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ABSTRACT
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Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 602. 44 pp. Uppsala. ISBN 91-554-4932-8.

Aquaculture has become one of the fastest growing food industries in the world. Like
many other industries, aquaculture, and especially fish farms may cause negative effects on
the environment, such as eutrophication, which is recognised as a major threat to aquatic
ecosystems. In this thesis such effects are studied in a number of lakes and Baltic coastal
areas. The ecosystem scale in focus is an entire lake or defined coastal area in the size
range 0.5-25 km2. One important aim is to develop practically useful models that estimate
the eutrophication effects as a function of fish farm load. Such models should be useful for
the licensing authorities when giving permissions for fish farms.

It was concluded that fish farms might increase the surface water concentrations of total
and dissolved phosphorus, total nitrogen and chlorophyll in lakes. Furthermore, traditional
models overestimate the fish farm impact on lakes. Therefore, new models especially valid
for fish farm emissions in lakes were developed.

A method to assess the sensitivity of coastal areas to an increased organic load from,
e.g., fish farms was developed. Moreover, models to predict the enhanced phosphorus and
chlorophyll-a concentrations and the decreased Secchi depth caused by fish farms were
developed for coastal areas in the Åland archipelago. From extensive field studies in the
Åland archipelago it was concluded that fish farms could cause increased total phosphorus
concentrations, periphytic growth and phytoplankton biomass. However, those effects were
generally only observed in small and semi-enclosed bays. Finally, the sediment quality
beneath coastal fish farms was found to be a key parameter for the water quality, as well as
for the recovery time after closure of fish farms.
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1. Introduction
1.1. General
Hugo Grotius in 1609 published a paper called ”Mare Liberium” in which he stated that the

seas should be free for the innocent use and mutual benefit for all. He also claimed that the seas

were not vulnerable and therefore did not need any protection (Suchanek, 1994). Until recently

this philosophy has been deeply rooted in society. As a consequence, the aquatic environments

were for a long time used by everyone, but were the responsibility of none. Evidently, as the

world’s population increased so did the environmental degradation of the oceans and lakes. In

fact, today, the most severe threats to lakes and coastal waters are related to the increased human

population. This is not surprising considering that the world population has increased from

about 4.5 billion to 5.8 billion people over the last 20 years (Figure 1a). The number is expected

to continue to increase in the future (FAO, 2000). Feeding those people will obviously require

an increased food production. Proteins are an important part of our food and are to a large extent

obtained from aquatic species, such as, e.g., shrimps and fish. The increasing human population

has caused, and will continue to cause, an increased pressure on the wild fish stocks (Figure 1b).

To meet the increasing demands for proteins, aquaculture, where fish farming is a part, has

become one of the fastest growing food industries in the world (Figure 1c). Today, about 20 %

of all fish consumed by humans are cultivated (FAO, 2000).

Figure 1. A. The total human population; B. The worlds total fish catches; C. The aquaculture

production in Asia, Europe and the world.
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Aquaculture may cause negative but also positive effects on the environment. The positive effects

are mainly related to mussel farms that can improve the water quality by filtering plankton

species. However, beneficial effects may also be obtained in acidified, low productive lakes due

to an increased productivity caused by nutrient emissions from the farm (Håkanson, 1999).

Negative effects are generally related to fish and shrimp farming. Commonly discussed negative

fish farm effects are given in figure 2.

Figure 2. Schematic illustration of environmental effects of fish farming.

This thesis is focused on eutrophication effects, i.e., increased nutrient levels, which may cause

increased primary and secondary production as well as decreased deepwater oxygen

concentrations and which may alter the biodiversity in lakes and archipleagos (e.g., Wahlström,

2000). These effects are believed to be the most severe threats to many lakes and archipelagos

and they determine the production limits for fish farms in many countries. In order to minimise

these effects it is crucial to find suitable locations for fish farms where eutrophication effects are

likely to become small and where they do not interfere with other competitive elements (e.g.,

Alanärä and Andersson, 2000).
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1.2. Lakes
Lakes are commonly used for intensive fish farm production. However, due to generally long

water turnover times (month-years), lakes can be sensitive to such nutrient emissions, especially

when the lake volume is small. Generally, phosphorus limits primary production in lakes (Dillon

Rigler, 1974; OECD, 1982). Production limits for fish farms in lakes are therefore often based

on the maximum allowable phosphorus concentration (TP) in the lake. In Limnological contexts

this value is often set to 25 µg/l (SNV, 1993). If the TP level exceed this level there is a potential

risk for significantly increased algal blooms as well as alteration of, e.g., the fish community

structure (Wahlström, 2000). Thus, fish farms are mainly located in lakes with TP levels below

25 µg/l. However, in Sweden, the production limits for fish farms are also set by the deviation in

total phosphorus concentration between the lake and it’s reference level (SNV, 1999). The

reference level is the total phosphorus concentration in the lake without any human influence.

The total phosphorus concentration in lakes must not exceed 2 times the reference concentration

if the lake is to be considered for, e.g., fish farm production (Alanärä and Andersson, 2000).

The eutrophic impact of fish farming has been intensively studied for the last twenty years (e.g.,

Brown et al., 1987; Holby and Hall, 1991; Silvert, 1992; Gowen, 1994; Massik and Costello,

1995; Gavine et al., 1995). Nevertheless, there is a large insecurity about the effects on the entire

lake ecosystem (Wahlström, 2000), i.e., on the scale in which production limits for fish farms

are determined. There are comparatively few studies that have investigated this impact (e.g.,

Trojanowski, 1985; Stirling and Dey, 1990; Paper I; Paper III). As a consequence there have not

been any available and reliable methods to quantify the fish farm impact on an entire lake scale.

Today, the licensing authorities use traditional total phosphorus mass balance models (Kierchner

and Dillon, 1975; Vollenweider, 1975; OECD, 1982) to estimate the eutrophication effects and

to decide production limits for fish farms. Those models were tested for the most commonly

occurring emissions, i.e., sewage and runoff from forest, urban and agricultural areas. Other type

of emissions, e.g., point source emissions from fish farms may very well behave differently

which may cause biased results. It has also been suggested that the eutrophic impact of fish

farming probably is smaller than predicted with those models (Beveridge, 1996; Paper I; Paper

II).
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1.3. Archipelagos
The Baltic Sea is affected by a large input of nutrients (Larsson et al., 1985), which have resulted

in severe environmental impacts (e.g., Jonsson et al., 1990; Mattila, 1993; Wulff et al., 1994;

HELCOM, 1996; Bonsdorff et al., 1997; Persson and Jonsson, 2000). During such conditions

it can be debated if industries that emit nutrients and organic matter, like fish farms, should be

located in the Baltic Sea. However, the environmental impact of fish farming on the Baltic Sea is

limited. The total fish production (mainly Rainbow trout) is about 20 000 tonnes per year of

which 15 000 tonnes are produced in Finland (Alanärä and Andersson, 2000). Thus, fish farms

accounts for <0.5 % of the total nutrient emissions to the Baltic Sea (Enell, 1995). This industry

may, however, cause negative environmental effects on the local scale, i.e., the bay or the

archipelago where it is located (e.g., Ruokolahti, 1988; Wallin and Håkanson, 1991; Rönnberg et

al., 1992; Mattila and Räisänen, 1998; Kraufvelin et al., 2001; Paper V; Paper VI; Paper VII). To

minimise such impacts the farms could be located in offshore areas. However, such areas are,

generally, not ideal for fish farming due to a large wind and wave impact, which may damage the

equipment (Nilsson, 2000). Moreover, the industry requires a good infrastructure for, e.g.,

transports (Alanärä and Andersson, 2000). Such a structure is generally more developed in near-

shore areas then in offshore areas. As a consequence, fish farms are often located in near-shore

areas.

However, locating fish farms in near-shore areas will not necessarily cause negative effects on

the environment (Paper V; Paper VI; Paper VII). In fact, near-shore coastal areas are generally

more suited for fish farming than lakes because of a much faster water turnover time. Thus, as

for lakes, the best areas for fish farms are those with a rapid water turnover time and a large

water volume (Paper V). However, finding such areas has been difficult and the licensing

authorities have not been able to estimate the fish farm size a specific coastal area can sustain

without causing unacceptable environmental effects. So far, they have mainly used a trial and

error method. Thus, they have allowed a certain production and developed expensive monitoring

programmes to investigate the effects. Based on the results from these programmes, the farm has

either been allowed to expand or been obliged to limit its production, or even to close down. This

situation is obviously unfavourable, both for the fish farming industry and the environmental

management. Evidently, it is important to develop methods that can be used to decide the fish

farm size a certain area can sustain without causing unacceptable eutrophication effects (Aure

and Stigebrandt, 1990; Wallin and Håkanson, 1991; Silvert, 1992; Gowen, 1994; Paper V). It is

also important to develop methods to separate suitable coastal areas for fish farming from

unsuitable areas (Paper IV, V).
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1.4. Working hypothesis
Fish farm emissions are point source emissions, containing a fast sinking particulate fraction in

the form of food pellets and faeces. Emissions from sewage and diffuse runoff from urban and

agricultural areas on the other hand discharge particulate phosphorus fractions with a lower

sedimentation rate. As a consequence, one hypothesis in this thesis is that the net sedimentation

of fish farm emitted phosphorus is larger then the net sedimentation from sewage and runoff.

