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 Highly probable - Kelp beds are within 40 m of 
the salmon farm, and therefore close enough 
to receive some nutrients. Fish biomass is 
sufficient to produce sufficient nutrients bi-
yearly in the summer when background levels 
are low. The intensity and geographic extent 
is medium because it is likely that only the 
section of the kelp bed nearest the farm 
would receive nutrients. Increases in epiphytic 
algae occurs when background nutrient levels 
increase by 80% for extended periods of time 
during periods of high light, and this is 4.5 µM 
at this site (summertime). For one quarter of 
the production cycle of this value is exceeded 
when fish biomass peaks (approximately 4 
months). Uncertainty is low, because this has 
already been shown to occur on seaweeds in 
proximity to the salmon farms.

5.1.1 Epiphytic algae promote light limitation.
 Highly probable - Once laminae are covered 

with organisms, photosynthesis is impaired. 
Intensity and geographic extent are low, 
because the entire lamina is not covered with 
epiphytic algae and the entire bed is not affect-
ed. Researchers have only found an increase 
in epiphyte abundance and a decrease in pho-
tosynthesis in the host with nutrient pulses. In 
addition, the high nutrient pulse occurs only 
four months every second year. Uncertainty 
is low, because scientific evidence supports a 
decrease in photosynthesis with shading.

5.1.2  Lamina production changes due to light limita-
tion caused by epiphytic algae.

 Medium probability - Late spring and early 
summer is the rapid growth period for L. sac-
charina. When the nutrient pulses are highest 
at summer end, it is, therefore, likely laminae 
have already grown to their maximal extent. 
Therefore, a reduction in photosysthesis would 
not greatly affect kelp production. Intensity and 
geographic extent are low, because the entire 
lamina is not covered with epiphytic algae and 
the entire kelp bed is not affected. The cycle of 
high nutrient pulses from fish farms repeats bi-
yearly. Uncertainity is medium, as researchers 
have examined both nutrient pulses, epiphytic 
algae and seaweed growth, but not at the time 
of maximal fish farming dissolved nutrient 
releases. 

5.1.3 Kelp productivity changes as a result of 
changes in lamina production from epiphytic 
algae.

 Low probability - Intensity and geographic 
extent are low, because the entire lamina 
is not covered with epiphytic algae and the 
entire bed is not affected. Researchers have 
only found an increase in epiphyte abundance 
and a decrease in photosynthesis in the host 
with nutrient pulses. In addition, the high 
nutrient pulse occurs only four months every 
second year. Furthermore, a decrease in 
lamina biomass in the upper story would open 

light up to lower story younger individuals 
thus promoting growth of younger kelp in the 
lower story. Uncertainty is high, as population 
decline due to epiphytic algae has not been 
actually studied.

5.2.0 Blade erosion increases due to epiphytic algae 
increases.

 Highly probable - This has been docu-
mented in previous research investigations. 
Researchers have only found an increase in 
epiphyte abundance and host erosion due to 
an increase in dissolved nutrients (not total 
lamina coverage). Intensity and geographic 
extent are low, because the entire lamina is 
not covered with epiphytic algae and the entire 
bed is not affected. The cycle of high nutri-
ent pulses from fish farms repeats bi-yearly. 
Uncertainity is low as this has been docu-
mented in previous investigations.

5.2.1 Sori production changes due to blade erosion 
Highly probable - At the time of the nutrient 
pulse from the salmon farm, L. saccharina is 
producing sori. Intensity of impact is medium. 
Researchers have only found an increase in 
epiphyte abundance and host erosion due to 
an increase in dissolved nutrients (not total 
lamina coverage). If the epiphytic algae grow 
over sori tissue or areas where sori would have 
been produced, and this tissue is consumed, 
then, sori production would be restricted. 
Impact is not high, as the kelp can live three 
to four years and the pulse occurs twice in four 
years. Uncertainity is high, because no one 
has correlated epiphytic algae with host sori 
production. 

