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Improving Marine Water Quality by
Mussel Farming: A Proﬁtable Solution
for Swedish Society
Eutrophication of coastal waters is a serious environmental problem with high costs for society globally. In eastern Skagerrak, reductions in eutrophication are planned
through reduction of nitrogen inputs, but it is unclear how
this can be achieved. One possible method is the cultivation of ﬁlter-feeding organisms, such as blue mussels,
which remove nitrogen while generating seafood, fodder
and agricultural fertilizer, thus recycling nutrients from sea
to land. The expected effect of mussel farming on nitrogen
cycling was modeled for the Gullmar Fjord on the Swedish
west coast and it is shown that the net transport of nitrogen
(sum of dissolved and particulate) at the fjord mouth was
reduced by 20%. Existing commercial mussel farms already perform this service for free, but the beneﬁts to society could be far greater. We suggest that rather than paying
mussel farmers for their work that nutrient trading systems
are introduced to improve coastal waters. In this context
an alternative to nitrogen reduction in the sewage treatment plant in Lysekil community through mussel farming is
presented. Accumulation of bio-toxins has been identiﬁed
as the largest impediment to further expansion of commercial mussel farming in Sweden, but the problem seems to
be manageable through new techniques and management
strategies. On the basis of existing and potential regulations
and payments, possible win-win solutions are suggested.

INTRODUCTION
Eutrophication of coastal waters, which causes increased primary production and often leads to hypoxia, is a serious environmental problem in many places worldwide (1, 2). In the
NE Atlantic region, i.e. the Skagerrak coastal waters (Fig. 1),
eutrophication threatens ﬁsh production, and marine biodiversity (3, 4). The international goal of reducing nitrogen and
phosphorus from anthropogenic, land-based sources to the
sea by 50% between 1985 and 2005 (North Sea and OSPAR
Conventions, 1992) will not be reached. The Swedish national
goal for release of anthropogenic waterborne nitrogen is a
40% reduction from the 1995 level before 2025. The County
Board of Västra Götaland, Sweden, has established a goal of
reducing waterborne nitrogen ﬂows to the coastal waters of
eastern Skagerrak by 18% of the 1995 level by 2010, equal to
2750 tonnes per year (5). Another important source is atmospheric deposition, which contributes almost 25% of the total
inﬂux of nitrogen.
The extent of the problem in a historical perspective is hard
to document, since the main increase in nutrient load occurred
before monitoring programs started. However, the EU project
Forum Skagerrak (4) has conservatively estimated the increase
in load from land and atmosphere to the Baltic and North Sea
regions, including the Skagerrak, to be fourfold in phosphorus
from the 1940s to the 1970s and twofold in nitrogen from the
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Figure 1. Map showing Swedish Skagerrak coast.

1950s to the 1980s. During the last decades, nitrogen inputs
have been consistent, but phosphorous inputs have exhibited a
slight decrease (4).
Of the total anthropogenic waterborne supply of nitrogen
to the Swedish Skagerrak waters, roughly 20% or 2200 tonnes
come from point sources like municipal wastewater and industries, and the rest, about 8500 tonnes, from diffuse sources
like agriculture (6). The most obvious measures for reducing
nutrient loads, such as upgrading large water-treatment plants
to comply with EU regulations and reducing emissions from
large industries, have now been implemented, but with insufﬁcient effect on the overall situation (4). Other measures, such
as changes in agricultural practices and the restoration of wetlands, have also been implemented, but again with insufﬁcient
results to date (7).
Harvesting ﬁlter-feeding organisms such as blue mussels
(Mytilus edulis) that feed on phytoplankton may be a sustainable method for producing food of high nutritional value while
simultaneously recycling nutrients from sea to land. This possibility has been discussed by several authors (8–10). Reduction of the impact of anthropogenic nutrients can be achieved by
reducing the amount of seston, including phytoplankton, in the
coastal water. Seston is the basic diet of the ﬁlter-feeding mussels; hence by placing mussel cultures in the area and harvesting
the production, the amount of seston in the water is reduced at
the same time as nutrients are removed.
The aim of this paper is to evaluate the following hypothesis:
Mussel farming can act both as sustainable food production and
as a cost-effective method to improve coastal water quality.
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METHODS AND CONDITIONS
The study area (eastern Skagerrak, Swedish west coast) is shown
in Figure 1. Presently about 1500 tonnes (t) of mussels per year
(11) are cultured and harvested in the area, resulting in a removal of about 15 t of nitrogen, considering the nitrogen content is
1% of the wet weight (12). In general, the eastern Skagerrak area
offers excellent conditions for the cultivation of blue mussels
according to the Swedish Aquaculture Association (Anders
Granhed, pers. comm.). The annual mean primary production
measured during the period 1985–1999 at the mouth of the Gullmar Fjord, a site which is representative for the eastern Skagerrak coastal zone, was calculated to 248 gC m-2 yr-1 (13), showing
that there is good potential for mussel growth (14). The supply
of M. edulis larvae is never a limiting factor and there are suitable farm sites available. The period from settlement to cultured
mussels with a shell length of 5–6 cm is comparable to growth
rates in other European states (14).