Thus, the impact of fish farming on the phosphorus concentrations in lakes should be

overestimated from traditionally models since those models were developed for emissions

mainly from tributaries.

To a large extent the morphometry determines coast-ecological key concepts, such as the water

turnover time and the sediment quality (Persson et al., 1994; Persson and Håkanson, 1995;

Persson and Håkanson 1996). It is thus hypothesised that the coastal morphometry is very

important for the environmental impact of fish farming. The water turnover time is important for

the dispersion and dilution of fish farm emissions whereas the sediment quality is important for

the net sedimentation of nutrients. It is hypothesised that the sediment quality beneath a fish

farm is a key factor for the eutrophication effects on the water body. If those sediments are

characterised by erosion and transportation most of the farm emissions will be released from the

sediments to the water column and thus increase the potential effects on the water body. If, on

the other hand, those sediments are characterised by continuous sedimentation of fine material, a

large part of the emissions should be buried in the sediments and thus removed from the water

column.

1.5. Aim
The overall aim of this thesis was to improve our knowledge on how and to what extent fish

farm effluents causes eutrophication effects on an entire lake or defined Baltic coastal area.

Furthermore, an important objective was to develop practically useful models to estimate such

impacts. The models presented in this thesis are meant as tools to be used by the licensing

authorities to grant permissions for new fish farms.

2. Material and methods
2.1. Study areas
The 50 lakes included in this thesis are mainly located in Sweden. However, one is located in

Poland (Szczytno Male) and one in Scotland (Loch Fad). Fish farms were in operation in 10 of

the lakes (Figure 3) while the remaining were used as reference lakes (Paper I). Among the lakes
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with fish farms, the hydrology, morphometry, water chemistry and farm production showed a

large variation (Appendix A and B).

The 61 coastal areas included in this thesis are distributed among four coastal regions in the

Baltic Sea (Figure 3). Those regions are: 1. the Blekinge archipelago in Sweden (5 areas), 2. the

Östergötland archipelago in Sweden (7 areas), 3. the Åland archipelago in Finland (41 areas)

and 4. the Åboland archipelago in Finland (8 areas). Fish farms were in operation in 43 areas

while 18 areas located in the Åland archipelago were used as reference areas. As for the lakes,

the hydrology, morphometry, water chemistry and farm production showed a large variation

(Appendix C, D and E).

Figure 3. The location of the coastal study regions in the Baltic Sea and the 8 Swedish lakes

with fish farms. No. 1 is the Blekinge archipelago, No. 2 the Östergötland archipelago, No. 3,

the Åland archipelago; No. 4, the Åboland archipelago, No. 5 Lake Gissjön, No. 6 Lake

Långsjön, No. 7 Lake Långvattnet, No. 8 Lake Sarvtjärn, No. 9 Lake Framsjön, No. 10 Lake V.

Silen, No. 11 Lake S. Bullaren and No. 12 Lake Skärsjön.
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In Paper V, VI and VII the data were obtained from the Åland archipelago, located in the

transition zone between the Baltic proper and the Bothnian Sea (N 59°56’ to N 60°32’, E

19°28’ to E 21°08’). This area consists of approximately 6500 islands and rocky islets and has

an average water depth of about 20 to 25 m. There are few local sources of nutrient input e.g.,

industrial wastewater, municipal sewage and agriculture. The most important local source is fish

farms which accounts for about one third of the local nitrogen input and about 55 % of the local

phosphorus input to the marine environment (Bonsdorff et al., 1997). As a consequence, the

Åland archipelago should be a suitable archipelago for detecting fish farm effects.

2.2. Defining the ecosystem
A problem associated with archipelagos is how to define the boundaries of a coastal area so that

fundamental parameters for mass-balance calculations such as, e.g., water area and volume can

be determined in a relevant manner. For lakes, it is obvious to regard the shoreline as a natural

ecosystem borderline. Thus, for the lakes, the scale in focus is the entire lake area, which in this

thesis has a size range of 0.09 to 48 km2. However, for coastal areas, it is not obvious where the

borderlines should be drawn. It depends, e.g., on the scale in which nutrient discharge from

point sources should be considered. The scales in focus in this thesis are mainly defined coastal

areas in the size range of 0.5 to 25 km2. Because such areas generally have a higher primary

production, more diverse vegetation and animal life as well as a larger sedimentation of organic

matter compared to offshore areas (Bernes, 1988; HELCOM, 1993) they are important for the

spawning, nursery and feeding of many aquatic organisms (Pihl and Rosenberg, 1982), as well

as for human recreation. In this thesis, the coastal area borderlines are drawn at the topographic

bottle necks (Figure 4) so that exposure of the coast to wind and wave impact from the open sea

or the adjacent coastal area is minimised (Håkanson et al., 1986; Pilesjö et al., 1991). The simple

openness (Ea) is defined as the ratio between the total cross sectional area (At, the opening area

towards the sea) and the surface area (A) of the defined coastal area (Persson et al., 1994;

Equation 1). The Ea -value is used as a tool to test different borderlines and thus define the

coastal ecosystem where the Ea (%) is given a minimum value.

E
At

Aa

i
i=
∑
=

∞

100 1* (1)
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2.3. Coastal morphometry
In this thesis, certain parameters are used to describe the morphometry. According to Persson et

al. (1994) those parameters can be divided into size parameters, e.g., maximum water depth,

water surface area and water volume, form parameters, e.g., mean water depth and special

parameters, e.g., exposure and filter factor. The parameters were determined from standard

nautical charts. Short definitions of the most important morphometric parameters are given in

Figure 4 and Table 1.

Table 1. Short definitions of some important morphometric parameters.

Size parameters

Water surface area (A) - the water area of the defined coastal area (m2). See e.g., Pilesjö et al. (1991).

Maximum depth (Dmax) - the maximum depth in the defined coastal area (m). See e.g, Pilesjö et al. (1991).

Form parameters

Mean depth (Dm) - the water volume divided by the water surface area (m). See e.g, Pilesjö et al. (1991).

Mean slope (xm) - the mean value of all slopes on the bottom of the coastal area, independent of slope direction

(%). See e.g, Pilesjö et al. (1991); Håkanson (2000).

Form factor (Vd) - describes the coastal form, 3*Dm/Dmax. If Vd is high the coastal form is U-shaped and if Vd

is low the form is V-shaped (dimensionless). See e.g, Håkanson and Jansson (1983).

Special parameters

Filter factor (Ff) - a relative measure of the amount of energy from the open sea/adjacent area that are able to

reach the coastal area (km3). See e.g, Persson and Håkanson (1995).

2.4. Water exchange
Lakes

In limnological contexts, it is general practice to use the theoretical water retention time when

estimating responses to nutrient loads (Vollenweider, 1976; OECD, 1982). The theoretical water

retention time is calculated as the water volume (m3) divided by the water flow (m3/year) from

the drainage area to the lake. If data on water flow is missing it can be estimated from the

specific run-off (l/(s*km2)) and the size of the drainage area (km2).

Archipelagos

According to Persson et al. (1994), the theoretical surface water retention time (Ts, days) in

Baltic coastal areas can be predicted from the topographical openness (Ea), Figure 4. The model

(Equation 2) is valid for the temperature stratified period (May-October) in areas where the
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influence from tides, strong coastal currents and river inflow is negligible. Thus, the formula

should be valid for the areas used in this thesis.

Ts e 4.33 Ea 3.49= − ∗ + (2)

This is not a traditional oceanographic method based on partial differential equations, which use

many driving variables, and yield detailed time and area resolution of the water retention time. It

is the opposite, a simple, empirical method giving an order of magnitude estimate of the

theoretical surface water retention time in a given coastal area. The major advantage with this

formula is its suitability for coastal water planning since it is simple and easy to use. It is

important to stress that this model predicts a characteristic water exchange and not a frequency

distribution of values. In contexts of coastal water planning, when characteristic values rather

than the spatial and temporal variations of the water turnover are of interest, traditional models

are often too difficult to use for economical and practical reasons. In coastal water planning, it is

often enough to obtain an estimate of the characteristic theoretical water retention time, just as the

theoretical water retention time has been used for decades in limnology (see above). Other

simple formulas to predict the water exchange exist. However, in those formulas (e.g., Aure and

Stigebrand, 1990; Gillibrand and Turell, 1997; Dudley et al., 2000) the tidal flushing is generally

a very important process for the water exchange. Since the importance of tidal flushing for the

water exchange is negligible in coastal areas of the Baltic Sea those formulas were not used in

this thesis.