5.2.3 Kelp productivity changes as a result of 
changes in sori production.

 Highly probable - Intensity of impact is low 
because most likely only the section of the 
kelp bed nearest the salmon farm would be 
impacted by dissolved nutrients. The nutrients 
would be taken up by the kelp and epiphytes 
at the front of the bed leaving few nutrients 
for the kelp in the reminder of the bed. As 
well, the high nutrient load during adequate 
lighting occurs only four months every second 
year, whereas kelp live three to four years. 
Gametophytes have a wide dispersal range 
(possibly greater than 200 m), so if the affected 
kelp did not produce sori, it is likely that new 
recruits would be obtained from the unaffected 
kelp outside of the range of the fish farm. This 
would be the case in a healthy population. In 
a population affected by sea urchin limited sori 
production could set back attempts to main-
tain or restore kelp populations. Uncertainty is 
high, as the effect of epiphytes and dissolved 
nutrients on kelp population decline due to 
limited sori production has not been examined 
in the field.
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5.3.0  Dissolved nutrients affect C and N storage 
 Medium probability - Under normal circum-

stances in the region, L. saccharina grows 
during the high light period until nitrogen 
stores are depleted. At the same time, carbon 
is stored so that dissolved nitrate can be stored 
during the dark period that occurs the follow-
ing winter and early spring. Biyearly on the 
salmon farm, the kelp receives farm derived 
nutrients. Then it can grow without the need 
to consume its nitrogen stores. It continues to 
grow until the end of its growth period when 
sori are produced. Some evidence exists that 
indicates that carbon is not stored when kelp 
is fertilized in this way. Intensity is expected to 
be medium because the ammonium from the 
fish farm would be taken up by the kelp at the 
front of the bed to leave few nutrients for the 
rest of the bed. This pattern will occur as long 
as the fish farm is in the area. Uncertainty is 
high, as little field work as been done in this 
area.

5.3.1 Lamina production changes due to changes in 
C and N storage.

 Low probability - Carbon that is stored in 
Laminaria in the summer is used for nutri-
ent uptake in the spring and for growth under 
low light conditions. If carbon is not stored, 
the production of the new laminae may be 
decreased. Intensity is expected to be medium 
because the ammonium from the fish farm 
would be taken up by the kelp at the front of 
the bed to leave few nutrients for the rest of 
the bed. Therefore, most of the bed would 
not be affected by the nutrients. This pattern 
will occur bi-yearly as long as the fish farm 
is in the area. Uncertainty is high, because 
researchers have not investigated the effect 
of low C stores on regeneration in perennial 
kelp.

5.3.2 Kelp productivity changes as a result of 
changes in lamina production.

  Low probability - Little information exists 
relating to the fitness of Laminaria without suit-
able carbon stores at the time of nitrate avail-
ability due to upwelling. Intensity is expected 
to be medium because the ammonium from 
the fish farm would be taken up by the kelp at 
the front of the bed leaving few nutrients for 
the kelp in the rest of the bed. In addition, the 
effect is expected only once every two years, 
but it will endure as long as the fish farm is 
present. Uncertainty is high due to the general 
lack of information in this area of research.

 5.4.0 Dissolved nutrients affect lamina growth.
 Highly probable - In the area of interest, L. 

hyperborea are the largest in Norway. We can 
also expect that L. saccharina would also be 
the largest, as temperature and lighting is 
favorable for them too. Growth is expected 
to be good in spite of fish farming nutrients 

because of the adequate available back-
ground nutrients from spring upwelling condi-
tions, and optimal temperature and lighting 
conditions. Due to the optimal environmental 
conditions, in this area, severity of this effect 
on kelp would be marginal. Uncertainty is low 
because the knowledge level concerning kelp 
and background nutrients is high. 

5.4.1 Increase in lamina growth causes light limita-
tion. 

 High probability - Previous research investi-
gations have clearly shown that increases in 
lamina production can cause self shading of 
upper story individuals and shading of lower 
and younger story individuals. Intensity is 
expected to be low, because the size of the 
kelp in the bed in this area is already con-
sidered to be the largest in Norway due to 
adequate nutrients, lighting and optimal tem-
perature. Uncertainty is low due to the level of 
understanding and available information.

