms of nitrite, nitrate, or ammonium (NO2

-, NO3
-, 

NH4
+). Phosphorus is taken up mainly as phosphate (PO4

3-). Both elements also occur 
in different organic forms, e.g. , nitrogen in amino acids, and can as such be utilized 
by algae. It should also be mentioned that several bacteria, including blue-green algae 
which also are called cyanobacteria, have the ability to use the atmospheric nitrogen, 
N2, through biological nitrogen fixation. 
 
 By being taken up from the atmosphere or minerals and accumulated in the 
life forms and later released to the atmosphere or minerals again, and so on, nitrogen 
and phosphorus are circulated through so called biogeochemical cycles. This concept 
is essential for the understanding of the balance of these elements in Nature. 
 
 Nitrogen and phosphorus are added to terrestrial and aquatic ecosystem in 
different ways. Nitrogen by atmospheric wet and dry (gaseous and particulate) 
deposition, and by biological nitrogen fixation. Phosphorus is added mostly by 
mineral weathering. 
 
 Nitrogen is recycled from water to the atmosphere by a process called 
denitrification. There exists no similar return process for phosphorus. This element 
“travels” through ecosystems in one way only; namely from soil to surface waters and 
ultimately to the sea. Man-made inputs of these nutrients have increased dramatically 
during this century due mainly to three processes: 
 
- use of artificial fertilizers 
- use of synthetic detergents 
- combustion of fossil fuels and fire wood 
 

 
Plankton algae and other organic matter which are not grazed or degraded in the 

water column sink to the sea bottom. There it is gradually decomposed, or 
mineralized, by bacteria, resulting in a release of phosphate and ammonium. Other 
bacteria can oxidize ammonia (NH3) to nitrite (NO2

-) and nitrate (NO3
-), a process 

called nitrification. The inorganic nutrients can return to the water, be assimilated, and 
again support primary production. 
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Fig.1.- A simplified nitrogen cycle illustrating the relationships of different forms of 

nitrogen with the growth of bacteria, phyto and zooplankton. 
 
 
 A considerable amount of phosphorus may become “fixed” in the sediments, 
often bound to iron, where it is effectively outside the biological cycle. However, 
depending on biochemical processes, great amounts of phosphorus may be released 
from the sediments. This may occur under anoxic conditions in deep water and on 
shallow, eutrophicated bottoms at high, summer temperatures. This release of 
phosphorus is often called “internal loading” and is a result of long-term nutrient 
input. Internal loading supports eutrophication, and can cause high  primary 
production even after a substantial reduction in external loading. 
 
 Normally, the surface material in sea sediments is oxygenated. Reduced 
condition prevail a few centimetres or less below the surface. The boundary between 
these oxic and anoxic environments is called the redoxcline. Here large quantities of 
bacteria convert nitrate (NO3

-) to nitrogen gas (N2), a process called denitrification, 
which may also occur in anoxic bottom water. The nitrogen gas is released into the 
water column and further to the atmosphere. Denitrification may be able to eliminate 
most of the bound nitrogen that enters the Baltic Sea. This is the main reason why the 
nitrogen to phosphorus ratio is low in many shallow coastal waters (Wulff, 1990). 
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 Thus, both nitrogen and phosphorus are involved in biochemical cycling 
processes in the free water mass, and between sediment and water. The nitrogen 
cycling processes are outlined in Fig. 1. 
 
 Phosphorus lacks a gas phase and has only one assimilable inorganic form, 
namely phosphate. Cycling of phosphorus in the water column is therefore less 
complicated than that of nitrogen, as is illustrated in Fig. 2. Phosphorus interactions 
between sediment and water, however, may be very complicated due to microbial and 
physical-chemical processes. 
 

 
Fig. 2.- A simplified phosphorus cycle illustrating the relationships between 

phosphate and the growth of bacteria, phyto- and zooplankton 
 
 

2.3.- Limiting nutrients 
 
 Shortage of a nutrient may limit primary production. Three types of limitations 
can be identified: 
 
• the growth rate of an individual algal population 
• net primary production or net biomass accumulation 
• net production of the ecosystem 
 

Limitation of net primary production or net biomass accumulation is the 
concept most often applied to nutrient limitation in aquatic ecosystems 
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2.4.- Nutrient sources 
 
 Nutrients are discharged from the following main sources: 
 
1.- Land point sources (discharge pipes from sewage treatment plants and factories) 
2.- Land non-point, or diffuse, sources (runoff from urban areas, agricultural lands 
and forests) 
3.- Atmospheric deposition 
4.- Release from sediments 
 

Nutrients entering the sea may have very different origins. When large-scale 
eutrophication of inland waters started after the Second World War, most attention 
was paid to sewage from urban areas. The discharge of nutrients is highly variable 
depending on the sanitary standard, the condition of the sewage systems, and the 
degree of sewage treatment. Independent of control measures, there will always be 
discharges of nutrients from urban areas from sewage systems, factories and urban 
storm water and diffuse urban pollution (leakage, overflows). 
 
 A certain amount of nutrient per day flows from land to water with human 
food intake as an intermediate step. As an example, the phosphorus intake per person 
and day in industrialized countries may be 1-1.5 g, most of which is excreted. In 
urban areas phosphorus is also used in fertilizers (parks and gardens) and chemicals 
(most importantly household detergents for washing). 
 