Over most of the Baltic Sea as well as in most of the Swedish lakes a seasonal thermocline

develop in spring or early summer. The thermocline deepens during summer, mainly by wind-

driven entrainment of water from below. The thermocline depth is usually less than 15 m in the

coastal zone and often less than 10 m in the lakes. During fall, the thermal gradient in the water

decreases and the water becomes homothermal or mixed. Thus, during summer the water often

contains a surface and a deepwater layer. Generally, the deepwater turnover time is slower than

the surface water turnover time. In lake management, this is seldom accounted for, but in coastal

management (Paper IV) it can be done for by using a model to predict the deepwater turnover

time (Persson and Håkanson, 1996). This formula is based on three morphometric parameters, it

shows that the more exposed a coastal area is for wind/wave impact, the more rapid the

deepwater turnover (Paper IV).
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Figure 4. Schematic illustration of the concept of coastal area borderlines. ADm is the mean

depth beneath the coastal area borderline (m). Aline is the length of each borderline (m). A is

the surface water area of the coastal area (m2). The concept was originally developed by

Håkanson (1986) and further developed by Pilesjö et al. (1991). The formulas to calculate the

surface water turnover time were developed by Persson et al. (1994).  

2.5. Data
Both literature data and data collected during field surveys have been used in this thesis (Table

2). The data from field surveys were obtained from three Swedish lakes and thirteen coastal

areas in the Åland archipelago.

• In the lakes, water sampling was made twice a month from May to October 1999. In the coastal

areas, water sampling was made three times per month in each area from August to October

1997 and thereafter once a month. During 1998 water sampling was made three times per month

in each area from April to October 1998 and one time per month during November and

December 1998. During 1999 data were collected from June to September. Sampling was
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conducted at one to three and one to five sampling stations in each coastal area and lake,

respectively.

• Periphytic growth was studied by incubating growth plates (Whatman GF/C glass mircofibre

filters, 47 mm circles) for four two-week long incubation periods in five coastal areas with fish

farms and two control areas during July, August and September 1999 (method after Mattila and

Räisänen, 1998).

• Sediment samples were collected 22-23 September 1998 in six coastal areas in the Åland

archipelago. In 1999, sediment samples were taken 20-21 of July in four areas. In the lakes,

sediment sampling were conducted in September 1999. All samples were taken with a core

sampler (Willner-sampler) and sliced in 1 cm layers.

Table 2. Data used in this thesis.

Paper Literature data Field surveys

I Håkanson et al., 1990 -

II Local authorities in Sweden, Swedish Meteorological and

Hydrological Institute (SMHI),

Enell and Löf, (1983), Korzeniewski et al. (1985), Stirling

and Dey (1990) Persson (1991), Håkanson et al. (1990)

Håkanson and Carlsson (1998)

Three Swedish lakes during 1999

III Swedish Meteorological and Hydrological Institute (SMHI), Three Swedish lakes during 1999

IV Wallin (1991)

V Soumalainen (1989), Laurén-Määttä (1990), Oy-Vesi Hydro

Ab (1993-96)

VI Thirteen coastal areas in the Åland

archipelago (1997-99)

VII Eight coastal areas in the Åland archipelago

(1998-99)

3. Results and discussion
3.1. Eutrophication effects of fish farms
In Paper III and VI the eutrophic impact of fish farming was studied through extensive field

studies in three lakes and thirteen coastal areas during 1999 and 1997-99, respectively. In Paper

III, significant fish farm effects were observed in two lakes for Secchi depth and surface water

concentrations of total and dissolved phosphorus, total nitrogen, chlorophyll and suspended
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particulate matter. In those lakes there was also a trophic gradient within the lakes, with higher

levels of nutrients, chlorophyll-a and suspended particulate matter close to the farm sites (Figure

5). The gradient was clearer for nutrient and chlorophyll-a concentrations than for suspended

particulate matter, Secchi depth and oxygen concentration, but rarely significant. Most of the

variation in surface water chemistry among the lakes could be explained by differences in fish

farm load and water flow. Thus, variation in sensitivity among the lakes due to different lake

morphology was of minor importance. Based on detailed mass balance calculations, it was

concluded that fish farm emissions represented from 38 to 93 % of the phosphorus load and

from 13 to 56 % of the nitrogen load to the lakes during 1999 (Figure 6).
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Figure 5. Epilimnetic water chemistry data for all sampling locations in Lake Långvattnet. A.

TP, B. dP, C. Chl-a, D. TN, E. SPM. Abbreviations as in table 2.
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Figure 6. Estimated total nutrient flows during the sampling period. A. TP, B. TN. LåS is the

southern part of lake Långvattnet, LåN is the northern part of Lake Långvattnet, Ha is Lake

Framsjö, Gis is Lake Gissjön.

In Paper VI, no significant effects related to fish farm emissions were found for oxygen

saturation, total nitrogen, Secchi depth, total suspended particulate matter and suspended

particulate inorganic and organic matter. Possible effects on total phosphorus, N:P ratios,

chlorophyll-a and periphyton were found in a few small and semi-enclosed bays, as illustrated in

figure 7 for perhiphyton. The results further demonstrated that the import of nutrients, at least

nitrogen, from the open sea should have a decisive effect on the eutrophication of the Åland

archipelago. Furthermore, it was concluded that sediment resuspension may influence the

nutrient budgets as well as the suspended matter and Secchi depths whereas the impact from the

catchment areas generally was negligible. Fish farming did not have any measurable large-scale

effect on total nitrogen but fish farming may have a small large-scale effect on total phosphorus

concentration in the Åland archipelago. Based on a critical model test, it was concluded that the

model in paper V (see section 3.2.) is useful as a management tool to give permissions for new

fish farms in the Åland archipelago.
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Figure 7. The mean growth of periphyton measured as chlorophyll-a (mg/m2) in the study

areas. Söderby is reference area to Bergö, Nåtö and Järsö while Brändön is reference area to

Flisö S and Flisö N.

3.2. Predictive models
Predictive models were developed in four of the seven papers in this thesis (Paper I, II, IV and

V). Those models should be valuable tools in environmental management since they are based

on the most fundamental processes. They are also based on few variables that are easily obtained

from standard monitoring programmes. The models in Paper I, II and V are mass balance

models that have been specifically developed for fish farm emissions in lakes (Paper I and II)

and Baltic coastal areas (V). The model in Paper II is unique in the sense that it is a fish farming

model that has been tested using empirical data from a number of lakes with fish farm

production. The model in Paper V is the first mass balance model for fish farm emissions that

have been developed and tested using empirical data from a number of Baltic coastal areas.

In Paper I and II, it was shown that traditional models (Kierchner and Dillon, 1975;

Vollenweider, 1975; OECD, 1982) overestimate the effects of fish farm emissions on total

phosphorus concentrations in lakes with a factor of more than two. The farm specific model

calibrations are given in table 3. The differences in model performance between the tested farm

specific models in Paper II (Table 3b and c) were small. At this stage, the choice of model may

be based on familiarity with the model structure and observed sedimentation characteristics of
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farm emissions. In Sweden, environmental authorities have generally used the OECD model, and

there it would be most convenient to continue to use this model structure in the future (model 2

in Table 3b).

In Paper V phosphorus mass balance models were developed for coastal areas. Phosphorus was

modelled because available data (Soumalainen, 1989; Laurén-Määttä, 1991; Bonsdorff et al.,

1997; Oy-Vesi Hydro Ab, 1993-96, Paper VI) showed that phosphorus and not nitrogen was the

main limiting nutrient in the Åland archipelago during summer. Because the data used for the

critical model test emanate from the Åland archipelago, it will restrict the applicability of the

models and they should, thus, first and foremost be used in coastal areas of the Åland

archipelago. The models developed in Paper V (Table 4) resemble lake management models

(Paper I and II) but predict the impact on a monthly scale (August) as compared to the mean

annual impact predicted by the lake models. The main reason being the much faster water

turnover time in coastal areas, which requires a shorter time scale in order to detect impacts from

fish farms. Two new phosphorus mass balance models were developed. The first predicts the

enhanced phosphorus concentrations caused by fish farms, i.e., the enhanced concentration

above the reference level. The second model predicts the total concentration, i.e., enhanced +

reference concentration. When they were tested using data from 21 coastal areas they gave

promising results (Table 4). The modelled phosphorus concentrations were then used in two

formulas that predict chlorophyll-a concentrations (Table 4). Finally, the predicted enhanced

chlorophyll-a concentrations were used to predict the decreased Secchi depth.
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Table 3A. Farm specific model calibrations (from Paper I).