5.4.2 Lamina production changes due to light limita-
tion.

 Highly probable - It is well known that 
light limitation negatively affects kelp growth 
unless carbon stores are adequate. Intensity 
is expected to be low, because the size of the 
kelp in the bed is already considered to be the 
largest in Norway due to adequate nutrients, 
lighting and optimal temperature. Uncertainty 
is low due to the high level of understanding in 
this area.

5.4.3 Kelp productivity changes as a result of 
changes in lamina production.

 Low probability - In the area of interest, kelp 
are already the largest in Norway. Lamina pro-
duction is expected to be optimal in spite of 
fish farming nutrients because of the adequate 
available background nutrients from spring 
upwelling conditions, and optimal tempera-
ture and lighting conditions. Hence, dissolved 
nutrients from the fish farm would not greatly 
affect the kelp. Uncertainty is low because the 
knowledge level concerning kelp and back-
ground nutrients is high. 

5.5.0 Sori production changes as a result of changes 
in lamina production

 Highly probable - Sori are produced on 
lamina, so it is logical to assume that sori 
production will change if lamina production 
changes. Intensity is expected to be low, 
because the size of the kelp in the bed is 
already considered to be the largest in Norway 
due to adequate nutrients, lighting and optimal 
temperature. Uncertainty is low due to the 
high level of understanding in this area.

5.5.1 Kelp productivity changes as a result of 
changes in sori production.

 Low probability - In the area of interest, kelps 
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Table 6.4.III : Table summarizing risk estimation for logic model 2.

Steps in logic 
model 2 ( Sites 

A and B)

Intensity 
or degree 
of change

Geographical 
extent

Permanence 
or 

duration
Severity Probability Uncertainty 

Stage of 
assessment

1. Suitable kelp 
habitat is in the 
area of interest

MA

HB

HA

HB

HA

HB

MA

HB H L

2. A salmon 
farm is within 

or close to kelp 
habitat 

MA

HB

HA

MB

HA

HB

HA

HB

H
H

L
L

3. Kelp are 
growing in the 
area of interest

MA,B MA,B HA,B MA,B M L

4. Particulate 
matter from 
the fish farm 

accumulates in 
benthos

HA

MB

HA

MB

HA

HB

HA

MB

H
H

L
L

Release

Release summa-
ry (Logic model 

steps 1-4)
MA,B M L

5.1 
Gametophytes 
are affected by 
sulfide toxicity

MA

LB

MA

LB

HA

HB

MA

MB

H H
Exposure

Exposure  
summary

MA

MB

H H

Decrease in kelp 
productivity

MA

LB

MA

LB

HA

HB

MA

MB M H Consequence

Consequence 
summary

MA

MB M H

5.2 Particulate 
matter affects 

gametophyte via 
burial

MA

LB

MA

LB

HA

HB

MA

MB M M Exposure

Exposure 
Assessment

Decrease in kelp 
productivity

MA

LB

MA

LB

HA

HB

MA

MB

MA

LB H Consequence
Consequence 
Assessment

MA

MB

5.3 Heavy met-
als reach toxic 
concentration

LA LA LA LA LA H Exposure

Decrease in kelp 
productivity due 
to heavy metal 

toxicity

LA LA LA LA LA H Consequence

Overall risk of 
a drop in local 
kelp population 

(highest severity 
and probability)

M M H

Explanatory notes:

1. Probability = H – High, M – moderate, L – Low, EL – Extremely Low, N – Negligible. 
2. Severity = C – very intense, H – high, M – Moderate, L – Low, N – Negligible. There are three components of severity that should be considered: 

the duration of the activity, the degree of change, and the geographic extent of the change.
3. Uncertainty = H- Highly uncertain, M – Moderately certain, L – Low Uncertainty.
4. The final rating for the Probability is assigned the value of the element with the lowest level of probability. 
5. The final rating for the Severity (intensity of interaction) is assigned the value of the step with the lowest risk rating (e.g., Medium and Low 

estimates for the logic model steps would result in an overall Low rating).   The final value for severity for each specific risk is assigned the value of 
the lowest individual logic model estimate.