 During the last three to four decades, agriculture has been modernized which 
has included an increased used of fertilizers, among other things. Fertilizers can 
always be expected to contribute to nutrient loading in natural waters as so-called 
diffuse or non-point sources. These sources also include nutrients from grazing 
animals (faeces and stale) and losses due to wind and water erosion. 
 
 The pattern of nutrient flux from agriculture areas to water is different for 
nitrogen and phosphorus. Nitrogen is often readily lost via the highly-mobile nitrate 
ion, while phosphorus as phosphate may be to a high degree fixed in soils, at least 
temporarily . 
 
 Forests have traditionally been looked upon as being nearly closed ecosystems 
where nutrients are recycled with only a small amount of  loss. Forest lakes are also 
normally oligotrophic (nutrient poor). However, in recent years certain forest areas 
appear to have become “saturated” with nitrogen due to high atmospheric nitrogen 
deposition. With this occurring, an increasing release of nitrogen may be expected, 
resulting in increased flux of nitrogen from soil to water. In  addition, modern forest 
management may increase losses of nutrients through fertilization, deforestation, 
construction of forest roads and ditching. 
 
 Atmospheric loading of nutrients,  especially of nitrogen, has increased 
remarkably since the 1950`s , and constitutes today an important part of the total 
nitrogen load. Man-made inputs of nitrogen to the atmosphere are caused by 
emissions of nitrogen oxides from: 
 
- Combustion of fossil fuels (e.g. oil, coal) in factories and power stations, and for 

transportation (cars, lorries, aircraft, ships) 
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- Combustion of biomass (to produce heat, electricity) 
- Evaporation of ammonia from manure on farms 
 

Resuspension from sediments is also important. Matter containing nutrients 
transported to or produced within the sea will always reach sea bottom by 
sedimentation. With time, there may be an accumulation of nutrients, especially of 
phosphorus bound to iron under oxic conditions. Under anoxic conditions, 
phosphorus may be released from sediments to the free water mass, where it can 
contribute to algal growth and continued eutrophication 
 
  
3.- THE CURRENT SITUATION IN HAAPSALU BAY 
 

Haapsalu Bay is a very shallow area consisting of semiclosed regions partly 
separated by peninsulas in the coastal zone  of West Estonia.  The bay is 20 Km long 
and between 2 and 5 Km wide. The surface of water is, roughly, 47 Km2. The total 
catchment area of Haapsalu Bay is 412 Km2.  
The inner part of the Bay has a maximum depth of about 1m. But also the outer parts 
of the Bay are shallow with a depth that never exceeds 5 m. The salinity varies 
between 1psu in the inner part and up to 7 psu in the moouth of the Bay (Brandt and 
Gröndahl, 1998). During winter (December to April) the Bay is covered by ice.  

 
The main inflow of fresh water, 33.875.436 m3/year, from some small rivers 

(Ungru, Taebla, Vönnu, Asukula) falls into the eastern part of Haapsalu Bay, with the 
Nitrogen load 72331 Kg/year and Phosphorus load 2327,88 Kg/year. The central part 
of the Bay receives municipal and industrial sewage waters from the town of 
Haapsalu with a discharge of nutrients 28591,6 Kg N/year and 4134,17 Kg P/year . In 
addition, atmospheric deposition constitutes an important part of the nutrients load, 
40936 Kg N/year and 183 Kg P/year (Brandt and Gröndahl, 1998) 

 
Both point and non-point pollution sources contribute to the overall 

eutrophication situation in the water ecosystem in Haapsalu Bay. Belts of reed cover 
large areas of the Bay. The Haapsalu Bay is protected from the Baltic proper by the 
islands of Vorms (Ormsö) and Hiiumaa (Dagö). 
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Nitrogen (Ntot) flowing into Haapsalu Bay
 June 1995 - May 1996

Wastewater 
20%

Atmosphere  29% Rivers  51%

 
Fig.3.- Nitrogen Rates entering the bay from different sources. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4.- Phosphorus Rates entering the bay from different sources 
 
 

 
 
 
 

Phosporus (Ptot) flowing into the Haapsalu Bay
                            June 1995-May 1996

Rivers
35%

Atmosphere 
3%

Wastewater  62%
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4.- CONCEPTUAL MODEL 
 
 A model can be defined as a simplified representation of reality relating 
processes at a certain level of complexity to processes at a lower level. In this sense 
models are very close to what is generally considered to be a scientific explanation 
and do not necessarily involve mathematics. Mathematical formulations of models is, 
however, often the simplest way to achieve quantitative predictions. 
 
 Mathematical models can be used at different stages of an ecological 
investigation. The current practice is to consider modeling as the final step of the 
study, as a way of summarizing all observational and experimental data collected and 
checking their coherence. Models can also constitute the final aim of the study, 
because models are often urgently required as a management tool, allowing 
optimization of human action for altering or restoring the working of ecosystems in a 
desired direction.  
 
 Haapsalu model is the final step of the study but also the final aim. The 
purpose is collecting monitored data as biochemical transformations are illustrated in 
order to understand the ecological effects in the environment of Haapsalu Bay. 
 
