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Abstract This study summarizes the activities and
Wndings during a 2 year investigation on the grow-out
of blue mussels (Mytilus edulis) and the technical
requirements to withstand harsh weather conditions at
an oVshore location. The experimental sites were two
diVerent test areas, each 5 ha in size, 12–15 m in depth,
in the vicinity of the oVshore lighthouse “Roter Sand”
located 15–17 nautical miles northwest of the city of
Bremerhaven (Germany). Two versions of submerged
longline systems were deployed: a conventional poly-
propylene longline in 2002 as well as a steel hawser
longline in 2003, both featuring diVerent versions of
buoyancy modes. The spat collectors and grow-out
ropes were suspended perpendicular from the horizon-
tal longline for several months beginning in March of
each respective year. The test sites were visited and
sampled on a monthly basis using research vessels. Lar-
val abundances in the surrounding water column
reached numbers of up to 1,467 individuals m¡3. Post-
larval settlement success varied through the entire
experimental period, ranging from 29 to 796 individuals
of spat per meter of collector. Settled mussels reached
a shell length of up to 28 mm 6 months after settle-
ment. Based on the growth rates observed for the seed,
it is projected that mussels would reach market size
(50 mm) in 12–15 months post settlement, and at the
observed densities, each meter of collector rope could

yield 10.9 kg of harvestable mussels. The polypropyl-
ene line resisted storm conditions with wind waves of
up to 6.4 m and current velocities of 1.52 m s¡1 and was
retrieved in autumn of 2002. In contrast, the steel haw-
ser-based line did not withstand the harsh weather con-
ditions. The steel-based line consisted of six twisted
strands that were untwisted by the strong currents and
turbulences and consequently the individual strands
were torn. Additionally, the line was accidentally cut
by a yacht in July 2003. The biological study revealed
that the tested location near “Roter Sand” has the
potential to become an oVshore seed production site as
well as being exploitable as a grow-out site for mussel
production to market size. In light of the technical
results, recommendations for mussel culture strategies
using a polypropylene longline system are given.
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Introduction

Presently, a number of species of mussels are farmed
globally, the most common of which is the blue mussel
(FAO 2004). Following the data recorded by the FAO,
China is now the largest producer of blue mussels
where its culture technique depends on a high propor-
tion of spat being produced from hatcheries. Other
important producers of blue mussels are Spain, the
Netherlands, France, and the UK followed by Ireland
and Germany (FAO 2004).

In Europe, blue mussel farming started early in the
past century and was based mainly on the raft method.
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Other oV-bottom culture techniques are pole (France),
rack (also France and Tahiti) and longline (e.g., Ire-
land, Norway, New Zealand, China) systems (Hickman
1992). In Germany, the Netherlands and Denmark,
mussels are cultivated using the on-bottom culture
method (Seaman and Ruth 1997). Mussels are col-
lected from natural beds and transferred to licensed
culture plots, where environmental conditions are suit-
able for growth and fattening. However, the intertidal
and subtidal bottom culture plots are subject to preda-
tion pressure, such as ducks [e.g., Somateria mollissima
(Hamilton 1997, Hamilton et al. 1999)], starWsh [e.g.,
Asterias rubens (Kristensen and Lassen 1997; Reusch
and Chapman 1997; Dolmer 1998)] or crabs [e.g., Car-
cinus spp. (Leonard et al. 1999)]. Furthermore, this
technique depends on the availability of seed mussels
obtained from wild habitats in the Wadden Sea (Sea-
man and Ruth 1997). Additionally, due to the nature
reserve status of almost 98% of the German North Sea
coast, the development and scale-up of the mussel
aquaculture sector is limited. Culture plot sizes are
decreasing in order to follow the mussel management
plans of Schleswig-Holstein and Lower-Saxony (e.g.,
CWSS 2002; Buck 2002) with no new licenses being
approved in the future.

In most places in Europe the development of mussel
culture has taken place almost exclusively in protected
nearshore waters and estuarine habitats. In Germany,
sheltered locations are rare and because of stakeholder
conXicts the development of coastal aquaculture is
rather stagnant. However, it is widely believed that
the commercialization of ocean mariculture in more
exposed locations, in the open ocean, has tremendous
future economic potential (Buck 2002; Ewaldsen
2003). In 1998, the University of New Hampshire initi-
ated the Open Ocean Aquaculture Demonstration
Project to investigate the commercial potential of envi-
ronmental responsible seafood production, employment
opportunities, engineering solutions and operational
methodologies of oVshore aquaculture (Bucklin and
Howell 1998). As part of the project Langan and Horton
(2003) deployed two 120 m submerged longlines for
shellWsh culture 10 km oV the coast of Portsmouth
(New Hampshire) in the southwestern Gulf of Maine,
where the biological and commercial feasibility of
Mytilus edulis cultivation was tested.

In the German North Sea, oVshore cultivation of
some candidates, such as the two seaweed species of
Laminaria digitata and L. saccharina, showed promis-
ing results (Buck and Buchholz 2004, 2005). However,
no attempts to use the open ocean in the North Sea for
mussel aquaculture were established yet. Since 2000 a
new industry enters the scene: the oVshore wind farm

operators in the German Bight. These new stakehold-
ers are seen as a chance to combine renewable energy
production with cultivation of organisms, thereby the
idea for synergistic resource uses in form of oVshore
aquaculture was born. While the oVshore wind farm
areas are closed for commercial shipping and Wshery,
aquaculture constructions can be installed within these
wind farms utilizing the same protective beneWts (Kra-
use et al. 2003). Additionally, the wind generators
themselves represent infrastructure to which aquacul-
ture constructions can be linked (Buck et al. 2004,
2006).