sional bio-ﬁlter (10 x 200 m, ~ 6 m deep). An optimal site at
the Swedish West Coast produces up to 40 kg of fresh mussels
m-2 and yr-1, while ﬁltering the phytoplankton biomass produced by about 25 m2 of sea surface. Each farm unit of 2000
m2 will thus ﬁlter the surface water from about 50 000 m2 (5
ha) (9). In order to maximize the rate of biomass removal,
mussels should be harvested during the months November to
December at an age of 17–18 months (14). However, other
factors, such as marketing and toxicity, generally require more
complex strategies.
Apart from space, the two main interrelated ecological factors limiting the size of mussel cultures are seston concentration and current speed (14). For good growth to be maintained,
an increase in the number of long-lines depends on a corresponding increase in the average current speed or a commensurate increase in the quantity of food. The hydrodynamic environment in terms of horizontal advective processes must also
be favorable for energy transfer from the pelagic ecosystem to
this artiﬁcial benthic habitat.

Long-line Mussel Farming

Licensing – Lysekil Area

There are many ways of farming mussels. This paper focuses on
the long-line approach developed in Sweden in the early 1980s
(15). The mussels are grown on vertical 6-m suspenders attached
to horizontal lines (Fig. 2). Normally settlement occurs abundantly in June (about 2500–10 000 ind. m-1 suspender) along the
Skagerrak coast. After 17–18 months, when the culture is ready
to harvest, about 500 ind. m-1 remain (14).
The gross production capacity of an average Swedish longline unit is about 140 to 180 t of mussels in 18 months (15,
16). Each unit, consisting of 8 – 10 lines, occupies a water
surface area of about 2000 m2 and acts as a large three-dimen-

There are numerous sites along the Skagerrak coast that are suitable for mussel farming, according to the criteria: availability,
reasonable wind protection, water depths between 6 and 25 m
and average current speeds of more than 5 cm s-1. Shipping,
yachting, ﬁshing sites, tourism and beaches for swimming also
have to be taken into consideration. In addition, the economic
rights of the waters within 300 m from land belong to the owner
of the land and an aquaculture development has to be agreed
upon by the landowner and the farmer. To minimize the risk for
conﬂict, it is important to inform local people and to consider
their views (17). When this is done, obtaining a farm license is
normally not a problem.
The sewage treatment plant of Lysekil, situated at the Gullmar Fjord (Fig.1), presently releases nearly 40 t of nitrogen per
year into the sea. There are plans to remove 28 t of nitrogen
(70%) in the sewage water treatment plant, in accordance with
EU-regulation 91/271/EEG. An alternative method would be to
expand mussel farming, where removing 28 t of nitrogen corresponds to an annual production and harvest of 2800 t of mussel biomass, given a nitrogen content of about 1% in the mussels (12). If the conservative ﬁgure of 140 t of production per
long-line unit is used, altogether 20 units per year have to be
harvested at different locations in the area. The landowners in
the area and professional ﬁshermen were briefed about the plans
and applications for farm licenses were sent to the ﬁshery unit of
the county administration.