 The model of the Bay can be built up by two submodels, one for physical 
fluxes and one for biochemical processes. Both nitrogen and Phosphorus are included. 
 

 
4.1.- The framework of the model 

 
The model is based on some assumptions: 

 
• Haapsalu Bay is a very shallow are (depth mostly below 1 m) and hence there to 

our knowledge has been no reports of anoxic conditions. Hence we have not 
included oxygen in the model, neglecting the impact of oxygen concentration on 
important biogeochemical processes, for example, denitrification and phosphorus 
trapping. Differences in oxygen concentrations due to local and seasonal variation 
as well as changes in load from land and atmosphere have a large impact on the 
systems retention capacity of nutrients.  

 
• The water volume of the bay is kept constant, neglecting sea level changes. We 

also assume that the precipitation is equal to the evaporation. 
 
•  There is no thermocline in the waterbody in the Bay and it results in no 

stratification of the water mass. 
 
• The area covered by reedbeds is supposed to be 20% of the total. 
 
• The water exchange with Baltic proper has only one way: from Haapsalu Bay to 

Baltic Sea.  
• The wastewater plant treatment lead us to consider  the pollution load coming from 

its outlet as 50% organic matter (organic nitrogen and phosphorus) and 50% 
inorganic matter (inorganic nitrogen and phosphorus).  
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4.2.- Transport Submodel 

 
The transport submodel governs the water and nutrient input from land, the 

rivers and wastewater plant, the atmospheric load and the water exchange with the 
Baltic Proper. 
With the simplifications assumed and particular conditions the relationship between 
the outflow to the Baltic (Vout), the river runoff (Vrivers), the outlet from the waste 
water plant (Vwwp) is: 

 
Vout = Vrivers+  Vwwp 

 

 
Changes in concentrations (C) due to water exchange with the Baltic Proper 

(Vout), atmospheric load (Watm), the wastewater plant pollution load (Wwwp)  and  the 
river runoff (Vrivers)  are given by the following equation, where Vbay refers to the total 
water volume in the study site. 
 

( ) ( )dC
dt

V W W V C
V

river river WWP atm out out

Bay

C
=

+ + −∑ * *
 

 
Equation 1 

 
 

4.3.- Biochemical Submodel 
 
 The biochemical submodel describes the processes connected to build-up of 
organic matter, regeneration of nutrients and losses of nutrients from the system 
through internal sinks. Our description of the different processes are gross 
simplifications but include the basic features of the real system.  
 

Nitrogen and phosphorus are each found in four state variables in the model: 
 

• inorganic dissolved nutrients in the free water column (DIN=NO3+NO2+NH4, 
DIP=PO4). 

• organic matter in the primary producers (PH). 
• organic matter in suspended dead organic matter (DEN and DEP)  
• organic matter in the sediments (SN  and SP) 
 

All state variables obey conservation equations of the form given in the 
previous section. As an example, the equation for dissolved inorganic nitrogen is: 
 

[ ]d DIN
dt

Equation REGEN PP ed SinkTOTAL= + − − −1 Re  

REGENTOTAL  is the added nitrogen through regeneration from primary 
producers (RPH), detritus (RDE)  and sediments ( RS).  PP is the primary production as 
phytoplankton. Reed is the biological production by reed. The nutrients are lost from 
the model system through sinks (simulating denitrification and permanent burial of 
matter in the sediments). 

Kommentar [I1]:  
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The changes in the concentration of inorganic nutrients  (DIN or DIP) due to 

chemical processes are added to the changes due to physical transports. Equation 2 is 
made of a number of subequations dependent on some variables and constants 
calculated from different empirical studies. 
 
Production of organic matter 
 

• BY PRIMARY PRODUCERS 
 
 Uptake of nutrients by primary producers follows the classical Redfield ratio 
(Redfield, 1963).  The general stoichiometric equation for the aerobic decomposition 
of organic matter with a C:N:P ratio of 106:16:1 is then: 
 

(CH2O)106(NH3)16H3PO4 + 106 O2 —> 106 CO2 + 16 NH3 + H3PO4 + 106 H2O 
 

The production in the model depends on a light factor (I), temperature, 
concentration of inorganic nutrients ([DIN], [DIP]) and the amount of primary 
producers (PH). We have assume, for simplicity, that all phytoplankton are 
photosynthetically active. 
 

 
( ) [ ]( ){ [ ]( ) } [ ]dPP

dt
I f T Min f DIN f DIP PH= * * , *1       mol m-3 day-1 

 During the year the light factor (I) switches from 0 in wintertime, when light is 
limiting production to 1, during the productive season (May to October). The light 
factor also indirectly includes the effects of mixing of the water mass. We are 
disregarding the effect of the irradiance because of the shallow waters. 
 

 The influence of temperature on the maximum rate of production of biomass 
is taken from empirical expression (Eppley (1972) rewritten by Kremer and Nixon 
(1978)) 
 

f(T) = 0.59 * e[0.0633 * T] 
 
 To include the effect of the concentrations of inorganic nutrients on primary  
production we use Michaelis-Menten kinetics (Dudgale, 1967). 
 