Model Algorithm DU+EL Duel

1 CTP=(CTPin+(ENVP1*1-(DU+EL)))/Q)/(1+√T) 0.2-1.0

2 CTP=(CTPin+ENVP1/Q)/(1+√T+(Duel*T)) 0.1-57

Where: CTP is the total phosphorus concentration in the lake (µg/l); CTPin is the total phosphorus

concentration in the tributaries (µg/l); ENVP1is the total phosphorus load from the fish farm (µg/year); Q is the

water flow (dm3/year); T is the water turnover time (year); DU+EL is the elimination of phosphorus trough

different processes (dimensionless) and varies between 0 and 1; Duel may be considered as a net sedimentation

rate for all types of faeces (1/year).

Table 3B. Farm specific model calibrations (from Paper II). Regressions on Log ∆TP.

Model Algorithm a b r2

(log10)

SE

(log10)

1 ∆TP = a*∆TPinb 0.56 0.77 0.84 0.287

2 ∆TP = a*(∆TPin/(1+√T))b 0.77 0.82 0.90 0.230

3 ∆TP = ∆TPin/(1+a*Tb) 3.3 0.41 0.91 0.258

4 ∆TP = a*(∆TPin*(1-RKD))b 0.78 0.90 0.92 0.200

Table 3C. Farm specific model calibrations (from Paper II). Regressions on Logit ∆TP/∆TPin.

r2 and SE for log∆TP are given for all calibrations, to make it possible to compare the models.

Model Algorithm a b r2

(logit)

r2

(log10)

SE

(log10)

5 ∆TP/∆TPin = 1/(1+a*Tb) 3.06 0.47 0.55 0.91 0.261

6 ∆TP/∆TPin = a*(1-RKD) 0.723 - 0.67 0.92 0.226

Where: ∆TP is the effect of fish farm emissions on total phosphorus concentration, ∆TPin is the farm emissions

of phosphorus, described as the effect on inflow concentration (µg/l), RKD is the retention rate of phosphorus, T

is the water turnover time (years).  
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Table 4. New fish farm models explicitly developed and calibrated for total phosphorus,

chlorphyll-a concentrations and Secchi depths in the Åland archipelago during August (from

Paper V).

Algorithm a b r2

(log10)

r2 n

∆TP = FarmTP / Qs - - 0.75 28

TP = FarmTP / Qs +TPreference - - 0.89 28

chla = 10a*logTP+b 1.81 -1.88 0.84 28

∆chla = 10a*log(1+TP)+b-1 0.71 -0.17 0.72 27

∆Sd = a*log(1+∆chla)+b 1.54 0.14 - 0.57 28

Where: ∆TP is the calculated increase in total phosphorus concentration caused by farm emissions (mg/m3),

FarmTP is the amount of total phosphorus emitted from the farm per time unit (mg/month), Qs is the surface

water flow (m3/month), TP is the calculated total phosphorus concentration in the coastal area (m3/month),

TPreference is the concentration in the coastal area previous to the installation of the fish farm (mg/ m3), chla is

the calculated chlorophyll-a concentration in the coastal area (mg/ m3), ∆chla is the calculated increase in

chlorophyll-a concentration caused by the farm emissions (mg/ m3), ∆Sd is the decreased Secchi depth due to

farm emissions (m).

In Paper IV a method to assess the sensitivity of coastal areas to an increased organic load from

e.g., fish farms were developed and tested using data from 20 Baltic coastal areas. It was

hypothesised that the deep water oxygen concentration (late summer values, sampled 1 m above

the sea floor) mainly depends on the deep water turnover time and the organic load. The model

predicts the deep water oxygen amount (g) in the coastal area by accounting for the inflow of

oxygen to the coastal area (g/month), the outflow of oxygen from the coastal area to adjacent

areas (g/month) and the seasonal variation in consumption of oxygen caused by decomposition

of organic matter (g/month).

The results show that the four areas with empirical oxygen concentrations below 3 mg/l could

be identified and that the concentrations in the other 16 areas could also be relatively well

predicted (Figure 8).   As hypothesised, realistic seasonal patterns for the deep water

temperature, the deep water volume and the organic load yielded a logical seasonal variation in

the oxygen concentrations with highest values during winter and lowest during late summer. To

evaluate if the oxygen consumption, and thereby the other fluxes in the model were correctly
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determined, a comparison of the model results using empirical measurements of the

consumption was conducted. The model results corresponded well to the empirical

measurements and it was concluded that the variation in consumption among the 20 coastal areas

was large (6 to 92 l/ m2*month).
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Figure 8. Classification of the study areas with respect to expected (model predicted) high,

intermediate and low O2. Also showing the fit between predicted and empirical O2 data (from

Paper IV)

The models developed in Paper I, II, IV and V can be used to identify lakes and coastal areas that

are sensitive to fish farm emissions. Based on criteria established by the authorities concerning,

e.g., a maximum allowable phosphorus and/or chlorophyll-a concentration, the models in Paper

II and V can be used to get an estimate of the amount of fish that can be produced in a specific

coastal area.

3.3. Dynamic modelling scenarios
In paper VII, a dynamic, i.e., a time-dependent mass-balance model was presented and used to

simulate the impact of fish farming on coastal water and sediment quality.  The seasonal

variation in water quality within a defined coastal area was of primary interest. But also the

impact on adjacent areas and on the sediments beneath fish farms, as well as the impact and the

recovery time after closure of fish farms were analysed in terms of modelling scenarios.
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According to these scenarios, the sediment quality beneath the fish farms is a key factor for the

environmental impact. If fine deposits (characteristic of accumulation areas with continuous

sedimentation of fine materials) dominate the area beneath the fish farm, the results show that

this might substantially improve the water quality if the deep water is well oxygenated. However,

it was also concluded that oxygen depletion of such sediments might cause a significant impact

on the water quality during summer. This impact is, however, generally not greater than the

internal loading of phosphorus from ET-areas beneath the farm (Figure 9). Moreover, if the

areas beneath the farm are dominated by ET-sediments, it is likely that a large part of the emitted

nutrients are removed to adjacent areas where they might affect the water quality (Figure 10).

The recovery after closure of a fish farm is much longer if there are A-areas (recovery time of 3-

10 years) and not ET-areas (recovery time in the range of months) beneath the fish farm.

However, the impact on the water quality during this recovery period is generally small and of

short duration and are thus most likely a minor problem in Baltic archipelago areas.

According to the modelling scenarios in paper VII, it should, for the overall water quality in the

coastal area and in adjacent areas, in most cases, be favourable to locate fish farms over A-areas.

This is contradictory to the general opinion that fish farms should be located over ET-areas.
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Figure 9. Illustration of the importance of sediment quality beneath the fish farm in Järsö. Also

showing the importance of aerobic and anoxic conditions for the water quality. (1) Aerobic

conditions and A-areas beneath the farm. (2) Aerobic conditions and ET-areas beneath the

farm. (3) Anoxic conditions and A-areas beneath the farm. (4) Anoxic conditions and ET-areas

beneath the farm (from Paper VII).



25

Figure 10. Phosphorus budgets for two coastal areas in the Åland archipelago, obtained from

model scenarios. A. the area Järsö, B. the area Flisö S. Phosphorus fluxes (arrows) in kg/year

and amounts in kg (from Paper VII).
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3.4. Practical use of the results
This section exemplifies the practical applicability of two of the models presented in this thesis.

One practically useful way of utilising the model in paper IV in coastal management would be to

identify sensitive areas for fish farm emissions. Coastal areas with late summer deep water

oxygen concentrations over 8 mg/l can be considered as areas with good oxygen conditions. In

such areas, it could thus from this perspective be possible to allow fish farming. According to

these criteria, eight of the twenty areas in figure 8 were not suitable for fish farm emissions.

Furthermore, the sensitivity of a coastal area can also be assessed as in a scenario where 16

selected areas were given increasing theoretical loads of sedimentation (g/m2*month). Figure 11

shows the response and the areas are ranked starting with the most sensitive area. Due to the

actual load and the inherent sensitivity, some areas have low empirical oxygen concentrations

and an extra load may lead to severe consequences for the benthic communities. Four areas not

suitable for fish farms are given in the grey-shaded box whereas the next four areas are less, but

still, sensitive to an extra load from, e.g., fish farms. According to the model, the last six areas

could be suitable for fish farm production.

Figure  11.  Scenario where  14  selected  areas  have  been ranked according to their

sensitivity to extra load of nutrients.  The grey-shaded areas are not suitable for  any extra

load (from Paper IV).