Biological Background

Market
The possibility of reducing nitrogen ﬂows in the coastal waters
by means of mussel farming depends largely on the feasibility of
forming commercial enterprises, which in turn, depends on the
economy and the market. The availability of investors is often
a major problem in the Swedish aquaculture sector, but a guaranteed compensation for the nitrogen removal could ease the
possibility to receive bank loans. In most cases, new enterprises
are started as small-scale operations. As the domestic market for
mussel products is small, an expansion of the industry depends
on successful exports.
Toxins and Pathogenic Microbes

Figure 2. Underwater view of a long-line mussel farm carrying
mussels ready for harvesting. Photo: T. Holm.
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Food safety of mussels is regulated in the EU-directive 91/492
EEG. The largest impediment to further development of commercial mussel farming in Sweden is the occurrence of algal
toxins especially diarrhoeic shellﬁsh poisoning (DSP), caused
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by diarrhoeic shellﬁsh toxins, DST (18). The symptoms of
DSP include severe gastrointestinal problems like diarrhoea,
nausea, vomiting and stomach pain (19). The organisms responsible, Dinophysis spp, are unicellular eukaryots whose
major toxins are okadaic acid (OA) and a number of structurally related toxins.
To guarantee a more continuous supply of mussels, a reliable
method for detoxiﬁcation of mussels would be useful for mussel
farmers (18). Improved knowledge about factors affecting the
elimination rate of these toxins is required to develop practical
and cost-effective detoxiﬁcation methods
Health risks associated with consumption of virally contaminated shellﬁsh are well documented (20, 21). The symptoms of
viral food poisoning are similar to those of DSP but no attempts
have been made to distinguish between the sources of the illnesses. The Gram-negative bacteria Escherichia coli is used as
an indicator organism for fecal contamination in bivalves, but as
is now well documented, the shellﬁsh industry requires a more
reliable viral indicator system (22).
The Agro–Aqua Recycling
To optimize the environmental effect of mussel farming, all organisms attached to the lines should be harvested and brought
ashore. Only about 2/3 of harvested mussels are used for human consumption (Scanfjord, pers. comm.). The remainder
can be used for Agro-Aqua recycling of nutrients (Fig. 3).
The removal of the remainder, consisting of small or damaged
mussels, is important for the removal of nitrogen and waterquality improvement. In a ﬁeld study in the summer of 2003,
5 to 20 t ha-1 (1 ha = 10 000 m2) of the remainder was used as
an organic fertilizer in the cultivation of barley.

Modelling the Nutrient Uptake of Mussel Farming
The expected effect of mussel farming on nitrogen cycling
was modeled for the Gullmar Fjord on the Swedish west coast.
This fjord is 30 km long, has a sill depth of 45 m and a maximum depth in the central part of 120 m. A numerical threedimensional biogeochemical model has been developed for
the Gullmar Fjord area (23, 24, see box on page 136). This
model was based on 43 x 12 horizontal and 40 vertical cells
and was validated using monthly or more frequent monitoring
data from three areas of the fjord; the mouth, central, and inner part. Comparisons with measurements show that the model was able to simulate temperature, salinity, nutrients (PO4,
NO3, NH4), oxygen and chlorophyll (= phytoplankton) both
horizontally and vertically throughout one year. The model
could also reproduce the concentration of zooplankton, sedimentation of PON (Particulate Organic Nitrogen) and benthic
accumulation of organic material and nitrogen.
The number of mussels produced in a mussel farm unit is
calculated to be 8 × 106 (500 mussels per meter suspender). The
total weight of all mussels in one mussel farm is assumed to be
200 t. The pumping capacity is 2–3 L hr-1 per mussel and the
pumping capacity of one farm is thus up to 5.6 m3· s-1. Some of
the mussels are pumping “old” water, which already has been
ﬁltered by others. This effect has to be taken into consideration
in the case of weak currents, but is less important in situations
with strong currents. The model pumping capacity is at its maximum when currents are greater than 0.22 m s-1, and decreases
logarithmically for currents less than 0.22 m s-1.
The water ﬁltered by the mussels is reduced in terms of seston concentration. The out-ﬂowing water from the mussels has
unchanged concentrations of phosphate and nitrate, but an increased amount of ammonium (+18% of the mussel intake of
nitrogen) and detritus (+17% of the mussel intake of nitrogen).
The model treats detritus particles from the mussels as seston.
When the concentration of plankton in the water mass is computed to be high (> 4 µg chlorophyll L-1), the mussels cannot
digest all the food but reject some ﬁltered plankton as pseudofeces, which in the model sinks as detritus.
RESULTS AND DISCUSSION
The Rationale for Supporting Mussel Farming

Figure 3. The Agro-Aqua recycling system of nutrients from
sea to land.