 

[ ]( ) [ ]
[ ]f DIN

DIN
DIN

=
+0 0003.

                      [ ]( ) [ ]
[ ]f DIP

DIP
DIP

=
+0 000055.

 

 
 
 
 

The half saturation constants are set to 0.3 mmol DIN m-3 (Fuhs, 1972) and 
0.055 mmol DIP m-3 (MacIsaac &Dudgale, 1969). The former is more characteristic 
for nitrate but since it is the dominating form of inorganic nitrogen in the Bay we 
chose to accept this simplification.  
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We would like to stress that the validity of Michaelis-Menten kinetics has 
under some period of time been questioned (Sommer, 1991). It has been shown that 
phytoplankton can store “luxury” nutrients that temporaly disconnect the dependence 
of the dissolved inorganic nutrient concentration in the water. It may be necessary to 
know the internal concentration of nutrients in phytoplankton when predicting growth 
rates in a short time perspective, but since we primarily concentrate on a long time 
perspective we consider that the ambient concentration in the water is still an 
acceptable measure to predict the rate of PP. 

 
The amount of primary producers (PH)  is expressed as concentration of 

carbon in Haapsalu Bay.  By primary production  the inorganic nutrients are 
transformed into organic matter and hence into primary producers. 
 
 
• BY REED 
  

Emergent aquatic plants have great potential for nutrient uptake from sewage-
enriched substrates (Wile, 1981) and for biomass production (Pratt & Andrews, 1981) 
and therefore need to be considered separately. 
 
 The lack of earlier studies makes us  assume that helophytes growing in 
Haapsalu Bay are the same as Matsalu Bay, according to the data of A. Mäemets 
(Institute of Zoology and Botany, Estonian SSR Academy of Sciences, unpublished 
data): Phragmites australis, dominating in the territory of reedbed communities, 
Scirpus Lacustris and  Typha Angustifulia . 
 
 The highly productive helophytes obtain the nutrients essential for their 
growth through their roots from the hydrosoil as well as directly from water. 
 
 In the helophyte communities a part of the mineral particles and organic seston 
carried by water is deposited, a part of the nutrients elements bound by higher plants 
and microorganisms is accumulated in organic sediments, while a part of the bound 
nitrogen is released into air in the denitrification process.  
 
 The annual biomass production  in reedbeds and the chemical composition of 
the plants  are: 
 
 
 
 
 
 
 
 
 
 Annual Production Chemical Composition 

 g/m2 dry mass Summer September-October 

Phragmites Australis 1.032,67 0.99% N  -  0.08%P 0.58% N  -  0.04% N 

Typha angustifulia 777,50 0.91% N  -  0.16% P 0.60% N  -  0.04% P 

Scirpus lacustri 975,00 1.20% N  -  0.16% P 0.48% N  -  0.06% P 
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With the data from the above table and the knowledge that biological 
production reaches the maximum value in July, the following graphic represents the 
nutrients uptake by Reed necessary for the grow of the plants. Inorganic nitrogen and 
phosphorus are transformed into organic matter. 
 
 

Nutrients uptake by R eed

0

5.000

10.000

15.000

20.000

25.000

   
 J

anu
ary

   
 F

eb
ru

ary

    
M

arch

   
 A

pr il

   
 M

ay

   
 Ju

ne

    
Ju

ly

    
August

   
 S

ep
te

m
ber

    
O

cto
ber

   
 N

ov
ember

    
D ec

ember

K
g

N ITR OGEN

PHOSPH OR U S

 
Fig. 6.- Nitrogen and Phosphorus uptake for biological production by reed 

 
 
Regeneration of nutrients 
 
 The inorganic forms of nitrogen and phosphorus imported estuaries and onto 
continental shelves via rain, river runoff, and wastewater plant have been shown to 
supply less than the amounts required by primary producers (Dudgale & Goering, 
1967; Haines, 1976; Windom, 1975; Stanley & Hobbie, 1977; Kuenzler, 1979; 
Harrison & Hobbie, 1974; Nixon, 1980). In situ regeneration and recycling (old N and 
P) must, therefore, supply the remainder of the photosynthetic nutrient demand for 
sustained productivity. 
 
 The primary mechanisms of nutrient regeneration have been described:  in the 
water column and sediment-water column exchange. 
 

 

 

• IN THE WATER COLUMN 

The mineralization of organic matter, consisting of phytoplankton grazing by 
zooplankton as well as the detrital food chain and the separation of primary producers 
into size fractions and perhaps necessary elements in a trophodynamic pelagic model, 
is far beyond the scope of the present model. A number of assumptions about 
processes in the pelagic food chain  need to be introduced. 
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 The mineralisation of organic matter is described in the simplest possible way. 
In the model there are two ways of regenerating inorganic nutrients from organic 
matter in the water column: 
 
1) Directly from primary producers which represent leakage from primary producers 

and “sloppy feeding” by grazing heterotrophs; 
2) Regeneration from detritus which represents part of the detritus food web, filter 

feeders, respiration and excretion.  
 