OVshore sites in the North Sea are exposed to high
waves and strong currents, requiring engineering struc-
tures that can survive the largest wave formations at a
site while at the same time supporting the growth of the
cultured organisms, preventing detachment and subse-
quent loss. Numerous environmental conditions are
important to the success of an oVshore mussel aquacul-
ture operation, such as phytoplankton biomass repre-
sented by chlorophyll content and the C/N-ratio, to
obtain good growth rates, physico-chemical parameters
within optimum range to prevent losses due to mortal-
ity, predation, and a reliable seasonal occurrence of
abundant natural larvae and juvenile spat fall for settle-
ment on collectors. Until today, there are no data avail-
able on an overall oVshore design of constructions for
mussel longline cultivation in the North Sea. In this case,
the term “oVshore” will be deWned (1) being in an area
fully exposed to all kinds of environmental conditions
(Ryan 2005) and because of tremendous stakeholder
conXicts (Dahle et al. 1991) in coastal areas (2) being at
least eight nautical miles oV the coast (Buck 2004).

This is the Wrst study in European territorial waters
where a new longline-design was installed to resist an
extremely high-energy environment, to test system
strength and to focus on site selection criteria. Further,
the biological and technical feasibility of mussel spat
collection at an oVshore location adjacent to a planned
oVshore wind farm was investigated. To follow some
important biological aspects in this study several
parameters were routinely measured, such as the con-
centration of mussel larvae in the water column and
the settlement success. Furthermore, a biological sup-
porting programme was carried out to determine local
conditions, such as chlorophyll concentrations and C/N
ratio to indicate food availability and quality, tempera-
ture and salinity to indicate conditions within the water
body as well as some oceanographic data, such as cur-
rent velocity and wave height to test system strength.
The technical feasibility was tested by employing two
promising versions of longline constructions. The tech-
niques were designed to withstand harsh conditions
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while also supporting suitable operational require-
ments such as maintenance and retrieval techniques for
mussels grown to market size. In addition, the system
should be commercially feasible and operate a durable
longline and mooring system.

Materials and methods

Location of the study sites and local environmental 
conditions

Two study sites (12–15 m in depth) were established in
the vicinity of the oVshore lighthouse “Roter Sand”,
which is located 17 nautical miles NW of the city of
Bremerhaven (Germany). This marine area, commonly
called “Nordergründe”, was chosen because of the adja-
cent oVshore wind farm, planned from the company
“Energiekontor” (Fig. 1). Because of an option contract
between the wind farm operator and the responsible
Water and Shipping Agency (WSA) a permit at the
same site could not be obtained. An approval in the
vicinity of the planned wind farm site for the utilisation
of the study sites was obtained in January 2002.

The wave climate, the current velocities and direc-
tion at the study sites were under continuous observa-
tion of the Federal Maritime and Hydrographic
Agency (BSH) and the local Water and Shipping
Agency (WSA), which deployed a wave-following
buoy (Waverider, Datawell) and an acoustic doppler
current meter (RCM 9, Aanderaa) and shared the data
sets obtained during the study period.

Design and construction of the longline and mooring 
system

Longline shellWsh culture involves a system of horizon-
tal ropes anchored to the seaXoor with buoys to pro-
vide Xotation, to which vertical droppers are attached.
The speciWc design of the system dimensions depends
on site conditions. Here, longlines were used for both;
spat collection as well as for the grow-out of juvenile
mussels. Two diVerent anchored longlines (Fig. 2) were
installed in order to test their suitability under open sea
conditions in terms of material and functionality: (1) a
polypropylene-based design in 2002 and (2) a steel
hawser-based design in 2003. In a Wrst test the longline
systems and their mooring devices were modelled and
designed. A local cable and wire manufacturer sup-
ported the engineering development for the culture
design. All components were selected and procured to
start the preparation and assemblage of the longline
during wintertime.

Both culture systems were based on the same funda-
mental setup (Fig. 2). The longline operated in a sub-
merged mode at a depth of about 5 m horizontally
below the surface to avoid the destructive eVects of
surface waves. The longline had at both sides a 10 m
“undisturbed end”, which could not be retrieved when
sampling or harvesting. Buoys were Wxed along the
longline in combination with suspended mussel spat
collectors. The three-stranded collectors (Galician type,
2.5 m long, Fig. 3a, b), equipped with horizontal
inserted pegs to prevent attached mussels to be shaken
oV through current and wave forces, were suspended
every 2 m perpendicular from the longline in a parallel
manner. Each collector had a weight of approximately
3 kg at the bottom end and was on the top end hooked
into the longline by shackles. Tufts of unravelled poly-
propylene lines (Tortell 1976) were also connected to
the longline (Fig. 3c) to determine the settlement of

Fig. 1 Map of the southern German Bight. The enlarged upper
inset illustrates the test area No. I, “Nordergründe”, and the test
area No. II at the oVshore lighthouse “Roter Sand”. The wind
mills indicate the planned oVshore wind farm “Energiekontor”
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mussel post-larvae (Fig. 3d). The longline was secured
at each end with an anchor consisting of a 4 t concrete
block. A chain cable attached to the concrete block
was connected to the anchor-line, which itself holds
one end of the longline. Additionally, each concrete
block was equipped with a marker-line and a marker
buoy (300 kg). The marker line had a service load of

several tonnes that it could be used to tauten the long-
line and to retrieve the concrete block at the end of the
project. All mooring components were selected and
sized for the use in muddy sea bottom and for long-
term durability. All longline segments had spliced eye
loops with embedded galvanized thimbles at the ends
and at all coupling elements shackles and swivels were
used (Fig. 2c).

The 3-stranded polypropylene-based longline (ø =
32 mm) was made of two 35 m long segmental parts
connected to each other. To keep the longline aXoat
each segment was equipped with one 80 kg buoyancy
barrel in the centre and with 115 kg barrels at the cou-
pling to the anchor-line. Further, a few 35 kg ball-like
surface marker Xoats were Wxed to a 5 m rope, which
was connected to the longline. Three steel barrels Wlled
with concrete (200 kg) tightened the longline to the sea
bottom at the coupling to the anchor-line and in the
centre.