In order to ﬁnd new applications for products from mussel
farming, a pilot study was conducted whereby mussels were
fed to laying hens. Sixty-four hens were fed four different treatments of boiled and chopped mussel meat in their fodder and
compared to controls. The number and weight of the eggs were
monitored as well as the weight of the hens. The color of the
yolk was measured according to a Roche® yolk color indicator
and the taste of the eggs compared.
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Commercial mussel producers currently beneﬁt society by the
removal of nitrogen from coastal waters, for which they are
unrewarded. While this might appear to be advantageous for
society, it also presents a lost opportunity. Given the right incentives, these ﬁrms could expand the scale of their operations
and thus generate much greater beneﬁts. It is also worth noting
that an expanded mussel industry could have other beneﬁts and
added values, i.e. provide jobs in the region, which is particularly pertinent as coastal ﬁsheries are under pressure due to low
ﬁsh stocks. A production of 2800 t of mussels will need 5–10
employees depending on how the mussels are processed.
In environmental economics, the nitrogen-removal service
that mussel farms provide is known as an “external beneﬁt” to
society (25). In the case of mussel production, the beneﬁt of
nitrogen-removal is an argument for supporting these ﬁrms,
for instance by paying them per kilogram of nitrogen removed
from the sea.
We suggest that rather than paying mussel farmers for their
work, the authorities should impose demands on those who
emit the pollution through emission quotas which are traded
and bought by the emitter. This is particularly straightforward
when nutrients are discharged from a point source, i.e. emissions from a sewage treatment plant or a factory. Nutrient quotas
will thus be the currency traded between the market economy
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Figure 4. The trading of nutrient quotas is the clutch between the
environmental and market economies (tonnes).

and the environmental economy (Fig. 4). Such emissions trading schemes, or tradable quota schemes, were ﬁrst introduced
in 1970 in amendments to the U.S. Clean Air Act (26). Nutrient trading systems are becoming an important issue to improve
coastal waters in the United States, where the Environmental
Protection Agency is mandated by the Clean Water Act to improve water quality (27, 28).
In order for the system to work smoothly, a market is required
where sellers and buyers of nutrient quotas can easily do business. In Sweden and Norway, enterprises are under development
to manage the trade in quotas and thus ensure that the agreed
amounts of nutrients are recycled from sea to land through mussel harvesting. These enterprises may be responsible for all farming and business operations, including marketing and selling the
mussel products. Payments should be made per unit of nitrogen
that is removed. This approach reduces the ﬁnancial risk for the
nutrient-emitting ﬁrm.
The diffuse supply of nutrients can in principle be handled
with the same business approach, but in general it will be more
difﬁcult to deﬁne the buyer (= owner) of a diffuse nutrient quota.
Agriculture is a major contributor to the diffuse supply of nutrients to coastal areas. Farmers in Sweden pay environmental tax
when using fertilizers and the recycling of nutrients from sea to
land could be ﬁnanced by those taxes. Other ﬁnancial solutions
and partners have to be found for other activities in society with
diffuse emissions of nutrients to the environment. Most likely,
local or regional administrations will play a key role in this new
environment to business networking and trading.