From the load diagrams in figure 12, it is possible to relate the environmental response in terms

of enhanced phosphorus concentrations (∆CTP) and the effect in terms of enhanced

chlorophyll-a concentration (∆chla) and decreased Secchi depth (∆Sd) to a specific load.  Thus,

Index of extra load (g/m^2*day)
Area 0 2 4 6 8 10 12 14 16
Latsalmi •
Haverö.S • Not suitable for extra org. load
Käldöfjärd •
Särkkens. N x •
Lagnöstr. x •
Särkkens. S x •
Haverö N x
L.Rimmö x •
Matvik x
Spjutsö x
Järnavik x
Boköfjärd x
Gräsmarö x
Guövik x
x = < 8mg/l
• = < 5 mg/l
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it is possible to use the diagrams to obtain a first estimate on the maximum allowable fish

production in a specific coastal area. Thus, if the water flow (Qs) is approximately 50*106

m3/month, the farm emissions should not exceed 100 kg P per month if the aim is to minimise

∆CTP (<2 mg/ m3), ∆chla (<0.5 mg/ m3) and ∆Sd (<0.2 m). If the same limits are used in an area

with a Qs-value of 300*106 m3/month, it should be possible to produce approximately 350-400

tonnes of fish per year.
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Figure 12. Illustration of two effect-load-sensitivity diagrams. The diagrams relate the

response, A. ∆TP and the effects, B. ∆chl-a, to the load (Farm TP) and the sensitivity (Qs) of

each area. If theFarmTP is unknown, it is possible to use the annual fish farm production

(tonnes / year). FarmTP is the amount of total phosphorus released from the fish farm per

month (kg P/month). Qs is the surface water flow (m3/month). From Paper V.
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3.5. Model domain
The models presented in this thesis are, like all models, only valid for the conditions they were

tested for. When using the models, the parameters should be within the ranges given in table 5.

Table 5. Range of parameters in three models..

Parameters Model Paper II Model Paper IV Model Paper V

V (106 m3) 0.3-720 6-180 1-97

Q (106 m3/year) 1.1-303 0.2-1740 168-6120

T (year) 0.01-4.5

T (month) 0.03-4 0.03-0.43

Pfarm (kg/year) 49-3757

FarmTP (kg/month) 8-1294

TP (mg/m3) 6-112 13-54

∆TP (mg/m3) 1-100 0-32

chl-a (mg/m3) 0.9-9.6 1.5-17.2

∆chl-a (mg/m3) -0.2-15.6

∆Sd (m) -0.6-2.7

O2B (mg/l)

Dmax (m) 11-47

Mff (km3) 0.01-6.5

xm (%) 2.2-8.2

E (dimensionless) 0.04-1.3

SedC (g/m2*day) 0.1-1.2

SedY (g/m2*day) 1.1-17.6

Abbrevations:

V, water volume; Q, water flow; T, water turnover time; Pfarm and FarmTP, phosphorus amount emitted from

the fish farm per time unit; TP, total phosphorus concentration in the lake or coastal area; ∆TP, enhanced

phosphorus concentartion casued by farm emissions; chl-a, chlorophyll-a concentration; ∆chl-a, enhanced

chlorophyll-a concentartion caused by the farm; ∆Sd, decreased Secchi depth casued by the farm; O2B, near

bottom oxygen concentration; Dmax, maximum water depth in the defined coastal area; Mff, mean filter factor;

xm; mean slope; E, exposure; SedC, sedimentation of carbon; SedY, sedimentation in sediment traps 3 m below

the water surface.
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4. Conclusions
The most important results from this thesis are:

� Existing models generally overestimate effects of fish farm emissions on total phopshorus in

lakes.

� Practically useful methods to estimate the phosphorus impact on lakes were developed.

� Practically useful methods to estimate the eutrophic impact on archipelagos were developed.

� Fish farms may cause enhanced total phosphorus and total nitrogen concentrations as well as

enhanced phytoplankton biomass in lakes.

� Fish farms may cause enhanced total phosphorus concentrations, periphytic growth and

phytoplankton biomass in small and semi-enclosed coastal bays.

� It is difficult to relate effects on oxygen concentration, suspended matter and Secchi depth to

fish farm emissions in both lakes and coastal areas.

� Fish farming did not yield any measurable large-scale effect on total nitrogen concentrations

but possibly on phosphorus concentrations in the Åland archipelago.

� Phosphorus is most likely the main limiting nutrient in the Åland archipelago.

� The import of nutrients from the open sea probably has a decisive effect on the eutrophication

status of the Åland archipelago.

� The sediment quality beneath coastal fish farms is a key parameter for the eutrophication

impact.

� The sediment recovery after closure of fish farms can take several years but the effects on

water quality after closure are generally of short duration in Baltic coastal areas.
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Appendix A. Primary data from Paper I and II
Mean annual values

Framsjön Loch
Fad

Gissjön Långsjön Långvattnet Szczytno
Male

Skärsjön V Silen Sarvtj. S.
Bullaren

X 667307 Scott
land

693243 671974 664030 Poland 633344 656961 664954 652705

Y 138723 152189 152544 147050 130068 128876 143405 125521
A 1.8 0.71 3.1 0.16 1 0.332 3.1 48 0.09 8.28
Dm 7.2 5 14 2.1 7.1 3.6 9.4 15 8.1 10.1
Dmax 25 35 6.2 24 8.5 22.5 - 25 26
V 13 3.6 44 0.34 7.4 1.2 29 720 0.73 83.6
ADA 214 292 3.3 24.1 14.5 733 0.36 199
Q 79 7.4 106 1.12 9.2 168 6.4 303 0.19 94
qs 11.7 11.5 10.8 12.1 14 13.1 17.0 15
T 0.17 0.48 0.41 0.3 0.8 0.007 4.55 2.4 3.77 0.89
∆TPin 5.6 508 1.9 43.5 27 3.9 70 5.7 61 -
∆TP 2.5 100 0.9 5.5 16 3.1 8 1 1.65 -
TP 10 112 8.3 13 24 85 14 6.2 13 27
Chla (mean) 4.6 73 2.2 7 12 13 - 2.4 5 4.6
Chl-a (max) 8.8 157 5.2 9 22 - 6.1 - 7 8
Prod 68 200 29 - 37 26 33 255 - -
Pfarm 442 3757 201 49 248 650 448 1727 - -
Farm
introduction

1982 1976 1987 1987 1978 1979 1978 1986 1987 1982

Data
availability

1990-1999 1981 1989-
1999

1986-
1989

1996, 1999 1981-
1982

1982-
1985

1990-
1996

1986-
1989

1983-
1998

Abbrevations:

X/Y = Lat/long coordinates according to the Swedish national coordinate system; A = lake area (km2); Dm =

mean depth (m); Dmax = maximum depth (m); V = Lake volume (Mm3); ADA = Area of drainage area (km2); Q

= Annual water flow (106 m3*yr-1); qs = specific runoff (l*s-1*km-2); T = Theorethical water turnover time (yr) =

V/Q; TPin = Inflow concentration for total phosphorus to the lake (mg/m3);TP = Total phosphorus concentration

in epilimnion (mg/m3); ∆TP and ∆TPin = Effect of farm emissions on TP and TPin  (mg/m3); Chla

(mean)/(max) = Seasonal mean and maximum concentrations of Chlorophyll a in epilimnion (mg/m3); Prod =

Annual farm production (ton*yr-1); Pfarm = Annual phosphorus emissions from the fish farm (kg/yr).
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Appendix B. Primary data from Paper III
Data from May - October 1999

Lake Fram sjön Lake Gissjön Lake Långvattnet S Lake Långvattnet N
X (SMHI) 667307 693243 664030 665207
Y (SMHI) 138723 152189 147050 147106
A (km2) 1.8 3.1 1 0.77
Dm (m ) 7.2 13.9 7.1 6.4
Dmax (m) 25 35 24 29
V (Mm 3) 13.4 43.6 7.4 4.8
ADA (km2) 214 292 24.1 77
Q (Mm 3*år-1) 77 106 9.2 29
qs (l*s-1*km-2) 11.4 11.5 12.1 12.1
T (år-1) 0.17 0.41 0.8 0.17

Water flow station Råda krv Stors illret Kringlan Kringlan
SMHI reference number 108-1446 42-1910 61-2229 61-2229
X (SMHI) 665581 695016 661976 661976
Y (SMHI) 137668 152485 144296 144296
ADA (km2) 1671 164 295 295
Water flow period 1965-1999 1980-1999 1979-1999 1979-2000

Abbrevations :

X/Y = Lat/long coordinates according to the Swedish national coordinate syste m; A = lake area; Dm = m ean

depth; Dmax = maximum depth; V = L ake volume; ADA =  Area of drainage area; Q = Annual water flow; qs =

speci fic runoff; T = Theorethical water turnover time.
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Appendix B. Continued.
Location Lå1 Lå2 Lå3 Lå4 Lå5 Ha3 Ha1 Ha2 Gi s1 Gis2 Gis3