The 3-stranded steel hawser-based longline (ø = 20
mm) had a similar set up as it was described for the
polypropylene line, however, the longline consisted of
more sections: seven 10 m long segments with each
three 10 kg submersed Xoats in the centre and at each
coupling elements 21 kg submersed Xoats. All Xoats
were connected to a short wire element, which itself
was spliced perpendicularly into the hawser and
squeezed by one of the hawser’s strands (Fig. 2d). An
alternative attachment was the use of Xat steel panels

Fig. 2 Submerged longline 
system designs with spat col-
lector harness a polypropyl-
ene-based longline above 
(longline I) and b a steel haw-
ser-based longline. The insets 
show the c coupling elements 
and d, e the connection of 
Xoats and collectors. c Poly-
propylene and steel hawser, 
d, e steel hawser

Fig. 3 Collector and tuft design for the settlement of Mytilus lar-
vae. a Shows a collector rope (Galician type) for the settlement
and grow out of blue mussels, b shows an enlargement of the col-
lector rope to display attached fringes which ease larval settle-
ment, c presents a tuft for larval settlement and d demonstrates a
tuft fully overgrown by juvenile blue mussels
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tightly Wxed to the longline to which both, the Xoats
and the collectors, were attached (Fig. 2e). Due to the
weight of the steel wire the longline had more Xoaters
than the polypropylene-based longline and no addi-
tional weights were attached to the longline. At all cou-
pling elements pencil-like fenders (28 kg) were
attached to mark the longline at the surface.

Deployment of the entire longline system 
and maintenance

The Water and Shipping Agency (WSA; Bremerha-
ven) provided assistance to deploy the moorings and to
install the entire longline by using the buoy tender
Bruno Illing. Both longlines were deployed in March,
the polypropylene-based line in test area I (2002) and
the steel hawser-based longline in test area II (2003)
(Fig. 1). Marker buoys were deployed to establish the
corners of both chartered test areas in order to mark
and protect the site for navigation purposes. In test
area II marker buoys were lighted. In the area of Nord-
ergründe the main current direction is bidirectional
from NW to SE and vice versa depending on tides. To
avoid high drag forces on the longline we decided to
deploy the entire longline parallel to the Xow.

The polypropylene longlines were installed when
the concrete blocks with the chain cable and the
anchor-line had already been deployed at sea. The
anchor-line had already been connected to the 115 l
barrel to keep it aXoat. Afterwards, each part of the
two 35 m longlines, which were fully equipped with col-
lectors and Xoats, were deployed at sea and connected
to the anchor-lines and to each other in the centre.

The steel hawser-based longline was fully equipped
with Xoats and collectors ahead of time and prepared
on board of the servicing vessel Bruno Illing. One end
of the longline had already been Wxed to the chain
cable of one mooring. While lowering the Wrst concrete
block to the sea bottom the longline was carefully paid
out until the second concrete block was deployed.
Later, the longline was tightened by pulling the second
concrete block with the marker-line until all longline-
Xoats were submersed.

From March to November 2002 and March to July
2003, monthly cruises were made to the study site for
servicing purposes and data collection. Upon inspec-
tion and at harvest time the upper portion of the long-
line was raised to sea level. Fouling (except mussels)
on the collector ropes and other deployed parts of the
longline was not removed in order to follow how foul-
ing develops and to determine how increasing weight
impacts the total load on the longline. As the grow-out
of mussels increases the suspended weight buoyancy

was calculated and Xotation was added do prevent the
longline from sagging.

Biological supporting programme

Post-larval settlement was observed by individually
retrieving collectors and tufts to take mussel samples.
In the lab, numbers of settled post-larvae of Mytilus
edulis were counted and measured in size under a ste-
reomicroscope and transformed into mussel abun-
dance per cm of rope.

Temperature and salinity proWles were taken using
a CTD sensor (OTS 124, ME Kiel). Data describing
chlorophyll contents and nutrient concentrations (nitrite,
nitrate, ammonium, phosphate) of the surrounding water
column were used from data provided by the BSH (2002/
2003), the NLÖ (2003) and using the Wndings of Buck
and Buchholz (2004). The nutrient concentrations were
additionally used to describe the local conditions for phy-
toplankton growth in terms of site selection criteria.

On each cruise, seawater samples (three replicates)
were taken in a depth of 2–5 m to determine C/N-ratio
and larval concentrations. About 5 l of seawater were
pumped for particulate organic carbon (POC) and par-
ticulate organic nitrogen (PON) analysis and were
stored deep frozen and analyzed in the laboratory. C/N
analysis was modiWed after the methodology described
by von Bodungen et al. (1991). Samples were Wltered
over precombusted (450°C, overnight) glass Wbre Wlters
(Whatman GF/C®), washed with 2 ml distilled water
and dried at 65°C. After weight determination the sam-
ples were acidiWed with 1 M HCl to remove inorganic
carbonates and redried. C/N was then determined by
high temperature combustion (Nitrogen Analyser
1500, Carlo Erba Strumentazione). Acetanilide was
used as calibration standard. To assess the abundance
of mussel larvae prior to settlement, 50 l of seawater
were pumped from 5 m below water surface. Water
samples were then Wltered through metal plankton net
(mesh size: 125 �m) and Wxed in buVered formalde-
hyde (4%) for later analysis. In the laboratory, larval
samples were transferred to a grid chamber and larval
concentration counted using a stereomicroscope.

Statistical analysis of data

Means and standard deviations (mean § SD) of data
on current velocities, wave heights, salinity, particulate
organic carbon, particulate organic nitrogen, chloro-
phyll, larvae numbers, shell length and settlement
success were calculated and some are presented in
graphs as appropriate using Microsoft OYce Excel
2003 software; these are shown in bars.
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Results

Environmental conditions

Current velocities measured at “Nordergründe”
ranged from 0 to 1.52 m s¡1 (n = 5,188) showing a
pronounced diurnal tidal variation (Fig. 4a). The cur-
rent direction showed a bidirectional Xow from NW
to SE and vice versa (314° M 114°, y =  ¡1.0497x
+ 4.5078) (Fig. 4b). The mean signiWcant wave height
during a 280 day measurement campaign in 2002 was
recorded at 1.49 m § 1.01 (n = 2,259) with a maxi-
mum wave height of about 6.46 m (Fig. 4c). Temper-
ature data varied throughout the year from 1.8 to
22.4°C as well as through tidal eVects by 2.4°C

(Fig. 4d; Table 1). Likewise, salinity was aVected by
the tidal regime and ranged from 26.7 to 31.1 ppt
(Fig. 4d).