drawback is the availability of suitable space, as it is difﬁcult in
many places to transform signiﬁcant areas of land into wetland.
When mussels are used for the removal of nitrogen this is
based on a commercial enterprise. The lack of investors in Sweden has been a major reason for the slow development of the
Swedish mussel industry (19). Thus, ﬁnancing the capital costs
of establishing the enterprises can be regarded as a minimum
level of compensation. For the trading company the charge to the
emitter is also to cover the risks involved in harvesting an agreed
amount of nitrogen. The trading company would at present have
to charge the emitter at least 5.25 USD kg-1 of removed nitrogen,
which is the calculated ﬁnancial cost provided an agreement is
reached for a 20-year period. In a nutrient trading scheme involving mussel farming, it will be rather easy to account for the
amount of, e.g. nitrogen removed based on the annual harvest.
The ﬂux of N2 from the sediment, as a result of the increased
bio-sedimentation from an over-laying mussel farm, could also
be traded but in practice, due to the varying conditions at farming sites, it will not be possible to set a ﬁxed N2 removal rate.
This extra service of the shellﬁsh farming will require special
measurements to be able to trade (27).
The difference between sewage treatment and mussel farming can be regarded from another viewpoint. Harvesting 2800 t
of mussels each year would compensate for a nitrogen outﬂow
of 28 t from the municipal sewage treatment plant. This is a reduction of the nitrogen by 70%, postulated in the EU-directive
91/271/EEG. Thus, the result is an annual release of 11 t of nitrogen from the sewage plant, which is dispersed to the marine
environment. On the other hand, as can be seen from Figures
5A and 5B, another 28 t of nitrogen will sediment and be concentrated directly under the farms. This nitrogen comes not only
from the plant but also from other nitrogen sources and since it
is concentrated under the farm, it can be dealt with if suitable
techniques are developed.
Can landings of ﬁsh also be regarded as harvest of nutrients
from the sea? It would with no doubt be rather easy to calculate the amount of nitrogen brought ashore in ﬁsh. However,
according to an EC-legal assessment of mussel farming and
nutrient trading systems as instruments for recovering nitrogen
from the sea, it is obvious that the “same” nitrogen which has
been supplied from a point source has also to be harvested (S.
Westerlund, pers. comn.). Consequently, at present, ﬁsh caught

Comparison between Methods of Nitrogen Removal
Sewage treatment requires limited space, but the energy cost
for converting nitrogen compounds to nitrogen gas is rather
high. The technical ofﬁce of the Lysekil community has recently calculated the total annual cost to be slightly more than
262 000 USD for the removal of 28 t of nitrogen. The total
cost for the transformation of nitrogen in the Lysekil case was
estimated to 9.70 USD kg –1 which was considered to be low
compared to Öckerö community situated outside Gothenburg,
where the cost was calculated to 14.40 USD kg-1 (P. Falck,
pers. comm.).
In a large EU-project (29), 47 small ponds on the Swedish
west coast were created in order to reduce the nutrient load to the
Gullmar Fjord. Together they covered a total area of 250 000 m2
and the yearly load reduction to the recipient was estimated to
be 16 t of nitrogen and 1 t of phosphorous. The total cost of the
investment together with an estimated annual running cost was
calculated to 12.40 USD kg-1 of removed nitrogen over a 20year period. The water retention results in nitrogen compounds
being naturally oxidized and ﬁnally reduced to nitrogen gas. The
134

Figure 5. Nitrogen budgets in Lysekil assuming nitrogen
removal: A) by the sewage treatment plant and B) by mussel farming (tonnes).
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off-shore will not fulﬁll this legal requirement. Further, from an
ecological point of view it is essential that the catches of ﬁsh are
made in the coastal zone in order to counteract the eutrophication. The trading of diffuse sources of nutrients will allow for
more ﬂexible solutions including ﬁsh landings, but the catches
of stationary ﬁsh in the Swedish coastal zone are small and the
contribution to a trading system will thus be small.
Negative Environmental Effects
There is no doubt that mussel farming will inﬂuence biogeochemistry and the benthic ecosystem below the farm through
an increased load of organic material including mussels, feces
from mussels, and other detritus (27, 30–34). The increased
load may cause chemically reduced sediments and local areas
with decreased oxygen concentrations. The size of the affected area as well as the degree of inﬂuence will depend on the
amount of sedimentation and the local conditions like depth,
bottom topography and bottom currents. The natural benthic
fauna under a farm may be negatively inﬂuenced through a
reduction of individuals, biomass, and species diversity. The
negative effects are, however, restricted to near the farm and
have to be judged in relation to the overall positive effects of
using mussels to improve coastal ecosystem quality.
Site-speciﬁc and skilful management and operation of a mussel farm may reduce the negative effects on the benthic community below the farm and may even be totally beneﬁcial through
increasing the removal of nitrogen in the form of N2 gas by
microbially mediated denitriﬁcation of the bivalve biodeposits
(27). It will therefore be important to monitor the sediment status and development below a farm because ecological beneﬁts
associated with mussel farming are dependent on aerobic sediments and bioturbation.
Farm Sites in the Lysekil Area
Since the mussels are produced mainly for human consumption, farms cannot be located close to any sewage discharge.
In the Lysekil area, farms are situated at protected sites at a
distance of 1–10 km from any sewage treatment plant outfall. The water depths are between 8 and 20 m. Current data
from the area indicate an average current speed of 5 cm s-1
and more. Discussions with the local professional ﬁshermen
and suggestions during the public hearing led to some locations being excluded and others included as possible sites. The
landowners have been positive when contacted. Overall, the
plans have been positively received and many persons accept
that the available marine resources are exploited.