Depth (m) 1.5 4.5  9-25  9-14 22.5- 27.5 5.5 18-24 1 3-23 34 1 1

siktdjup (m) 2.7 2.8 2.7 3.2 2.7 2.5 2.4 3.4

dP epi (µg/l) 3.3 7.9 7.1 5.8 5.3 4.1 5.7 4.7 3.1 4.9 6.9

TP epi (µg/l) 4.3 21.8 19.3 16.5 1 0.3 7.4 10.7 9.4 8.3 6.7 9.5

TN epi (µg/l) 260 403 377 336 295 330 362 3 55 277 262 319

dP hypo (µg/l) 9.3 8.2 6.6 7.5 5.1 4.3

TP hypo (µg/l) 23.2 16.6 9.3 13.3 10.6 7.9

TN hypo (µg/l) 418 353 330 418 4 11 335

Chl-a (µg/l) 1.5 11.7 12.0 11.8 5.2 3.6 5.2 4.2 2.2 0.9 1.1

Chl-b (µg/l) 0.0 0.0 0.3 0.3 0.2 0.1 -0. 1 0.1 -0.1 -0.2 -0. 1

Chl-c (µg/l) 0.6 2.0 2.3 1.9 1.7 1.5 0.9 1.7 0.3 -0.3 0.1

Phaeofytin (µg/l) 0.4 13.7 14.5 14.0 7.1 0.9 0.9 1.0 0.1 0.2 0.0

korr Chl-a (µg/l) 1.3 10.9 11.1 10.4 4.3 3.2 4.7 3.7 2.2 0.8 1.2

Chl-a  max (µg/l) 2.1 22.4 24.8 18.7 1 0.0 7.6 9.3 8.4 5.2 1.4 4.0

Chl-b max (µg/l) 1.2 0.6 1.1 0.8 1.3 1.6 0.5 2.2 0.2 0.1 0.5

Chl-c max (µg/l) 4.8 4.1 6.1 3.7 5.6 7.7 2.0 9.8 1.3 0.4 1.7

Phaeofytin max (µg/l) 1.8 5.5 4.0 5.2 3.3 3.7 2.4 5.0 0.7 1.5 1.0

korr Chl-a max (µg/l) 1.8 21.8 22.1 15.4 8.1 6.8 9.5 7.1 5.4 1.5 3.6

SPM epi (mg/l) 0.7 2.2 2.4 1.9 1.5 1.0 1.3 0.9 1.2 1.1 1.2

SPOM epi (mg/l) 0.8 1.9 2.3 1.9 1.6 1.2 1.5 1.0 0.9 0.8 1.0

SPIM epi (mg/l) -0. 2 0.3 0.2 -0.1 -0.1 -0.2 -0. 2 -0. 1 0.2 0.3 0.2

SPM hypo (mg/l) 2.5 1.9 1.4 0.8 0.7 0.7

SPOM h ypo (mg/l) 1.9 1.8 1.2 1.0 0.8 0.8

SPIM hyp o (mg/l) 0.6 0.1 0.2 -0. 2 0.0 0.0

Temperature ep i (°C) 14.7 14.4 13.6 1 3.7 14.5 14.5 14.1 14

Temperature hypo (°C) 6.9 7.5 6.6 6.5 7 6.3

Diss. oxygen min. (mg/l) 1.1 1.3 3.2 2.1 3.8 8.7

VHOD (mg/m3*d) 79 79 64 57 58 29

AHOD (g/m2*d) 0.45 0.45 0 .36 0.46 0.23 0.37

Abbrevations:    TP, Total phosphorus concentration; dP, dissolved phosphorus concentration; TN, Total nitrogen
concentration; SPM, suspended particulate material; SPOM, suspended organic particulate material; SPM,
suspended inorganic particulate material; Chla (mean) and Chl-a (max), Seasonal mean and maximum
concentrations of Chlorophyll a in the epilimnion; DO, Dissolved oxygen concentration in the hypolimnion;
VHOD and AHOD, Volumetric and Areal Hypolimnetic Oxygen Demand. ∆= Estimated fish farm effect.
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Appendix B. Continued.
Lå2 Lå3 Lå4 Lå5 Ha1 Ha2 Gis1

∆dP (µg/l) 4.5 3.8 2.5 2.0 2 1 -2.3
∆TP (µg/l) 17.5 15.0 12.2 6.0 3 2 0.9

∆TN (µg/l) 143 117 76 35 32 25 20

∆Chl-a (µg/l) 10.1 10.4 10.3 3.6 1.5 0.6 1.3

∆Chl-b (µg/l) 0.0 0.3 0.3 0.2 -0.2 0.0 0.1

∆Chl-c (µg/l) 1.4 1.7 1.3 1.0 -0.6 0.2 0.5

∆Phaeofytin (µg/l) 13.3 14.1 13.6 6.7 0.0 0.1 -0.1

∆korr Chl-a (µg/l) 9.5 9.8 9.1 3.0 1.4 0.5 1.4

∆Chl-a  max (µg/l) 20.3 22.8 16.6 8.0 1.7 0.8 3.2

∆Chl-b max (µg/l) -0.6 -0.1 -0.4 0.1 -1.1 0.6 0.0

∆Chl-c max (µg/l) -0.7 1.3 -1.1 0.8 -5.7 2.1 0.6

∆Phaeofytin max (µg/l) 3.7 2.2 3.5 1.5 -1.3 1.3 -0.7

∆korr Chl-a max (µg/l) 20.0 20.3 13.6 6.3 2.7 0.3 3.4

∆SPM (mg/l) 1.5 1.7 1.2 0.9 0.2 -0.1 0.1

∆SPOM (mg/l) 1.1 1.4 1.1 0.8 0.3 -0.2 0.1

∆SPIM (mg/l) 0.4 0.3 0.1 0.1 0.0 0.1 0.0
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Appendix C. Primary data from Paper IV
Mean values from July - September (from Wallin, 1991)

Area name Dmax l Im Ins L A a At Ab V Dm Dr

L. Rimmö 17.6 2.233 0.010 3.495 12.38 2.59 2.50 0.017 2.50 0.021 8.3 0.99
Eknön 19.5 7.673 0.011 1.054 32.65 14.04 13.89 0.017 13.90 0.116 8.5 0.46
Lagnöströmmen 20.1 6.487 0.010 2.646 27.84 5.42 5.27 0.003 5.27 0.017 3.8 0.78
Gräsmarö 46.9 1.992 0.009 2.701 36.92 14.15 13.77 0.082 13.80 0.180 13.

8
1.12

Ålö-Melö 35.2 6.396 0.009 4.560 30.90 6.54 6.24 0.016 6.25 0.042 8.0 1.25
Matvik 14.3 5.748 0.006 1.402 13.05 3.12 3.08 0.007 3.08 0.016 5.2 0.72
Boköfjärd 21.6 5.504 0.014 3.200 23.13 7.05 6.83 0.014 6.83 0.041 7.1 0.73
Tärnö 11.1 2.545 0.001 0.256 4.72 1.54 1.53 0.006 1.53 0.007 5.1 0.79
Guövik 22.8 10.207 0.087 27.386 22.37 2.86 2.08 0.007 2.08 0.013 5.2 1.40
Järnavik 18.6 19.605 0.004 1.677 26.21 3.49 3.43 0.008 3.43 0.018 5.7 0.89
Spjutsö 15.6 7.797 0.002 0.649 11.10 3.49 3.47 0.019 3.47 0.020 5.8 0.74
Ronneby 17.6 19.234 0.040 8.298 36.55 11.94 10.95 0.018 10.95 0.047 4.3 0.47
Käldöfjärd 16.7 3.646 0.015 4.274 16.58 3.14 3.00 0.004 3.01 0.020 7.6 0.85
Haverö N 22.5 1.387 0.010 8.295 18.49 1.47 1.35 0.018 1.35 0.011 7.8 1.72
Haverö S 19.7 1.608 0.070 13.202 5.50 1.05 0.92 0.007 0.92 0.010 9.7 1.83
Hämmärönsalmi 19.3 4.555 0.003 0.722 10.81 2.21 2.19 0.011 2.19 0.017 7.9 1.16
Laitsalmi 18.5 11.399 0.005 1.990 23.21 4.28 4.20 0.008 4.20 0.031 7.6 0.80
Särkkensalmi N 26.8 2.781 0.002 0.349 8.28 2.06 2.06 0.009 2.06 0.020 10.