6. The final rating for the Uncertainty is assigned the value of the element with the highest uncertainty level (i.e. the least certainty).
A: Site A        B: Site B
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are already the largest in Norway. Sori and 
lamina productions are expected to be optimal 
in spite of fish farming nutrients because of 
the adequate available background nutrients 
from spring upwelling conditions, and optimal 
temperature and lighting conditions. Hence, 
dissolved nutrients from the fish farm would 
not greatly affect the kelp. Uncertainty is low 
because the knowledge level concerning kelp 
and background nutrients is high. 

Logic Model 2.

The following material is summarised in Table 
6.4.III.

4. Particulate matter from the salmon farm accu-
mulates in benthos.

 Highly probable - Benthic change in Norway 
due to salmon farming has been shown to 
occur in over 80 salmon farms that were 
monitored in a study. Benthic impact occurs 
within two months of the introduction of fish. 
The site depth and current speed are not cor-
related to biological change in benthic condi-
tions right under the farm. That is, the benthos 
are expected to change at both sites A and 
B. The zone of benthic change extends to at 
least 100 m from the farms. The magnitude of 
benthic changes decreases with distance from 
the farm. Benthic faunal change toward more 
sulphide resistant species persists as long as 
the site is farmed, and beyond five years post 
farming in sheltered sites. Severity is mod-
erate, as the zone of major benthic change 
is generally localised. Uncertainty is low, 
because much data exists on benthic impact.

5.1.0 Hydrogen sulphide kills gametophytes. 
 Highly probable - As documented in research 

investigations, sulphide after the start of 
farming operations quickly reaches toxic levels 
for aquatic plants (2.5 µM) below and at a dis-
tance exceeding 100 m from a salmon farm. 
This low tolerance to sulphide has been sug-
gested as the reason that kelps are not com-
monly found in muddy anaerobic substratum. 
The potential particulate fallout zone covers 
the kelp bed on both farms (Sites A and B). 
Intensity is expected to be low to high because 
the geographical distribution of the waste, 
sulphides, kelp and gametophytes are not 
uniform. Kelps that are furthest away would 
receive fewer waste particulates and depend-
ing on the kelp density, the kelp closest to the 
farm would intercept most of them. Following 
these trends, initially waste accumulation fol-
lowed by sulphide production would start at the 
front of the kelp bed, and over time proceed 
to the back of the bed. The latter statement 
would depend on the density of the kelp bed. 
At Site A due to the lower current velocity, the 
effect would be more pronounced. Duration of 
the effect lasts as long as the farm remains 
in the area. Uncertainty is high; because 

researchers have studied the ability of kelp to 
settle particles but not the associated forma-
tion of sulphides, and no research on this topic 
has been carried out on fish farms. 

5.1.1 Kelp population decreases.
 Medium probability - In the area of the salmon 

farm at Site A, Laminaria are heavily preyed 
upon by sea urchins so survival depends on 
recruitment. Recruits would be killed if they fell 
upon sediments containing low concentrations 
of sulphide (2.4 µM). As deposition is heaviest 
in that part of kelp bed closest to the farm, 
gametophytes would not survive there. Over 
time, kelps would die off in the frontal zone. 
As the kelps are continuously devoured by 
sea urchins, and not replaced due to game-
tophytes lost to sulphide, kelp further back in 
the bed could trap more of the organic waste, 
accumulation of which would lead to forma-
tion of sulphide and so on until the kelp bed 
is gone, or insufficient particles are trapped, 
and the remaining bed is left unaffected. The 
latter event depends on the distance from the 
farm. Intensity is low to medium depending 
on the site. Intensity is limited to the zone of 
influence of the farm and would be highest in 
the sheltered site, Site A, as there the zone 
of influence over the kelp bed is greater than 
at the more exposed site, Site B. The effect 
would occur as long as the fish farm is in the 
area, and several years after closure at Site A. 
Uncertainty is high. It is known that only a low 
level of sulphide is required to kill the gameto-
phytes but research has not been conducted 
on this scenario (for example, particulate 
waste and salmon farming). 