Table 1. Calculation of difference between quota costs and
total tax in USD.
USD
Quota cost for removal of 28 tonnes of N
147 000
Salaries for 5 employees (each 36 600)
183 000
Income tax (33% of income)
60 390
Employee tax (32% of income)
58 560
Total tax
118 950
Difference between quota cost and total tax
-28 050

included. The enterprise producing the mussels will hopefully
also create a proﬁt thus improving the net return to society even
further. The estimated net cost for the society in this case would
only amount to 1 USD kg-1 of removed nitrogen.
Economy and Market
The economic basis of mussel production is to produce food
for human consumption. European mussel production of 750
000 t annually accounts for about half the global production.
The main producers are Spain, Denmark, Holland, France, and
Italy. Smaal (35) discussed the status of the European production of mussels and concluded that many of the main production areas have reached saturation levels, due to a shortage of
space or spat. He also mentioned recreation and nature conservation as limiting factors. He suggested Scotland, Ireland,
Greece and Norway as possible locations for an expansion of
the mussel industry. Smaal (35) also suggested that the demand for mussels will increase only slowly over the next few
years. Most mussels produced in Europe are sold fresh. An increase in trade volumes can be foreseen if new markets are developed and if more processed products, such as ready meals,
are added to the market. The economic success of a business
with a production of 2800 t of mussels depends on many factors, including the skill of the entrepreneurs and is beyond
the scope of this paper. It can be concluded that the existing
European market is very large and the proposed production of
2800 t constitutes only 0.4% of the total European production
of blue mussels.
Toxins
Elevated levels of okadaic acid (OA) in blue mussels have
been recorded along the Swedish west coast in varying
amounts every year since 1983, when the ﬁrst outbreaks were
reported (36). Generally, concentrations of diarrhoeic shellﬁsh toxins (DST) in mussels are low from March to August
and moderate to high from October to January (Fig. 6). Some
years, farms may be closed to harvesting for six months or

Social Beneﬁts
In comparison to mussel farming, wetland construction is labor
intense during the initial phase. Thereafter, wetlands are not productive, nor do they give employment. The sewage plant is also
initially labor intense and is not productive either, but will offer
employment, in the Lysekil case, to one person at most. Farming
mussels will produce a commercially attractive product and at
the same time create jobs. An attempt to calculate the cost and
beneﬁts to society is shown below.
Production of 2800 t of mussels would result in the removal
of 28 t of nitrogen as shown above. If the cost for the removal is
set to 5.25 USD kg-1 nitrogen and at least 5 persons are directly
engaged on a year round basis with an annual salary of 36 600
USD, Table 1 shows the annual outcome.
The return to society in the form of tax is only 28 000 USD
short of the cost, if only the direct taxes for the employees are
Ambio Vol. 34, No. 2, March 2005

Figure 6. Seasonal variation of DST in mussels on the Swedish
Skagerrak coast. With permission of Karlson, B., Rehnstam-Holm,
A-S and Loo, L.O. Preliminary manuscript title: Temporal and spatial distribution of diarrheic shellﬁsh toxins in blue mussels, Mytilus
edulis (L.), along the Swedish Skagerrak coast, NE Atlantic. Reports Oceanography SMHI.
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The Gullmar Fjord Bio-Geo-Chemical Model
Input to the model system.

Geometry and time period: The Gullmar Fjord was chosen as a test basin/test period in 1994 mainly because of the existence of measurements
for input and validation of the model results. The model includes the Gullmar Fjord and part of the coastal zone outside the fjord system.
The vertical resolution is 1 m from the surface down to 40 m depth. The layer thickness increases below that level to about 10 m at the bottom
at 120 m. The horizontal resolution is 12 × 43 cells as shown in the Figure. The model time step is 1 hour.