0
1.66

Särkkensalmi S 38 3.1 0.000 0.000 6.38 1.58 1.58 0.009 1.58 0.020 13.
1

2.68

Kaukolanlahti 13.3 3.383 0.015 2.184 9.00 1.38 1.35 0.001 1.36 0.006 4.8 1.01

Abbreviations

Dmax, maximum depth (m); l, coastline length (km); Im, mean size of islands (km2); Ins, proportion of islands

(%); L, shoreline length (km); A, total area (km2); a, water surface (km2); At, total cross-sectional area (km2);

Ab, bottom area (km2); V, water volume (km3); Dm, mean depth (m); Dr, relative depth (%);

* Calculated from Persson and Håkanson (1996)

** Calculated from Persson et al. (1994)

† Empirical data from Persson and Håkanson (1996)
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Appendix C. Continued.
Area name xm Vd E Ff MFf SedY SedC TSW** TDW BApercent O2B Chl-

a

L. Rimmö 4.09 1.415 0.670 5.32 0.89 4.23 0.36 1.0 3* 26.8 8.26 2.26
Eknön 2.63 1.384 0.128 4.65 0.78 1.95 0.12 7.3 2* 80.9 6.17 3.53
Lagnöströmmen 2.86 0.569 0.069 0.58 0.29 11.13 0.65 11.1 2* 8.1 7.95 4.59
Gräsmarö 6.01 0.882 0.625 30.71 2.36 1.07 0.18 1.1 0.01* 40.0 7.92 2.65
Ålö-Melö 7.25 0.679 0.301 5.56 1.39 3.70 0.45 3.2 12* 5.6 9.1 2.05
Matvik 3.46 1.098 0.215 3.68 0.46 4.15 0.58 4.6 11* 0.0 10 1.39
Boköfjärd 3.94 0.992 0.243 17.54 1.60 1.63 0.24 4.1 0.07* 4.0 10 1.42
Tärnö 3.18 1.366 0.419 3.54 0.59 3.05 0.36 2.1 4* 0.0 9.75 1.56
Guövik 3.86 0.684 0.280 5.71 1.90 1.89 0.23 3.5 0.01* 35.1 9.9 1.97
Järnavik 4.31 0.926 0.258 5.63 1.41 1.48 0.19 3.8 0.29* 0.0 9.8 1.26
Spjutsö 3.74 1.117 0.542 8.79 1.46 4.35 0.57 1.4 0.08* 1.5 9.46 0.90
Ronneby 2.21 0.735 0.160 19.46 6.49 4.13 1.07 6.1 0.01* 22.5 9.5 2.09
Käldöfjärd 6.34 1.357 0.147 0.61 0.10 10.99 0.65 6.5 120† 31.6 2.02 2.68
Haverö N 5.47 1.045 1.273 7.26 1.21 11.82 0.47 0.3 0.31* 26.6 8.01 2.33
Haverö S 5.70 1.473 0.644 2.06 0.52 8.22 0.60 1.1 27* 34.2 1.05 1.97
Hämmärönsalmi 6.19 1.225 0.523 4.07 1.02 9.13 0.55 1.5 5† 1.6 4.87 2.20
Laitsalmi 5.61 1.225 0.194 1.79 0.60 17.56 0.81 5.1 120† 41.5 2.82 2.68
Särkkensalmi N 5.78 1.116 0.451 2.00 1.00 15.68 0.51 1.9 4† 5.6 5.64 4.49
Särkkensalmi S 8.17 1.034 0.563 3.50 1.75 15.35 0.62 1.3 0.06* 2.9 7.35 3.91
Kaukolanlahti 4.15 1.078 0.045 0.06 0.01 15.27 1.19 13.8 120* 35.9 1.71 9.60

Abbrevations:

xm, mean slope (%); Vd, form factor (dimensionless); E, topographic openness (dimensionless); Ff, filter factor

(km3); MFf, mean filter factor (km3); SedY, sedimentation in sediment traps 3 m below water surface (g/m2

day); SedC, sedimentation of carbon (g/m2 day); TSW, surface water turnover time (days); TDW, deep water

turnover time (days); BApercent, proportion of accumulation bottoms (%); O2B, near bottom oxygen content

(mg/l); Chl-a, chlorophyll-a concentration in surface water (mg/m3).

* Calculated from Persson and Håkanson (1996)

** Calculated from Persson et al. (1994)

† Empirical data from Persson and Håkanson (1996



41

Appendix D. Primary data from Paper V.
Data from August

Area A Dm V Vs At Ea Ts Q Qs FarmTP υ PF Cnet

1a 4.29 7 0.03 0.028 0.003 0.066 10.8 83495430 77929068 199 3 0.6 0 - 0.001
1b 4.29 7 0.03 0.028 0.003 0.066 10.8 83495430 77929068 660 3 0.6 0 - 0.001
2 1.09 5.8 0.0063 0.0059 0.005 0.436 1.9 95781415 94185058 185 3 0.6 0 - 0.001
3a 0.54 5.9 0.0037 0.0026 0.001 0.139 6.5 17011188 11953808 55 3 0.6 0 - 0.001
3b 0.54 5.9 0.0037 0.0026 0.001 0.139 6.5 17011188 11953808 8 3 0.6 0 - 0.001
4a 0.73 3.9 0.0026 0.0026 0.001 0.17 5.5 14182567 14182567 282 3 0.6 0 - 0.001
4b 0.73 3.9 0.0026 0.0022 0.001 0.17 5.5 14182567 14182567 102 3 0.6 0 - 0.001
4c 0.73 3.9 0.0026 0.0022 0.001 0.17 5.5 14182567 14182567 290 3 0.6 0 - 0.001
4d 0.73 3.9 0.0026 0.0022 0.001 0.17 5.5 14182567 14182567 240 3 0.6 0 - 0.001
5 1.15 2.5 0.0028 0.0028 0.004 0.348 2.5 32955225 32955225 272 3 0.6 0 - 0.001
6 0.48 3 0.001 0.001 0.002 0.419 2 15089746 15089746 143 3 0.6 0 - 0.001
7 24.27 4 0.097 0.097 0.011 0.047 12.8 226927366 226927366 236 3 0.6 0 - 0.001
8 2.5 3.6 0.009 0.009 0.005 0.216 4.4 61609994 61609994 86 3 0.6 0 - 0.001
9a 4.37 7.7 0.034 0.0307 0.014 0.325 2.8 367248122 331603451 1169 3 0.6 0 - 0.001
9b 4.37 7.7 0.034 0.0307 0.014 0.325 2.8 367248122 331603451 812 3 0.6 0 - 0.001
10 1.33 5 0.0066 0.0066 0.004 0.331 2.7 72924786 72924786 272 3 0.6 0 - 0.001
11 0.51 6 0.003 0.003 0.004 0.704 1 90000000 90000000 313 3 0.6 0 - 0.001
12 0.41 6.6 0.0027 0.0027 0.005 1.34 1 81000000 81000000 315 3 0.6 0 - 0.001
13 2.87 6.2 0.018 0.018 0.019 0.635 1 519055782 519055782 1294 3 0.6 0 - 0.001
14 5.18 4.8 0.0247 0.0247 0.006 0.115 7.6 98138041 98138041 216 3 0.6 0 - 0.001
15 13.47 7.9 0.106 0.106 0.02 0.147 6.2 510190175 510190175 457 3 0.6 0 - 0.001
16 1.4 9.1 0.013 0.0126 0.011 0.793 1 381000000 378000000 399 3 0.6 0 - 0.001
17 1.05 2 0.0127 0.0127 0.003 0.276 3.4 18688916 18688916 40 3 0.6 0 - 0.001
18 1.51 14 0.021 0.0164 0.024 1.55 1 630000000 492000000 146 3 0.6 0 - 0.001
19 2.38 8.9 0.021 0.0166 0.034 1.446 1 630000000 498000000 509 3 0.6 0 - 0.001
20a 3.57 3 0.0107 0.0107 0.004 0.101 8.3 38765732 38765732 75 3 0.6 0 - 0.001
20b 3.57 3 0.0107 0.0107 0.004 0.101 8.3 38765732 38765732 120 3 0.6 0 - 0.001
21 2.54 9 0.0229 0.0229 0.013 0.513 1.5 465752457 465752457 311 3 0.6 0 - 0.001

max 24.27 14 0.106 0.106 0.034 1.55 12.8 630000000 519055782 1294
min 0.41 2 0.001 0.001 0.001 0.047 1 14182567 14182567 8
mean 3.24 5.8 0.019 0.018 0.008 0.402 4.6 178570574 175484219 329

Abbrevations

Coast, the number of each coastal area, see Figure 1 for location in the Åland archipelago; A, water surface area

(km2); Dm, mean water depth (m); V, total water volume (km3); Vs, surface water volume (km3); At, total

cross-sectional area towards the sea or towards adjacent areas; (km2); Ea, calculated simple openness (%); Ts,

predicted surface water turnover time (days); Q, predicted total water flow (m3/month); Qs, predicted surface water

flow (m3/month); FarmTP, calculated amount of total phosphorus emitted from the fish farm during August (kg

P/month); υ, settling velocity for farm emitted phopshorus (cm/s); PF, particulate phosphorus fraction; Cnet, a

constant used to account for the release of phosphorus from the sediments (dimensionless).
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Appendix D. Continued.