Particulate organic carbon concentrations ranged from
198.53 § 17.6 �g l¡1 (July) to 515.58 § 176.5 �g l¡1 (Janu-
ary/February) and 549.85 § 385.8 �g l¡1 (April). Par-
ticulate organic nitrogen ranged from 31.86 §
2.6 �g l¡1 (July) to 66.69 § 21.6 �g l¡1 (January/Febru-
ary) and 84.1 § 48.7 �g l¡1 (April) (Table 1), respec-
tively. This resulted in a POC/PON (C/N) ratio ranging
from 6.2 to 7.7 throughout both years. Highest concen-
trations occurred in spring/early summer, reXecting the
spring phytoplankton bloom, which is typical in this
area (Walter et al. 2006). Total chlorophyll concentra-
tions varied throughout the entire project period being

Fig. 4 Environmental condi-
tions near the test location 
“Nordergründe” over a dura-
tion of 18 days in April (a, b 
and d) and 280 days c. a Shows 
the local current velocity 
inXuences by the tide, b shows 
the current velocity as a func-
tion of direction and tide, c 
demonstrates wave height and 
d displays the temperature 
and salinity regime inXuenced 
by the tides

Fig. 5 Annual chlorophyll 
(a, b, c1–2 and phaeophytin) 
characteristics at the test site 
(Nordergründe)
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lowest in January/February 3.45 § 0.18 �g l¡1 and
September 4.63 § 0.65 �g l¡1 and highest in April 33.61
§ 1.56 �g l¡1 (Table 1, Fig. 5).

Concentrations of nutrients (ammonium, nitrate,
and phosphate) analysed by the BSH and the NLÖ and
according to Buck and Buchholz (2004) varied over an
annual cycle as shown in Table 1. From these data it
can be concluded that nitrogen and phosphate concen-
trations in the surrounding water were not limiting at
any time of the test period, thus providing suYcient
nutrients to allow phytoplankton growth.

Larval concentration and spat settlement

In April 2003, 25 § 5 mussel larvae per m3 (ind. m¡3,
n = 3) were recorded in the water column at “Nord-
ergründe”. Highest larval densities were determined in
May with 1,467 § 455 ind. m¡3 (n = 3), while a follow-
ing gradual decrease in larval abundance attained
267 § 110 ind. m¡3 (n = 3) in early September.

Wild mussel spat was found to settle abundantly in
dense colonies on collector ropes, which appeared to
compete successfully for space and food against fouling
organisms over time. At the end of July, signiWcant
mussel growth was observed during site visits, but
these mussels were too small for consumption.

During the last site visit in September 2002, the crew
on board the RV Uthörn stripped a vast quantity of
mussels from several collectors. Upon rising of the sub-
merged longline to a position above sea level alongside
of the RV Uthörn in September 2002 an amazingly
large growth of self-seeded mussels was discovered.
The 32 mm diameter longline had grown to up to 15–
20 cm in diameter with marine growth during its
6 months submerged exposure at the oVshore farm site
“Nordergründe”. Growth patterns along the line var-
ied in mussel density, but the frequently large accumu-
lations of mussels were always associated with
abundant colonies of fouling organisms. The density of
mussels on the grow-out lines ranged between 55 § 17
(March) and 700 § 197 (May) ind. m¡1 line length dur-
ing the Wrst year of spat collection (mean
397 § 374 ind. m¡1) and ranged between 29 § 20
(July) and 796 § 400 (May) ind. m¡1 in the second

year. That yielded to an average of nearly 10.9 kg of
mussels per meter collector rope. Mussel spat was
28 § 9.2 mm in size within 6 months of growth. These
results indicate that a single longline of a dimension
similar to that used for this project can yield up to 700–
1,000 kg of mussel seed in a 6 months grow-out period
and would last 12–15 months to bring those mussels to
market size.

Longline design

Problems encountered during the project include
material failure; heavy fouling on the collector lines
and other infrastructural units resulting in large ballast
weights, while heavy predation on mussel seed by sea
stars was also encountered. Another diYculty was
maintaining proper headline depth as the mussels grow
and add weight to the line.

On the engineering side the Weld experience with
the deployment and servicing of units has been invalu-
able. SpeciWc assets and drawbacks in both longline
constructions were found, and this holds true for both,
the polypropylene-based longline as well as the steel-
hawser-based longline. Most problems emerged by
lifting of the longlines manually as well as by the
cranes of the vessels. While all segments from the steel
wire line had steel rings (mostly chain links) at all cou-
pling elements to ease the hook up of the line, the sav-
ing of the polypropylene line often failed. The
segmentation also allows the replacement of spare
parts. Unfortunately, the transverse wires, which hold
the Xoaters above and the collectors below, were
quickly weakened and frequently broke because they
were permanently being bended through the tidal cur-
rents. These stress forces aVect the lifetime greatly.
The polypropylene line was resistant to the high-
energy environment of the North Sea, but chafed
within the inner parts of the eye loops and therefore
some of the thimbles were lost.

The weight of the suspended collector harness
increased signiWcantly with time, and extra Xoatation
had to be added to support the buoyancy of the long-
line. However, the time intervals chosen for service
were too long (particularly during the summer growing

Table 1 Data of environmental conditions at the oVshore test locations in 2002

Months Nutrients (�mol/l) Temperature 
(°C) 

POC (�g/l) PON (�g/l) Chl. (�g/l) 

Ammonium Nitrate Phosphate

December–February 0.3–4.4 1.1–13.4 0.1–0.4 1.8–5.0 35.2–84.3 543.3–669.7 3.3–3.7
March–May 1.8–5.9 6.1–55.4 0.2–0.9 6.1–11.3 48.2–84.1 335.7–549.8 4.5–33.6
June–August 0.9–6.5 0.2–49.3 1.3–1.7 14.1–18.8 29.4–34.3 174.7–217.1 4.9–16.4
September–November 0.3–6.6 0.9–10.2 0.1–0.5 18.2–2.1 50.1–65.4 327.1–450.6 3.9–5.3
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season) so that parts of the collector harness including
the Xoats submersed fully and touched the seaXoor.
Additionally (in both constructions) loss of buoyancy
resulted in a lowering of the total construction.