Initial properties of the water: The initial properties of the water are derived from measurements of salinity, temperature, nitrate, ammonium,
phosphate, chlorophyll a and oxygen inside and just outside the Gullmar Fjord. There are also variables in the model that are not measured,
zooplankton, detritus, phosphorus and nitrogen at the bottom (nutrients available at the surface of the sediment). These variables are based
on values from the measurements.
The incoming solar radiation: The solar radiation is important for driving both the biological processes and the temperature in the surface waters. The cloudiness, air temperature and humidity every third hour are derived from a databank at the Swedish Meteorological and Hydrological Institute (SMHI). The altitude of the sun at different times of the day and the year are computed internally in the model.
Inputs from land: Freshwater is added to the fjords from one major and ﬁve minor rivers. The freshwater ﬂow and the contents of ammonium,
nitrate and phosphate are taken from monthly measurements.
Inputs via the air: Airborne ammonium and nitrate inputs are added to the surface cells of the model. The information is taken from a climate
model, which gives mean monthly values.
Inputs from the coastal zone: The water properties in the coastal waters are taken from monthly measurements at a standard monitoring station. Water with measured salinity, temperature, nutrient concentration, oxygen and chlorophyll concentration ﬂows into the model with ingoing
currents. When currents are directed out of the model the computed values are used.
Wind: Wind for wind stress computations are taken from an archive of measured wind velocities. The stress is set to zero during ice conditions.

Ecological processes in the model.

Oxygen can move in both directions between the atmosphere and
the water.
Phytoplankton (one species) grows and multiplies by assimilation of
nitrogen and phosphate.
Zooplankton (one species) feeds on phytoplankton and multiplies.
Bigger organisms feed on zooplankton.
Phytoplankton and detritus (dead matter) sink towards the bottom. A
density gradient dampens the sinking velocity.
Turbulent mixing of salt, phytoplankton, nutrients, etc. is governed
by a turbulence parameter, an eddy diffusivity, that is dampened by
a computed density gradient and magniﬁed by computed, vertical
velocity gradients. High wind velocities create surface current gradients, which in turn increase the eddy diffusivity and eddy viscosity in
the surface layers.
Plankton organisms excrete nitrogen and phosphate dissolved in
water or as particles.
Bacteria decompose organic, dead matter in the water column or at
the bottom and recirculate nitrogen and phosphate to the water.

Figure. The grid of the Gullmar model.

There is a pool of inorganic matter available on the bottom.
Ammonium is oxidized to nitrate. Oxidized nitrate is denitriﬁed to
nitrogen gas, which is lost to the atmosphere.
A complete description of the ecological processes is found in Marmefelt et al. (23).

more when DST levels exceed the limit for consumption i.e.
160 µg kg-1 mussel, whereas the same site experiences only a
short interruption of the harvest in other years (9, 37). There is
also geographical variability in DST levels. When some farm
sites are closed for production others are open. Hence, the industry can supply the market with toxin-free mussels most of
the year by harvesting at different locations.
Manipulative experiments could not conﬁrm any relationship
between feeding and detoxiﬁcation rates (38, 39), and found detoxiﬁcation rates to be independent of temperature. Nevertheless, ﬁeld and experimental data indicated that there was seasonal variability. For example, in August, a 50% reduction in
toxin content (t1/2) was achieved after approximately 7 to 8 days
compared to 16 days in November. This seasonal variability
may be explained by differences in the physiological status and
reproductive cycle of the mussel, which affects their physiological rate processes (40).
136

From a management perspective, efforts should be put into
developing land-based detoxiﬁcation methods, where incoming
water can be examined for potentially toxic species, and possibly ﬁltered. A land-based system for detoxiﬁcation of mussels
can also be combined with live-storage facilities, where the mussel farmer has a possibility to store large quantities of mussels.
Such as system has several economical beneﬁts and can be used
to further enhance the product quality apart from detoxiﬁcation.
For example, with the possibility to store mussels, the harvest can
be co-ordinated and optimized in time and space. By storing the
mussels for a few days, it has been observed that the mussels lose
some of their byssal threads which makes them easier to separate
(Scanfjord, pers. comm.) resulting in less damage and faster processing of the mussels in the production line. In the end, the cost
of storage and detoxiﬁcation in comparison to the cost of being
unable to sell the mussels at periods will be decisive.