5.2.0 Organic waste particles bury gametophytes. 
 Medium probability - Kelp are known to have 

the ability to trap particulate matter, which 
then settles within the bed. Only a small 
cover of debris is known to kill gametophytes. 
Intensity is expected to be low to medium 
depending on the site because the geographi-
cal distributions of the waste, kelp and game-
tophytes are not uniform. As well, burial is 
expected to be most intense at the edges of 
the kelp bed where most of the particles are 
trapped. The latter statement would depend 
on the density of the kelp bed. Uncertainty is 
medium; because researchers have studied 
the ability of kelp to settle particles, but they 
have not done so near salmon farms. 

5.2.1 Laminaria population decreases.
 Low to highly probable depending on the 

distance from the salmon farm. In the area 
of the salmon farms, Laminaria are heavily 
preyed upon by sea urchins. Therefore, their 
survival depends on new recruitment. New 
recruits would be buried at the front of the 
kelp bed closest to the farm, but as the kelp 
are devoured by sea urchins and not replaced 
due to gametophytes, kelp in the interior of the 
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bed would trap particles with associated burial 
of gametophytes and so on until the kelp bed 
is gone, or insufficient particles are trapped, 
and the remaining bed is left unaffected. The 
latter event depends on the distance from the 
farm. Intensity is low to medium. Intensity is 
limited to the zone of influence of the farm and 
would be highest in the sheltered site, Site 
A, where the zone of influence over the kelp 
bed is greater than at the more exposed site, 
Site B. The effect will persist while the farm is 
in operation, and several years after closure. 
Uncertainty is medium. It is known that only a 
small amount of sediment over gametophytes 
is needed to kill them, but research has not 
been conducted on this scenario (for example, 
particulate waste and salmon farming). 

5.3.0 Heavy metals in the sediments reach toxic 
levels for gametophytes.

 Low probability - Heavy metals such as zinc 
and copper are bioavailable in sediments 
under oxygenated conditions; this condition 
is not expected when the fish farm is active. 
Sediments are only expected to buildup at site 
A. In the area of the salmon farm, Laminaria 
are heavily preyed upon by sea urchins. 
Therefore, their survival depends on new 
recruitment. New kelp recruits would attempt 
to colonize the sediments affected by salmon 
farming between production cycles or post 
farming. At these times, sediments can be 
come oxygenized, and dissolved heavy metals 
can become bioavailable, and potentially toxic 
to the recruits. Toxicity would be most pro-
nounced at the front of the kelp bed closest 
to the farm. Severity is low. It is unlikely the 
benthos would become sufficiently oxygen-
ized between production cycles. Uncertainity 
is high, as little research has been conducted 
on heavy metals during times of sediment 
recovery.

5.3.1 Laminaria population decreases.
 Low Probability - Heavy metals can be 

released from sediments but it is unlikely the 
affected area would greatly affect a local kelp 
population. The affected kelp would be those 
attempting to colonise under the fish farm (a 
small area). The depth prohibits good kelp 
density, and the sheltered site, produces weak 
kelp. Uncertainity is high, as there has been 
little research conducted on heavy metals 
during times of sediment recovery.

 From the risk estimation (Tables 6.4.II and 
6.4.III), ammonium from the fish farms does 
not appear to be a significant hazard to adja-
cent kelp beds. The only possible concern 
related to dissolved nutrients is epiphytes 
affecting sori production on kelp that are being 
heavily preyed upon by sea urchins. Although 
the likelihood of occurrence is low, this effect 
combined with heavy sea urchin predation can 
set back attempts to maintain or restore kelp 

populations especially at sheltered sites. It is 
important to point out that the kelp stocks that 
would be affected would be very low, a small 
amount of the kelp along the entire coast 
line.