There is another lesson to be learned. Despite oper-
ating in an oYcially closed area encounters with sea
traYc is not out of option. Unfortunately, a private
yacht ignored the navigation marks and entered the
test area in July 2003. With the attempt to cross the test
area, the boat got entangled in the longline and some
of the buoyancy ropes, which resulted in clipping the
longline. An immediate retrieval of the entire longline
to save samples and parts of the construction was not
possible due to harsh weather conditions. Some days
later only a fully destroyed longline could be heaved
from the sea bottom. Due to the tidal currents the col-
lector harness touched the sea bottom and chafed over
the sediment, which resulted in the loss of all settled
mussels.

When the longline was retrieved the concrete blocks
were broken easily out of the clay at the site and raised
by the anchor chain. On all mooring components heavy
mussel growth was found. More mussels were recorded
on the undisturbed ends of the longline at each side.

Most of the mooring system, in particular the long-
line and its harness, was later inspected onshore. On a
few spots near the eye loops some slight damage of the
material was found, but most of the line, after remov-
ing the fouling, looked intact and almost new.

Discussion

Mussel larvae numbers and post-larval settlement

At “Nordergründe” the cultivation of blue mussels can
only be successful following a regular and reliable sup-
ply of Mytilus larvae originating from local spat fall.
These two characteristics are the basis of every mussel
culture enterprise and have been investigated even in
countries, where mussel farming today is not yet estab-
lished (Menzel 1991). In terms of mussel farming in
Germany, mussel settlement has been found to be
quite variable from year to year and from site to site
(e.g., Walter and Liebezeit 2001; Ewaldsen 2003). Gen-
erally, however, late spring and early summer (Pulfrich
1997) is deemed to be the best time to collect spat on
the pegged downropes used for on-growing (Walter
and Liebezeit 2001). In addition, these scientists found
out that even in years with a low spat fall determined
on bottom culture plots mussel larvae are in vast quan-
tities in the water column and are able to settle on sus-
pended substrates.

Due to the anti-clockwise tidal currents in the North
Sea (Becker et al. 1992; Ducrotoy et al. 2000) the set-
tled post-larvae may originate from inshore mussel
beds along the Lower-Saxonian coast and, in some
cases, from the intertidal areas from the Dutch Wad-
den Sea. Data of larvae numbers determined in the
water are equivalent to those reported by Dobretsov
and Miron (2001) for the White Sea and Cáceres-
Martínez and Figueras (1998) for NW Spain being t1.3
and 1.2 £ 103 m¡3, respectively. Due to a dilution eVect
long drifts to oVshore sites result in declining densities
of mussel larvae in the water column (Young et al.
1998; Metaxas 2001; Buck 2004; Bos et al. 2006). While
nearshore distribution and larval numbers within the
water column are well known in the North Sea (e.g.,
Walter and Liebezeit 2001), only a few data are as yet
available in oVshore areas and are fragmentary (Buck
2004; Walter et al. 2006). However, if suitable sub-
strates are available pediveligers settle and grow, while
recruitment success and growth rates depend on envi-
ronmental conditions.

The larval peak at “Nordergründe” timely coincides
with highest larval concentrations found by Heiber
(1988), Pulfrich (1995, 1997), de Vooys (1999), and
Walter and Liebezeit (2001). However, the peak var-
ies within the White Sea, NW Spain and the test loca-
tion. While in the White Sea larval concentrations are
highest in early August and in Spain between March
and April the Wndings in this study show the most lar-
val numbers in May. The reason for the diVering
regional spat falls may result from the water tempera-
ture reaching 12–14°C in March/April in Spain and at
the same level Wrst in May at “Nordergründe”. In the
White Sea, 12°C is Wrst reached in August, which
explains the late spat fall in Russia. The temperature
peaks and the therefore resulting high concentration
of Mytilus larvae are due to latitudinally diVerences.
In southern regions the reproductive cycle starts ear-
lier in the year due to increasing water temperature
than conspeciWcs further north (Gabbott 1975). That
explains the late spat fall in Norway in July–September
(Lande 1973).

It is also reported that food supply determines the
reproductive cycle of Mytilus edulis (Kautsky 1982;
Seed and Suchanek 1992). As a value to measure food
supply the concentration of chlorophyll in the water
column as well as the POC/PON ratio was used. Here,
the Wndings support this suggestion showing chloro-
phyll concentrations being highest in April/May and
POC/PON ratios being around 6.8 and reXecting a
“healthy planktonic organism community” (Kraul
1994). Additionally, nutrients were at no time a limit-
ing factor to sustain microalgal growth.
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Settlement of mussel spat on tufts reached t700–
800 ind. m¡1 of the Galician type collector rope. Unfor-
tunately, there are no data from oVshore sites to com-
pare these data with. Results from inshore sites at the
Jade estuary at the German coast were determined by
Walter and Liebezeit (2001) ranging between 10,000
and 70,000 ind. m¡1 rope. This location has numerous
natural mussel beds and culture plots in its vicinity,
which explains the vast quantity of mussel spat per
meter of rope. Nevertheless, the settlement data coin-
cide with spat numbers used for re-seeding after thin-
ning out of spat collectors for the grow-out phase in
oVshore cultures (Langan 2001). Finally, if the natural
settlement of t800 ind. m¡1 at the longline site proves
to be a reliable annual event, it can be suggested to
eliminate the costly step of thinning and re-seeding the
mussel spat. The growth rate determined at “Nord-
ergründe” was approximately 5 mm per month, which
denotes that grow-out from settlement to t30 mm can
be achieved in 6 months. To cultivate mussels to mar-
ket size [<5 cm according to the Hagena (2002, per-
sonal communication), including a decline in growth
rate during wintertime], a growth period of at least
12 months can be calculated. Thus, a full production
cycle from spat settlement to market size can be
reached within 12–15 months.