The nutrients regenerated directly from primary producers (REGENPH) have 
the classical Redfield  ratio and is a fraction (Yutkobdkiv, Wulff, Rahm, Andruzhaitis 
and Medina, 1993) of the flux of dead primary producers (MORT), which is 
dependent on the amount of primary producers and temperature (Blackburn and 
Sorensen, 1985). 

 
 

REGEN PH = MORT * 0.7          mol day-1 m-3 

 

MORT = 0.2 * [PH] * 2T-20/10         mol day-1 m-3 

 
 
The rest of the dead primary producers is transferred into the detritus pools 

(DEN and DEP). A substrate and temperature-dependent formulation is used to 
describe the remineralisation from detritus (REGENDE) (Yutkobdkiv, Wulff, Rahm, 
Andruzhaitis and Medina, 1993). 

 
 

REGEN DEN  = 0.007 * e0.2*T  * [DEN]          mol day-1 m-3 

 

REGEN DEP   = 0.007 * e0.2*T  * [DEP]          mol day-1 m-3 

 
 

The starting point is the relationship between the rate of biological processes 
and temperature first stated in the Arrhenius-equation. This relationship state that the 
rate of biological processes doubles for every 10 degree increase in temperature. To 
support a high primary production on an annual basis we have made the temperature 
dependence stronger, yielding a sevenfold increase in the rate of remineralisation for 
every 10 degrees in temperature. This formulation allows us to parameterize the 
additional effects of heterotrophs since their impact on the rate of remineralisation 
will increase in importance during summer.  
 
 
 
• FROM SEDIMENTS 

 The sediments of shallow aquatic systems represent storage of  former water 
column material, some fraction of which is eventually returned (Nixon, 1981; Bonton 
& Kemp, 1985). There are probably three potential fates of newly sedimented 
materials (Nixon, 1981): 
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1.- Rapid, at least partly aerobic degradation in the surficial sediments (0-10 cm) by 
macro- and microbenthos and return to the water column in less than one year through 
the combined effects of bioturbation and diffusion; 
2.- Temporary burial in the top meter of the sediments, anaerobic decomposition by 
microorganisms and return to the water column over decades or centuries via 
diffusion and bulk flow of interstitital waters (Berner, 1971); 
3.- Effective removal from the aquatic system by deeper burial on time scales 
equivalent to the filling and draining of shallow marine systems by sedimentation and 
glaciation-modulated sea-level changes. 
 
 The partitioning between these posibilities will depend on the composition of 
the material, sedimentation rate, oxygen availability, resuspension, etc. Nixon (1980) 
has shown that one-quarter to one-half of the material is returned to the water column 
( fates 1 and 2) and one-half to three -quarters is buried (fate 3) or is oxidized in the 
water column. 
 
 We have not attempted to model the diagenetic processes related to gradients 
within the sediment (Billen, 1982). 
 

The longer-term nutrient fluxes may be seasonal in nature because of 
temperature effects on diffusion and benthic faunal/floral metabolic activity and 
because of bulk flow of interstitial water due to seasonal groundwater hydraulic 
gradients. 

 
The remineralisation of nutrients from sediments (REGENs) is modelled in a 

similar way as for detritus (Yutkobdkiv, Wulff, Rahm, Andruzhaitis and Medina, 
1993). 

 
REGENSN = 0.007 * e0.052 * T  * [SN]         mol day-1 m-3 

 
REGENSP = 0.007 * e0.052 * T  * [SP]         mol day-1 m-3 

 
 
For sediments regeneration f (T) doubles the rate for a 10 degree increase in 

temperature, following the Arrhenius-equation. The nutrient regeneration in the 
sediments represents the benthic food web, which follows the seasonal varation in 
temperature with activities as excretion and respiration. [SN] and [SP] refer to the 
concentration of nitrogen and phosphorus, respectively , in sediments. 
 
 
 
 
 
 
Internal sinks 
 

The nutrients are lost from the model system through sinks (simulating 
denitrification and permanent burial of matter in the sediments). 
 
DENITRIFICATION 
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  During the passage of organic matter through the sediments, a large portion of 
the mineralized nitrogen is lost from the ecosystem via denitrification. 
 

NO3
 -    —›  NO2

-   —›  NO   —› N2O  —›  N2 

 
 80-90% of the denitrification occurs in the sediments and only 10-20% in the 

water (Shaffer and Rönner, 1984). We are disregarding a permanent burial of not 
descomposed organic nitrogen which may be of the order of 5% of the nitrogen 
sedimentation (Balzer, 1984). 
 

 There are three sources of nitrate for sediment denitrification: 
 

∗ nitrate diffusing into the sediments from the water column 
∗ nitrate produced in the sediments via nitrification of ammonia 

released from benthic oxidation of organic matter 
∗ nitrate advected through the sediments from groundwater 

 
       Nitrate produced in the sediments appears to be the major substrate for 
denitrification in most rivers, lake and coastal marine sediments  (Seitzinger, 1988). 
 
 Factors that influence denitrification in aquatic systems include temperature, 
the supply of nitrate and organic matter, and oxygen concentration  (Seitzinger, 1988). 
 

 The size of the denitrification  is dependent on the flux of remineralised 
(REGENS) matter from sediments and a nutrient specific numerical constant 
(Yutkobdkiv, Wulff, Rahm, Andruzhaitis and Medina, 1993; Loigu and Marksoo, 82). 
 