 From the risk estimation, the particulate 
matter from the fish farms has the potential 
to bury and kill the gametophytes. In addition, 
waste deposition also has the potential to kill 
seaweeds via sulphide formation at sheltered 
sites. As the kelps that we studied are pereni-
als, it is likely the affects would take years to 
be noticed, but once the population declines, 
recovery would be slow because of lingering 
toxic effects. Our assessment was, therefore, 
effective at pointing out a potential future 
problem. It is important to point out that the 
number of afflicted individuals would repre-
sent only a tiny fraction of the total number 
growing in the area.

 
 Information relating to this assessment should 

ideally be communicated to local and nation-
al fish farming associations, local fishers, 
regional science and environmental officers, 
and the Norwegian Ministry of Fisheries and 
Coastal Affairs. Fishers might enquire if the 
kelp near the fish farm serve as important 
nursey grounds for fish. If so, some of the 
ratings given to severity and intensity could 
be changed to reflect their concerns. As much 
of the assessment in terms of procedures and 
results is relevant to other species and areas, 
it should be published if possible in science 
and trade journals and given to international 
environmental groups, such as the World 
Wildlife Federation. 

 We also found potential benefits of waste. In 
the sheltered sites where L. Saccharina pre-
dominants, the waste material has the poten-
tial to increase kelp production and at both 
exposed and sheltered, dissolved nutrients 
could help aid in kelp recovery from preda-
tion via fertilization. These benefits could, 
however, be overshadowed by the negative 
effects of the solid waste.

6.4.3.4 Risk Estimation

In the earlier discription of the farm no special 
technologies were identified as in use nor were specific 
regulatory requirements mentioned that might reduce 
the effect of that farm from that which might be antici-
pated based on past experience with this type of devel-
opment. For that reason the risk level identified in the 
consequence assessment is the same as that for the 
risk estimation. Should any of the recommended risk 
management activities be undertaken that level of risk 
may be modified.
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Table 6.4.IV : Summary of risk mitigation and research derived from the analysis.

6.4.4 Risk Management
Option evaluation in risk management addresses 

what might be done to reduce the probability of a risk 
being expressed, or to reduce the uncertainty in the pre-
diction of the expression of a risk. This can be addressed 
through consideration of the series of steps in the logic 
model discussed above. The process identifies, for each 
step, what could be done to reduce the probability of it 
occurring. These actions would directly mitigate pos-
sible effects. A further contribution to increasing the 
effectiveness of the risk analysis would be to reduce 
the uncertainty associated with predicting that the step 
will happen. Usually this involves further research or 
development. Table 6.4.IV identifies both mitigation and 
research or development steps that could be consid-
ered in addressing risks associated with waste effluent, 
particularly solid waste effluent) from salmon farms on 
Laminaria populations. 

Whether there will be an impact from waste mate-
rial from fish farms on kelp will depend on how close 
the kelp beds are to the farm and the size of the kelp 
bed. For instance, it can be envisaged that the impact 
would be minimal if farming remained distal from kelp 
beds (greater than 200 m from frontal edges to take into 
consideration spore dispersal and waste fallout zones). 
Also if the salmon farm remained distal from barrens, the 
farm would not impact the remediation of kelp beds over 
preyed upon by sea urchins. Site fallowing, a farming 
practice that is often mentioned to be a suitable method 
for benthic remediation, is not useful if sulphide levels 
increase to toxic levels during production cycles. 