Mytilus larvae in the water column and post-larvae
settling on collectors were recorded. Ideally, grow-out
locations for post-larvae are situated away from heavy
spat settlement areas to avoid layers of spat attaching
to larger mussels. At the location “Nordergründe” the
spat fall is low compared to Wndings of Walter and
Liebezeit (2001), thus preventing heavy overgrowth of
free living post-larvae on newly suspended ropes with
grow-out mussels.

Environmental factors

Temperature

While increasing growth of mussels ranges between 3
and 20°C, a reduced growth above 20°C and below 3°C
was examined by Almade-Villela et al. (1982). They fur-
ther determined that Mytilus edulis is well adapted to
constantly changing environmental conditions, which is
the case at “Nordergründe” in the Weser estuary, where
temperature ranges annually from 1.8 to 22.4°C and tid-
ally about 2.4°C. The relatively warm waters at “Nord-
ergründe”, partly originating from the river Weser
estuary and diluted with oVshore waters (Fig. 4b), pro-
vide long-term mussel growing conditions and may
enable aquaculturists to collect mussel spat as well as to
grow mussels out to a marketable size within short time.

Salinity

When salinity falls below or above a certain value (15/
50 ppt, Wilson and Seed 1974) for prolonged periods
Wltration rates decrease (Widdows and Donkin 1992;
Gosling 2003). In worst cases, high mortalities within
the cultivated mussels may occur (Almada-Villela
1984; GruVydd et al. 1984). Decrease in salinity levels
is usually the major and frequent problem, mainly
caused by the inXux of large volumes of fresh water
from the river Weser or land runoV during the rainy
season. Blue mussels may survive reduced salinity up
to 4–5 ppt for a short time, however, those concentra-
tions limit the mussel’s growth rate and could lead to
high mortalities (Kautsky et al. 1990). Such a drop in
salinity will not occur in the Weser estuary at the loca-
tion “Nordergründe”, which range from 26.7 to
31.1 ppt.

Maintenance, sampling and harvest

The vessel used during this project, mainly the RV
Uthörn, is too large to manoeuvre within the test area
or to handle the longline system. Additionally, no spe-
cial equipment normally used to lift longlines, to har-
vest mussels or to inspect the entire system were
available. Thus, inXatable boats were used for mainte-
nance works and sampling procedures. The longline,
however, had to be lifted by hand to sample the collec-
tors. The handling of the gear and the use of the smaller
boats even at waves of “only” 2 m in height or within
the short period during slack time made the oVshore
work diYcult, even in some cases, weather conditions
made the servicing and sampling procedure impossible.

The presence of fouling organisms is undesirable
because they compete for food and space and critically
increase the weight of each hanging unit. Generally,
there is a need to remove these organisms (Bussani
1983). This laborious process, however, is not required
in this particular site, as the increasing density of mus-
sels over time take over space and force fouling organ-
isms to detach or kill them by overgrowth. Further,
total biomass of fouling can be reduced by deploying
the longline and the collectors in early May prior to lar-
val settlement to prevent the settlement of other
organisms drifting in the water column in March to
early May.

At “Nordergründe” the natural time from settle-
ment to a size of 28 mm was measured to be approxi-
mately 6 months. At this time, one has to decide to
grow mussels to market size or to supply the on-bottom
culturists with spat. Only the latter technique requires
a change of the set up. As already described above, it
123



96 Helgol Mar Res (2007) 61:87–101
can be suggested to avoid this laborious procedure and
follow an extensive way of mussel cultivation by leav-
ing the settled mussels on the ropes until they reach
market size. To follow the second possibility the cul-
ture season ends with seed harvest and mussels are
planted on bottom culture plots in inshore areas. In
this study, the mussels were harvested once when
retrieving the entire longline and did not follow a
grow-out period to determine, if suspended mussels do
have thinner shells, which can lead to a shell damages.

The longline design: polypropylene versus steel hawser

The longline system design is probably the method that
has been mostly used worldwide, especially for Mytilus
cultivation (Polk 1996; Hesley 1997; Stickney 1998;
Bridger and Costa-Pierce 2003). Similar to mussel
rafts, the longline has been frequently modiWed over
the course of time. In contrast to rafts operating in a
Xoating mode on the water surface (Hickman 1992),
making themselves unsuitable for high energy oVshore
environments, longlines can be deployed in a sub-
merged mode at various depths to avoid some of these
forces at near surface levels (Danioux et al. 1997). Such
a Xexible system was chosen for the German Bight and
moored at the oVshore lighthouse “Roter Sand” for
long-term monitoring and testing.

These two longline systems were deployed in order
to determine if oVshore mussel growth at the location
“Nordergründe” was feasible at a rate that it might
become a form of oVshore shellWsh aquaculture. In
comparison to other culture constructions, the longline
system was chosen due to the easy deployment and the
cheaper investment costs in comparison to other culture
systems (Gosling 2003). Longlines can withstand rela-
tively strong wind and wave action due to the Xexibility
of the system itself (Lovatelli 1988) and can resist harsh
winters (Gosling 2003). Furthermore, growth rates of
mussels are reported to be better using longline systems
(Chaitanawisuti and Menasveta 1987; Hickman 1992).
The only study where growth of mussels were investi-
gated at three diVerent culture designs, the pole, the
on-bottom and the longline method, showed that the
longline cultivated mussels demonstrated the best growth
rates (Garen et al. 2004). This can be explained by the
fact that longline mussels are fully suspended in the
water and do only have a little hard substrate in the col-
lector’s centre and are therefore Xushed by phytoplank-
ton-rich seawater at all time.

Both, the polypropylene as well as the steel hawser
longline, showed advantages while at the same time dis-
advantages. Maintenance work at both lines was com-
plicated due to the submersed mode. Here, the

polypropylene line with its surface Xoats eased the
retrieving of the longline by lifting the Xoatation ropes
to reach the harness. A lack of speciWc equipment, as it
was described above, caused these problems and not
the submerged design of the longline. On the contrary,
the use of ball-like Xoats at the polypropylene line
caused an increase in drag force, friction and tension on
the entire system. Elongated fenders would protect the
construction by better riding the swell to result in verti-
cal movements, while the ball Xoats had resulted in
jerking behaviour that created substantially more stress
on all the materials and could further result in a loss of
mussels by shaking them loose. However, it is necessary
to reduce surface Xoatation as much as possible. Floats
used in the submerged mode (steel hawser line) did not
aVect the longline greatly. But Xoats, which are
attached to submerged parts of the longline should have
in-compressible mantle, thus, no additional pressure
due to water depth can limit the buoyancy.