© Royal Swedish Academy of Sciences 2005
http://www.ambio.kva.se

Ambio Vol. 34, No. 2, March 2005

Result of Modeling
The mussel farm acts as a sink for plankton and detritus and as a
source of ammonium and detritus.
Table 2. Model simulations of nitrogen ﬂows/amounts in the Gullmar Fjord during January to October, with and without 25 units of
mussel farms, each containing 200 t of mussels.
Ton nitrogen Ton nitrogen
with mussel without mussel
farms
farms
Accumulation of nitrogen in the mussels
50
0
Net transport out of the Gullmar Fjord
252
317
Supply through land run-off
414
414
Supply through atmospheric deposition
27
27
Nitrogen content in fjord water
66
59
Amount of PON sedimentation
177
184

The result of the model simulations showed that when 25
mussel farm units were introduced in the fjord and the mussels
were harvested, the sedimentation of PON was reduced by 4%
during the period January–October. The mussel farms had an
even greater effect on the net transport of nitrogen (sum of
dissolved and particulate) at the fjord mouth. The net outgoing
transport was reduced by 20% or by 65 t during 10 months,
which is about ¼ of the input of nitrogen from the major river
(2/3 of land run-off) entering the Gullmar Fjord. The conclusion from the model is that large-scale mussel farming will
have a substantial, positive effect on both sedimentation and
export of nitrogen from the fjord.
Agro-Aqua Recycling of Nutrients
The results from the pilot study that fed mussels to laying hens
showed that the hens preferred the mussel fodder over conventional organic hen fodder. The color of the yolk was intensiﬁed and no effect on the taste of the eggs was documented. Successful chicken and egg production demands that the
fodder contains certain levels of the amino acid methionine,
which at present cannot be maintained under complete organic
production using only natural sources of this amino acid. It
was calculated that in this pilot study half the daily demand of
methionine was achieved from the mussel meat. The organic
egg production industry has shown great interest in these results but the use of mussels for fodder needs to be further developed. The next step will be to develop a process for mussel
meal production in order to achieve an organic product that
may replace the ﬁsh meal in the fodder. It would be of special
interest if mussels containing bio-toxins could also be used in
this process. A ﬁrst trial has demonstrated that production of
mussel meal technically is a rather straight forward process.
However, the economic potential of making mussel meal for
fodder still needs to be investigated and evaluated.
The largest mussel-processing plant in Sweden has, for the
last 10 years, transported the remainder to local farms, especially organic farms. The slurry was stored “fresh” in containers and
delivered free to each farmer 5–10 times per year, who typically
applied about 10 t ha-1. The material had a bad smell but in general the farmers were pleased with the results: increased growth
of crops, positive effects on soil structure and increased pH were
observed. The slurry also contained a number of essential micronutrients (12, 41).
An increase in the quantity of the slurry means that new techniques have to be developed to handle it. A closed composting
system at the site of the mussel processing plant would be desirable, in order to minimize the smell while retaining the nutritional value. Such a system would be able to deliver an attracAmbio Vol. 34, No. 2, March 2005

tive and easy-to-handle product when needed by farmers and
gardeners, and may at best pay its own costs or at least reduce
the cost for the mussel industry.
CONCLUSION
In order to investigate ways of encouraging the expansion of
mussel production, and to ﬁnd cost-effective solutions, it is essential to map all sources and sinks of nitrogen that are regulated
and paid today. This involves a constructive and cross-boundary dialogue with decision-making bodies such as the local and
national government authorities as well as the European Community authority.
The necessary knowledge and expertise exists to implement
large-scale mussel farming as a means for improving marine
coastal water quality. The main challenge seems to be to persuade
the relevant civil service departments and ministries (Environment, Agriculture and Finance) and the European Commission
that mussel farming is a simple, ﬂexible and cost-effective measure to counter marine eutrophication. No other single measure
seems to be available which may contribute as much as mussel
farming in order to reach the environmental goals established by
the Swedish government for coastal marine ecosystems. Compared to other measures, the added beneﬁts of mussel farming
for society are striking at the same time as the negative effects
for the environment are minor and acceptable.
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