 

SINKN = REGENSN * 0.3        mol day-1  m-3 

 
 
ADSORPTION OF PHOSPHORUS 

 Losses of phosphorus within the Bay occur in the sediments. We have no 
corresponding values for phosphorus trapping but the major part of the adsorption of 
phosphorus in the Baltic Sea occurs in the sediments while the adsorption in the water 
column plays a minor role. Only decomposition of organic matter at the sediment 
surface can increase phosphate concentration in the interstitial water, sufficient to 
cause an adsorption to particles within the oxidized layer of the sediments (Carman 
and Wulff, 1989). 
 

The adsorption capacity is dependent on many factor e.g. pH (Jitts, 1959; 
Hingston, 1967; Parfitt, 1977; Ku, 1978), temperature (Ku, 1978), chemistry of the 
sediments  (Shukla, 1971; Berner, 1973; Parfitt,  1975; 1977), duration of incubation 
(Berner, 1973; Hwang, 1976), equilibrium concentration and particle size (specific 
area) (Borggaard, 1983).  
 
 Pure minerals, e.g. iron-  and aluminium-oxides/hydroxides have large 
adsorption capacities (Hingston, 1974; Lijklema, 1980; Borggaard, 1983; Lucotte 
&d’Anglejan, 1988). 
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 Oxic estuarine and oceanic sediments have the highest adsorption capacities. 
In oxic environments, the iron content of the sediments seems to be the prime factor 
that determines the sorption capacity (Berner, 1973; khalid, 1977; Lucotte & 
d’Anglejan, 1988). However, in eutrophic systems, most of available adsorption sites 
may be occupied. 
 
 Some experiments about the adsorption of phosphate from overlying water to 
oxidized sediments indicate that shallow oxidized sediments are capable to continue 
to act as traps for phosphorus and that higher ambient concentrations would increase 
adsorption. The sediments are subjected to a continuous input of not only phosphorus 
but also iron and other adsorbing agents. On the other hand, if phosphorus 
concentration decreases, the experimental evidence indicate that a loss of phosphate 
will occur into the water column. Thus, a reduction of the phosphorus load will not 
immediately result in reduced phosphorus concentrations  (Carman and Wulff, 1989). 

 
 The size of the phosphorus absorbed is dependent on the flux of remineralised 

matter from sediments (REGENs) and a nutrient specific numerical constant 
(Yutkobdkiv, Wulff, Rahm, Andruzhaitis and Medina, 1993). 
 

SINK P = REGENSP * 0.03          mol day-1  m-3 

 
 
5.- RESULTS 
 
 

Adjusting the magnitude and dynamics of primary production, sedimentation, 
internal sinks and regeneration of nutrients, we have aimed at obtaining a system with 
an concentrations of  nutrients as close to empirical data as possible. In other words, 
we have focused on the biochemical cycle as an entity rather than on its constituent 
processes. This because we lack actual quantitative measurements of many of these 
processes. 
 
 The results section contain two main parts. In the first part we show the 
features of the model in the forms of a standard run. In the second part we explore the 
effects of different strategies to reduce the biological production. 
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5.1.- Standard Run 

  
A serie of simulations has now been made in order to investigate the basic 

characteristics of the model. 
 
Concentrations of nutrients yielded by the model, mostly, are in conformity 

with field observations. In spite of some variations the quantitative responses are all 
in the same order of magnitud. 

 
With regards to the amount of nutrients carried by flowing water from 

Haapsalu Bay to Baltic Proper, the model indicates that is negligible. As the bays 
retention of N and P corresponds to its internal sinks, the export of nutrients is 
negatively correlated to the removal caused via Primary Production and sedimentation 
to the sediments where denitrification, phosphorus adsorption and permanent burial in 
sediments occur. Therefore, the outputs are proporcional to the concentration of 
dissolved nutrients in the waterbodies and since the water level is kept constant, to the 
inflow from rivers. 
 
 

Fig. 7.- Ratio N:P in nutrients loading 
 
 
 The high N:P ratio in nutrients loads makes the phosphorus to act as the 
limiting nutrient in the watercolumn. In the Baltic proper the nitrogen is the element 
which plays this key role limiting the plant growth. Anyway, high biological 
productivity is the overwhelming characteristic of the aquatic ecosystem in Haapsalu. 

12:29    10/06/98

0 3 6 9 12

Months

0.00

22.50

45.00

1: N:P 2: RATIO

1 1

1

1

2 2 2 2

INPUTS TO Haapsalu Bay: p7 (RATIO N:P)



 Haapsalu Model                                                                                                                              21 

Concentration of  NITROGEN in Haapsalu Bay (g/m3) 
 
a) Figure 8: Results yielded by the model 
b) Figure 9: Monitored data. 
 
 

Figure 8: Results yielded by the model 
 
Figure 9: Monitored data. 
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Concentration of PHOSPHORUS in Haapsalu Bay (g/m3) 
 
a) Figure 10: Results yielded by the model.. 
b) Figure 11: Monitored Data. 
 