Due to heavy weather conditions accomplished with
strong currents and high wave action both systems
were partly damaged. Tangling of the growing lines
occurred and mussels were shaken oV at times, when
the longline was not submerged. While strands in the
eye loops despite the inserted thimbles untwisted by
the current and turbulences the longline could be
retrieved easily. The segmentation of the steel hawser
line showed advantages in the construction period and
favoured the change of segments at sea stage. Unfortu-
nately, the spliced wires with loops, to hold the collec-
tor on the bottom end and its buoyancy on the top end
did not withstand the current. All wires were untwisted
or broken and parts of the harness, such as collectors
and Xoaters, lost. The replacement of the wires by
metal plates resisted the current and wave actions and
protected the harness from damage or loss.

Finally, we suggest eliminating the use of wire,
which can result in chaWng of polypropylene lines and
will not be able to resist permanent movement due to
currents and waves. Connection materials such as
shackles, thimbles and swivels bring a lot of weight,
which have to be absorbed by adding more Xoatation,
increase investment costs and could also cause chaWng
of lines and collectors.

Site selection: Nordergründe

Depth and aerial exposure

Water depth is not usually a limiting factor in mussel
culture, however, it will determine what culture
method can be used and depth ranges between 1 and
15 m, at some instances up to 50 m depth (Loste 2001;
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Langan personal communication) have been com-
monly reported as being useful. In areas where the
mean tide level is usually less than 1.5 m, on-bottom
culture on the seaXoor or on other materials (racks,
bamboo sticks) can be practiced. Probably the most
important aspect with regard to water depth in tidal
seas is to avoid long exposure periods to air during the
extreme low water spring tides. Long exposure time
increase the culture period mainly due to the fact that
the molluscs stop feeding and growth declines with aer-
ial exposure duration (Yamada 1989) while also being
exposed to rapid temperature changes (particularly
during sunny days). For suspended culture methods,
such as the deployed longlines, mussels feed continu-
ously and therefore grow rapidly (Seed 1968a, b).
Water depth can be a limiting factor in tidal seas as
usually a minimum water column height is essential
during the low water spring tides due to variations in
food availability within the water column (Rodhouse
et al. 1984; Page and Hubbard 1987). At the site Nord-
ergründe, we suggest to submerge the longline at least
6–7 m to avoid the energy forces from waves. Sites with
a depth of >20 m would have a lesser impact on the
longline system and would further allow longer collec-
tors to guarantee economic return. Furthermore, the
hanging harness should never touch the bottom mainly
to prevent predators such as crabs and sea stars from
reaching the bivalves, avoid exposing the mussels to
high water turbidity near the seabed, and also avoid
losing the mussels at the lower end of the collectors as
a result of their friction with the ground. Therefore, a
longline system was designed, which Wts exactly to the
location and its physical demands. The location “Nord-
ergründe”, where the longline design used in this study
was deployed, has a water depth at low tide of about
12 m. The collector harness suspended along the sub-
merged longline in a depth of 5 m below the surface
has a length of 2–3 m. Therefore the culture ropes are
at all sea stages above the sea Xoor (at least 4 m) also
during extreme low water spring tides or at harsh
weather conditions with wind waves of up to 6 m.

Food availability

The annual chlorophyll concentrations indicate a dis-
tinct early phytoplankton spring bloom followed by
lower summer values. There was a suYcient chloro-
phyll concentration in the surrounding water to sustain
mussel growth (Sara et al. 1998). The determined sea-
sonal availability of inorganic nutrients as an indicator
for phytoplankton growth conditions became at no
time limiting. The data are, even though at present not
eVectual for site selection criteria, suYciently indica-

tive to be used for correlations between phytoplankton
density and composition, survival and settlement of
larvae and growth of mussels.

Currents and waves

In the Wadden Sea current velocities of up to 1.5 m s¡1

usually generate high turbidity and high siltation rates
(Ehlers 1988; Brown et al. 1989). The presence of sus-
pended materials above a certain level hinders the
Wltering activity of bivalves which often remain closed
to avoid tissue damage and becoming clogged (Gosling
2003). Furthermore, Wnely suspended matter such as
clay, sand, and other organic and inorganic particulate
materials at the culture site is usually undesirable as it
causes ill eVects on the bivalves being cultured and
often resulting in high mortalities (Lovatelli 1988). The
collector harness of the deployed longline construction
has enough clearance from the sea bottom to avoid
sand uptake by the mussels and no further mussel
cleaning from incorporated sand is necessary. Addi-
tionally, Secci-depth readings showed a low turbidity
load within the test area (Buck, unpublished data) with
values ranging from 3 to 8 m in summer time. Tien-
songrusmee et al. (1986) have shown that water con-
taining a high-suspended particle load of more than
400 mg 1¡1 have a lethal eVect on the grow-out of mus-
sels, thus sites having a disc reading less than 15 cm are
usually considered unsuitable for bivalve culture.

However, moderate currents are needed to provide
adequate transport of water masses carrying the food
supply in form of phytoplankton. Slow water move-
ment usually results in slow growth of the bivalves due
to the poor replenishment of the food (Wildish and
Kristmanson 1984, 1985; Jenkins 1985; Hickman 1989),
however, mussels cultured within a high energy envi-
ronment are not food-limited particularly in waters of
high primary productivity (Klepper and van de Kamer
1988). Slow currents also promote the settling of
organic and inorganic particulate materials on the cul-
tured organisms (Lovatelli 1988). Indeed, clearance
rates also decrease when current velocity exceeds a
certain value due to the pressure diVerential between
the inhalant and exhalent siphon (Gosling 2003).
Potential sites for longline culture should have a
current speed within the range of 0.02–1.5 m s¡1

(Rosenberg and Loo 1983; Hickman et al. 1991). At
“Nordergründe”, measurements of current velocities at
a depth of 4, 6 and 8 m depth were 0.53 § 0.25,
0.49 § 0.23 and 0.44 § 0.21 m s¡1, respectively (WSA
2002) to insure a minimum particle Xow.