CTPempirical chlaempirical Sdempirical CTPreference chlareference Sdreference
Area Year n mean CV n mean CV n mean CV n mean CV n mean CV n mean CV
1a 93-96 8 20 12 8 3.5 23 8 3 21 4 19 24 4 2.2 31 4 3.2 27
1b 90 15 30 28 17 3.4 24 8 2.7 8 2 19 0 4 2.9 13 2 3.1 2
2 93-96 8 16 23 8 2.8 57 8 4.7 18 4 13 33 4 1.4 25 4 5.7 16
3a 93-94 4 19 15 4 3.4 17 4 3.7 9 2 14 10 2 2.6 11 2 5 7
3b 95-96 4 18 8 4 2.1 6 4 5 6 2 13 11 2 2 4 2 5 0
4a 93 2 43 75 2 17 109 2 3.5 55 1 14 - 1 3.4 - 1 4.8 -
4b 94-96 6 32 46 6 8.3 55 6 3.2 41 3 19 24 3 3.4 24 3 4.5 11
4c 89 8 43 62 9 11.8 47 9 3.3 53 1 21 - 1 2.3 - 1 4.6 -
4d 90 7 54 25 8 18.5 49 4 2.5 16 1 22 - 4 1.6 4 1 5.2 -
5 93-96 4 22 12 4 4.3 32 5 4.4 9 4 17 13 4 3.6 29 4 4.7 12
6 93-96 8 27 26 8 6.4 40 8 3.4 26 4 20 18 4 3 65 4 4.6 12
7 93-96 8 17 14 8 2.1 21 8 3.2 29 4 16 9 4 2.1 5 4 3.2 29
8 93-96 8 15 16 8 1.8 20 8 4.6 7 4 15 13 4 1.7 31 4 4.4 5
9a 93-94 10 16 19 10 2.3 16 10 4.8 18 2 15 24 2 1.9 42 2 5 23
9b 95-96 10 17 9 10 2.1 28 10 5 20 2 15 5 2 1.7 33 2 5.5 21
10 93-96 12 17 15 12 2.4 32 12 4.1 21 4 15 14 4 1.8 32 4 5.3 18
11 93-96 8 15 16 8 1.5 18 8 5.2 13 4 13 26 4 1.7 42 4 5.4 14
12 93-96 12 16 19 12 1.8 22 12 4.9 15 4 13 26 4 1.7 42 4 5.4 14
13 93-96 16 21 25 16 3.1 36 16 4 17 4 17 6 4 2.1 35 4 4.7 9
14 93-96 8 19 13 8 2.6 21 8 4.3 10 4 17 6 4 2.1 35 4 4.7 9
15 93-96 20 15 22 20 1.6 17 20 4.4 13 4 14 19 4 1.7 25 4 4.6 9
16 93-96 8 15 18 8 2 20 8 4.5 11 4 14 19 4 1.7 25 4 4.6 9
17 93-96 8 17 20 8 1.7 33 8 4.2 22 4 15 13 4 1.7 31 4 4.4 5
18 93-94 4 13 13 4 1.6 3 4 4.6 24 2 13 17 2 1.7 20 2 4.4 6
19 93-96 8 20 21 8 2.6 49 8 5.2 9 4 20 22 4 2.7 47 4 4.5 3
20a 93 2 20 7 2 1.8 20 2 4.8 3 1 15 - 1 2.4 - 1 4.9 -
20b 94-96 6 24 11 6 2.9 31 6 2.4 32 3 18 25 3 2.6 38 3 3.7 26
21 93-96 16 16 9 15 2 25 16 3.5 19 4 16 9 4 2.1 5 4 3.2 29

max 20 54 75 20 18.5 109 20 5.2 55 4 22 33 4 3.6 65 4 5.7 29
min 2 13 7 2 1.5 3 2 2.4 3 1 13 0 1 1.4 4 1 3.1 0
mean 9 22 21 9 4.1 31 8 4 19 3 16 16 3 2.2 28 3 4.6 13

Abbrevations

Coast, the number of each coastal area, see Figure 1 for location in the Åland archipelago; Year, information of

when the data were collected; n, number of observations; mean, mean value based on n observations; CV, the

coefficient of variation (%) for the observed data; CTPempirical, empirical total phosphorus concentration in the

fish farm area (mg/m3); chlaempirical, empirical chlorophyll-a concentration in the fish farm area (mg/m3);

Sdempirical, empirical Secchi depth in the fish farm area (m); CTPreference, empirical total phosphorus

concentration in the reference area (mg/m3); chlareference, empirical chlorophyll-a concentration in the reference

area (mg/m3); Sdreference, empirical Secchi depth in the reference area (m).
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Appendix E. Primary data from Paper VI.
Mean values from June - October

Parameter Year Järsö Bergö Nåtö Nyham Söderby
TP (µg/l) 97/99 21 15
TP (µg/l) 99 22 22 16 13 23
∆TP (µg/l) 97/99 6
∆TP (µg/l) 99 9 9 3
TN (µg/l) 97/99 340 320
TN (µg/l) 99 450 400 330 350 390
∆TN (µg/l) 97/99 20
∆TN (µg/l) 99 100 20 -20
chl-a (µg/l) 97/99 3.6 2.1
chl-a (µg/l) 99 5.1 4.8 4.1 2.8 5.3
∆chla (µg/l) 97/99 1.5
∆chla (µg/l) 99 2.3 2 1.3
Sd (m) 97/99 4.5 6.1
Sd (m) 99 3.8 3.3 4 5.3 3.8
Periiphyton
(mg/m2)

99 7.5 14.4 2.1

∆Periphyton
(mg/m2)

99 5.1 12 -0.3 2.4

SPIM (mg/l) 97/99 2.5 2
SPIM (mg/l) 99 2.4 2.1 2.2 1.9 2.3
SPOM (mg/l) 97/99 1.9 1.6
SPOM (mg/l) 99 1.9 2 1.6 1.7 1.7
Temp (°C) 97/99 13.7 13.4
Temp (°C) 99 17.8 18.7 17.8 16.4 18.9
O2 (%) 97/99 91 98
O2 (%) 99 90 100 101 94 88

Abbrevation:
TP, total phosphorus concentration; TN, total nitrogen concentration; chl-a, chlorophyll-a concentration; SD,
Secchi depth; Periphyton, periphyton growth; SPIM, suspended particulate inorganic matter; SPOM, suspended
particulate organic matter; Temp, surface water temperature; O2, deep water oxygen concentration; ∆, estimated
fish farm impact.
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Appendix E. Continued.

Parameter Year Flisö FlisöS FlisöN Bussöfj. Ängös. Sandö Föglöfj Björkö Brändön
TP (µg/l) 97/98 17 15 16 14 15 15
TP (µg/l) 98/99 15 16
TP (µg/l) 99 15
∆TP (µg/l) 97/98 2 0 1 -1 0
TN (µg/l) 97/98 250 240 260 250 230 250
TN (µg/l) 98/99 320 330
TN (µg/l) 99 330
∆TN (µg/l) 97/98 0 -10 10 0 -20
chl-a (µg/l) 97/98 2 2 1.9 1.7 1.8 1.8
chl-a (µg/l) 98/99 2.3 2.4
chl-a (µg/l) 99 2.5
∆chla (µg/l) 97/98 0.2 0.2 0.1 -0.1 0
SD (m) 97/98 4.9 3.4 3.5 4.9 5.2 4.6
SD [m) 98/99 4.8 4.7
SD (m) 99 4.5
Periiphyton
(mg/m2)

99 2.4 3.5 6.4

∆Periphyton
(mg/m2)

99

SPIM (mg/l) 97/98 2.4 2.9 3 2.4 2.3 2.3
SPIM (mg/l) 98/99 2.6 2.4
SPIM (mg/l) 99 2.8
SPOM (mg/l) 97/98 1.6 1.8 1.7 1.6 1.6 1.6
SPOM (mg/l) 98/99 1.5 1.6
SPOM (mg/l) 99 1.4
Temp (°C) 97/98 13.3 13.5 13.9 13.2 13.3 13.6
Temp (°C) 98/99 14.8 14.7
Temp (°C) 99 17.7
O2 (%) 97/98 97 98 94 94 92 95
O2 (%) 98/99 94 94
O2 (%) 99 103

Abbrevation:
TP, total phosphorus concentration; TN, total nitrogen concentration; chl-a, chlorophyll-a concentration; SD,
Secchi depth; Periphyton, periphyton growth; SPIM, suspended particulate inorganic matter; SPOM, suspended
particulate organic matter; Temp, surface water temperature; O2, deep water oxygen concentration; ∆, estimated
fish farm impact.
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