 Figure 10: Results yielded by the model.. 
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 Figure 11: Monitored Data. 
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Ratio N:P -total- in Haapsalu Bay: 
. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 Figure 12: Results yielded by the model 
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Figure 13: Monitored data. 

 
 
Outputs of dissolved NITROGEN and PHOSPHORUS  to Baltic Proper (grams) 
 
 Figure 14: Results yielded by the model. 
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5.2.- Effects of possible future changes in nutrient loading from 
wastewaterplant 

 
In this section we  explore the effects of two different strategies for water 

management. The first strategy only include phosphorus reduction (50%), the second 
one comprises a reduction of both nitrogen and phosphorus (50%-50%). 
 
1.- PHOSPHORUS REDUCTION 

Results from a pilot study by Gröndahl and Brandt (1995) and also Haapsalu 
Model indicate that the primary production in the Bay is limited by phosphorus, 
probably induced by the very high ratio in the inputs. Will a reduction of phosphorus 
improve the conditions in the waterbodies? And in which proportion? But to evaluate 
the total ecological effect one mus also consider how a reduction of phosphorus will 
affect the nitrogen limited in Baltic. A reduction of phosphorus resulting in lower 
primary production in the Bay could increase the net export of nitrogen to the Baltic 
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Fig. 16.- Concentration of NITROGEN in Haapsalu Bay (g/m3) 

Fig. 17.- Concentration of PHOSPHORUS in Haapsalu Bay (g/m3) 
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2.- NITROGEN AND PHOSPHORUS REDUCTION  

Within the framework of HELCOM, that is the Baltic Sea Joint 
Comprehensive Environmental Action programme, the contracting states agreed upon 
a 50% reduction of the nutrient load to the Baltic Sea. In this scenerario both nitrogen 
and phosphorus are reduced. 

Fig. 18.-. Inputs Ratio N:P –total- 

Fig. 19.- Concentration of NITROGEN in Haapsalu Bay (g/m3) 

 
Fig. 20.- Concentration of PHOSPHORUS in Haapsalu Bay (g/m3) 

 
The decrease of nutrients is quite small for the entire bay, but can create 

drastically improved conditions locally, in the vicinity of the town of Haapsalu. 
 
Otherwise, our simulations show that a reduction of only phosphorus or both 

nitrogen and phosphorus load from the outlet of WWP are not a successful strategy 
for water management programs with regional perspectives, since it would most likely 
at the expense of an enhanced eutrophication of the Baltic proper. 
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6.- DISCUSSION 
 
6.1- Shortcomings of the model 

 
  Below we would like to stress some shortcomings of the model: 
 
♦ It has only been possible to tune the model against empirical data from June-95 to 
May-96. Haapsalu  Model starts the simulations in January and hence there is an 
inversion of half year in each run. A tuning of the model, using longer time series 
covering a range of loading, would have made the reduction scenarios quantitatively 
more reliable. 
 
 
♦ The model focuses on the bay as an overall, without including the impact of local 
gradients, being the sampling stations situated in the outer part of the bay. The 
different nutrients concentrations between the inner part of the bay and the open bay 
are highly variable. But even so, Haapsalu Model displays only the average values in 
the whole study site.  
 
 
♦ The model has not vertical and horizontal resolution due to  Stella software 
features. 
 
 
♦ High N:P ratio of the nutrient loading  leads us to disregard nitrogen fixation in the 
bay.  
 
 Significant nitrogen fixation by planktonic organisms generally occurs only when 
the N:P ratio of the nutrients inputs are near or below the Redfield Ratio of 16:1. 
Also, nitrogen fixation by planktonic organisms is generally low in estuaries even 
when the N:P ratio nutrients inputs is low (Howarth, Marino and Lane, 1988). 
 
 
♦ The peculiar characteristics of Haapsalu Bay make us consider it in a different way 
to the rest of the Baltic Sea. The Department of Environmental Engineering at Tallin 
Technical University is carrying out chemical analysis from water samples. Nitrogen 
and Phosphorus concentration in sediments and the amount of phytoplankton  are 
required to calibrate the model, but these data were not still available when the model 
was built up. Therefore, the concentrations we used  in Haapsalu Model are main 
values from other investigations (Gulf of Riga, Baltic Sea and estonian lakes). 
 
 Primary production is  proportional to the amount of primary producers and so , 
the nitrogen and phosphorus uptake from water column. As a consequence, its 
sensitivity is, actually, very high in Haapsalu Model and the results have a strong 
dependence on this parameter. 
  
 
7.- CONCLUSION 
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  The Haapsalu Model is a conceptual model, qualitatively describing the 
turnover of nitrogen and phosphorus. Because of its coarse structure, we do not claim 
that the results yielded by the model are quantitatively correct. Nevertheless, the 
concentrations of nutrients yielded by the model, mostly, are in conformity with field 
observations, being the quantitative responses  in the same order of magnitud. 
 
 Therefore, the conclusions we draw after running Haapsalu Model are in 
accordance with the ones obtained in a pilot study of Haapsalu Bay (Brandt and 
Gröndahl, 1995). 
 
 Due to the accumulation of nutrients the antropogenic eutrophication of water 
ecosystem in the very shallow bay and drainage area is increasing at the same time 
reedbeds, mostly in-shore, are spreading year by year.  
 