Exposure to high wave action normally disqualiWes a
potential cultivation site due to the loss of mussels
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through passive detachment (Scarratt 1993). Although
waves of up to 6.4 m in height were determined, the
choice of Xoatation and the depth of the suspended col-
lector harness may oVset the eVect of extreme wave
forces as it is the case for the dense living mussel spat at
the deployed submerged longline system at “Nord-
ergründe”. Mortalities of mussels may occur if they are
exposed to extreme wave action while at the same time
food limited (Gosling 2003). The suspended cultivation
method and the determined chlorophyll concentration
as well as the POC/PON values eliminate these eVects.

Pollution

Pollution of inshore areas and estuaries has been one
of the most delicate subject for coastal countries in the
past few years and has been a problem for decades in
areas where mussel or oyster farming has been tradi-
tionally practiced (e.g., The Netherlands, Spain and
France). The location of and the distances to the pollu-
tion sources relative to the selected oVshore farm site
should be carefully considered, particularly with regard
to ongoing urban sewage release or diVuse coastal
inputs from intensive agricultural activities. The
coastal current patterns responsible for long-distance
transport of potential pollutants should be carefully
considered. Fortunately, the River Weser estuary and
the adjacent oVshore location at “Nordergründe” are
monitored by the Bund Länder Messprogramm and
various other local authorities, providing suYcient
safeguard. Furthermore, mussels originating from wild
habitats and culture plots are monitored routinely and
are screened for toxins by local authorities (Zander,
personal communication). There seems to be no need
for further expansion of such costly monitoring activi-
ties for this location.

Conclusion

Site selection for an oVshore aquaculture system is a
process by which a number of factors need to be care-
fully analysed prior to the planning and technical
installation thereby minimizing the risk of inappropri-
ate investment. Despite the technical diYculties men-
tioned above, there seems to be suitable settlement
densities and suYciently fast growth at the test sites to
employ a culture strategy for a complete growth cycle
(from settlement to market size). It also seems to be
fair to say that the data indicate a potential for mussel
production in the oVshore waters of the German Bight
limited mainly by available space. The resulting
knowledge of the project for design engineering and

understanding operational logistics and management
requirements is considered to be vital for the potential
commercial development of a viable mussel oVshore
aquaculture industry.

The submersed deployment of a longline as harness
for suspended mussel culturing eliminates the worst
eVects of surface waves and makes the system compo-
nents robust and sustainable for a long time use. It is
anticipated that material failures can be minimized by
using polypropylene-based systems instead of stiV and
inXexible wire-based systems or submerged elongated
fender type installations. However, several serious sci-
entiWc questions (e.g., long-term health status, Wtness,
spat fall), technological problems (e.g., connection to
oVshore constructions such as wind generators), and
economic (e.g., economic returns, investment costs) as
well as policy issues remain to be clariWed or resolved
before the potential of this form of aquaculture can be
realized.

Outlook

The excellent growth rates of mussels during the pres-
ent study led to the suggestion to build and install a
number of longlines parallel to each other to prove the
principal. This is considered to be an opportunity to
conduct oVshore mussel culture for a commercial
enterprise by various ways: (1) to collect mussel spat to
supply the on-bottom culturists in the tidal Xats within
the backwaters of the Frisian Island because of seed
mussel shortages frequently occurring in subsequent
years, (2) to collect the mussel spat and grow it to mar-
ket size oVshore, or (3) to use spat from inshore areas
and use the oVshore site as a grow-out location. For
these purposes it is necessary to ascertain the consis-
tency of seed settlement rates at a potential farm loca-
tion. Also, while allowing settled seed to grow to
market size on collector lines and therefore eliminating
stripping and re-seeding to growing ropes, sizes could
be inconsistent and yield of market mussels could be
reduced and need to be veriWed.

OVshore cultivation of marine organisms is at the
brink of becoming a new aquaculture production sec-
tor. Therefore, the development of a commercially via-
ble oVshore aquaculture operation on a pilot-scale
basis seems to be a feasible undertaking once the test-
ing is completed to reduce risks in all relevant technical
and biological areas under concern. More speciWcally,
future project activities should include R&D elements
targeted at reducing operational risks through a coor-
dinated, interdisciplinary eVort involving engineering
research on oVshore structures, analysis of scientiWc
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criteria concerning biological productivity, and studies
on project economics. Finally, tests to assess the suit-
ability (or comparability) of the resulting product at
existing or new markets have to be done, while there is
still a need to clarify the regulatory and licensing issues
associated with oVshore activities.

Although not harmful to the mussels themselves,
growing areas may occasionally suVer from outbreaks
of harmful toxic algae, which the mussels consume,
rendering them unsuitable for human consumption.
An algae-early warning system, which already exists
for overall monitoring purposes but too wide-spread to
serve the small-scale requirements of such a localized
oVshore industry should be expanded to areas used for
oVshore mussel culture.

In the past, because of the limited extent of areas
used for aquaculture, such natural environmental
events (e.g., algal blooms) have been dismissed as
inconsequential. However, the proposed massive
increase in areas to be used for mussel cultivation
changes the scale of any impact and prompts concern.
In particular, the construction of large (2,000–4,000 ha)
mussel farms up to 7 km oVshore will extend mussel
cultivation into areas used by oVshore species (petrels,
shearwaters, seals and whales) that have not previously
encountered mussel farms. The potential interactions
with these species (e.g., disease transfer) will have to
be tested.

Finally, once an oVshore wind-farm is installed mus-
sel culture constructions should be tested in a con-
nected manner with the pylon of a wind farm. In this
special case, it is of great importance that expensive
oVshore techniques, such as oVshore windmills and
oVshore culture systems, do not develop indepen-
dently.
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