To achieve an improvement in coastal area and the overall eutrophication 
situation of the Baltic Sea, both phosphorus and nitrogen must be reduced. This 
requires not only end-of-pipe solutions, but also structural changes in order to reduce 
the nitrogen load. Diffuse sources like agriculture, animal farming and combustion of 
fossil fuels entering via rivers and the atmosphere are by far the most important 
contributors. This aspect has also been discussed by Wulff & Nieimi   (1992) who 
urge for a more rapid increase in the efforts to reduce non-point pollution sources by 
eco-technological measures in the Baltic Sea region. 

 
Moreover, the amount of nutrient elements carried by flowing water into the 

open bay should be small. The expansion and thickening of the reedbeds functioning 
as a biofilter results in the natural overgrowing process making the bay act as a giant 
waste stabilization pond. 
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APENDIX 1. Haapsalu Model.  
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APENDIX 2. Stella Software. 
 
 
 Haapsalu Model has been implemented in Stella Software. Modelling the turnover of nitrogen 
and phosphorus in the aquatic ecosystem of Haapsalu Bay has been the purpose of this work.. 
Therefore, in order to increase the understanding of  Haapsalu Model  this section provides you with an 
introduction to some Stella Software features. 
 
 Stella models are built up by using generic graphical language. The basic building blocks to 
construct the maps are as follows: 
 
 The main building block is the STOCK , which is used to represent anything that accumulates.  

 
 The second building block is the FLOW, which  describes activities. These activities will change 

the magnitude of stock in a system. 

 
            As the icon suggests, you can think of flows as pipes. Whatever is in the associated stocks 
flows through them in the direction of the arrow, either into or out of it. Flows cause the magnitudes of 
stocks to increase or decrease. The circular part of the icon with the “T” attached at the top represents 
the flow regulator. This regulator contains an algebraic expression that determines the volume that will 
flow through the pipe. 
 
 CONNECTORS look like wires and are used to transmit information and inputs that are used to 

regulate flows. Connectors can connect into flows or converters (described next), but never into stocks. 
Remember: only inflows and outflows can change the magnitude of a stock. However, connectors can 
serve as inputs to both inflows and outflows. 

 
 The last building block is the CONVERTER, which serves a variety of purposes. Converters 

contain equations that generate an output value for each time period. Converters often take in 
information and transform it for use by another variable in the model. They are also handy for storing 
constant values. 

 
 
 
    

These objects constitute the transport submodel which includes nitrogen and phosphorus 
flowing. This flux of nutrients is governed by the biochemical algebraic relationships. 
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Haapsalu model distinguishes Inorganic and Organic nutrients coming from wastewater plant, 

rivers and atmosphere. Inorganic nutrients are incorporated into primary producers through primary 
production. The regeneration of nutrients is accoplished through leakage from and grazing of 
phytoplankton, through remineralisation of sediments. The organic matter reaches the sediments via 
sedimentation. Constant fractions of the remineralised nutrients from the sediments are withdrawn 
from the system by the internal sinks, representing denitrification and phosphorus trapping. 

 
 
The software Stella automatically creates the equation framework needed to do the basic 

“accounting” for whatever system you lay out. To take a look at the framework, click once on the 
downward-pointing arrowhead located just above the globe icon on the left border of the diagram 
frame. Thankfully modellers don’t need to work at this level at all in order to enjoy the benefits of the 
Stella software. The generic graphical language makes operating at this equation level completely 
unnecessary. 

 
Afterwards, to bring the map to life run a simulation. The results yielded by the model are 

displayed on tables and graphs. 
 
  Moreover, Haapsalu Model enables model users to experiment how changes in nutrients 

concentration in the outlet of the wastewater plant will affect the aquatic environment. The graphical 
input device and the slider allow you to modify the discharge of nutrients from wastewater plant and 
the rates of inorganic and organic nutrients in the pollution load.  

 
•The graphical input device enables model users to: (1) see, at a glance, the shape of a 

graphical function, (2) edit a graphical function from the High - Level Mapping  layer (3) restore a 
graphical function to its author-defined relationships.  

 
If you double click a Graphical input device with the graphical function of the amount of 

nutrients entering Haapsalu Bay from the outlet of the wastewater plant associated, the dialog if this 
graphical function will open. You will then have the ability to implement your new nitrogen outlet 
pattern by moving your cursor into the middle of the grid - a cross hair will appear. While the cursor 
takes the cross hair form, click and hold on the graph and "redraw" the curve.  

 
•The slider input device allows model users to adjust constant values. 
  
By dragging the slider to the desired value or just typing the number into the box  set the 

percentage of inorganic and organic nitrogen in the outlet of wastewater plant.  
 
Another simulation will show  the effects in the Bay after the changes in the technology of the 

wastewater plant on graphics and tables. 
 
 Technical Documentation ( Stella Manual) provides you with more details about Stella 
Software . For further information or  purchasing , addres to: 
 
 

 High Performance Systems, Inc. 
45 Lyme Road, Suite 200, Hanover NH 03755 

603-643-9636 - Fax: 603-643-9502 
Email: support  hps-inc.com 

http:// www.hps-inc.com  

 
  
 
 