Much information is still unknown. For example, 
kelp beds are probably capable of trapping tiny particles 
from the farm that normally would not otherwise settle 
within the vicinity. As a result, over a period of time, 
effects of burial and sulphide toxicity may appear on 
the fringe of the kelp bed, and move back into the bed 
over time as the frontal individuals die off. The size of 
the particle capable to be trapped and its relationship to 
fish farming waste needs to be ascertained. The abilities 
of kelp to trap particles and provide a surface for their 
degradation, as well as to remove dissolved nutrients 
should, also, be explored. Particle entrapment could 
be done with suitable cultivated stock grown on ropes, 
and placed adjacent to a sea farm site. The cultivated 
stock must be locally obtained, so as not to affect the 
genetics of the wild stocks. The integrated cultivation of 
seaweed and fish in open systems was suggested as 
early as 1993 (Petrell et al. 1993), but was not accepted 
by industry due to difficulties associated with market-
ing kelp and work related issues associated with the 
handling two very different species. With more help with 
marketing, cultivated kelp may be grown to protect the 
wild ones.

To reduce the effects of waste sedimentation, 
several methods have been developed to prevent the 
particles from entering the environment. An expensive 
and energy demanding method is close containment. 
As an alternative, particles might be managed on site 
after they have been trapped on a screen (Burynuik et 
al. 2006). As well, a seaweed curtain as describe above 
may be effective. Others are experimenting with mussels 

Logic Model Step

P
ro

ba
bi

lit
y

Mitigation
(regulate/design/

modified practices)

 
U

nc
er

ta
in

ty

Research/Development

2

Salmon farms are 
established near 
Laminaria beds 

in coastal waters.

M

Where feasible site farm 200 m 
away from established or bar-
ren kelp grounds.  This is the 
dispersion distance for game-game-

tophytes, and generally benthic 
changes due to salmon farming 

is low at this distance.

L
Verify the distance a salmon 

farm should be from a kelp bed.

4

Particulate matter 
from the salmon 

farm accumulates 
within kelp bed.

H See step 2 above. M

•	 Determine	the	ability	of	
kelp to trap and settle 

waste particles. from salm-
on farm

•	 Develop	ways	to	trap	sedi-
ment on site.

5.1

Organic waste 
particles promote 
the formation of 
sulfide in kelp 

bed.

H See step 2 above. M

Determine whether  sulfide can 
form in a kelp bed due to the 
accumulation of organic parti-

cles from a salmon farm.
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and other species. The correct choice must be based on 
issues related to long-term sustainability. 

6.4.4.1 Risk Mitigation

As indicated in the risk management table (Table 
6.4.IV), two broad approaches can be taken to manage 
risk. The first is direct mitigation which generally reduces 
the likelihood of a step in the logic model being fully real-
ized. These mitigation measures usually take the form 
of regulatory strictures such as enforcing a set distance 
between a salmon farm and a kelp bed. The second 
approach can be placed via a code of practice. This 
approach is seen when fish stocking considers output of 
nutrients and solid waste. 

The other approach to manage risk is to reduce 
sources of high or moderate uncertainty. In this context, 
one of the advantages of risk analysis is that it can assist 
in identifying priorities for research and development 
work. For example, research might be used to confirm 
that only a small portion of a kelp bed is affected by 
particulate matter or dissolved nutrients, and hydrogen 
sulphide never builds up to toxic levels. Further research 
is needed to answer these questions. As well, research 
might find that a kelp bed is highly effective at trapping 
particulates, and the overall environment improves as a 
result. That research could be used to develop artificial 
kelp beds.

6.4.5 Evaluation of risk assessment model

The assessment was successful in identifying new 
risks associated with fish farming. This scoping exer-
cise was difficult to carry out due to the large amount 
of information that had to be acquired and analyzed. In 
fact, we chose Norwegian sites largely because of the 
amount and quality of available information on fish farms, 
kelp resources, basic biology, oceanic currents, water 
quality and predators of kelp. Without this large data-
base, the study would have been too difficult and costly, 
and uncertainty would have increased. Fortunately, this 
assessment can be applied to other sites and macro-
phytes. This is because the major effects relate to solid 
waste, and these affects appear to be independent of the 
species of macrophyte. 

 
In this assessment, although several exposure 

paths relating to solid waste were ruled out due to dilu-
tion or temporal effects, they were still all examined. 
Local science officers can use this extensive review, and 
basic and generally available knowledge concerning the 
biology of local macrophytes to determine what expo-
sure pathways are pertinent to the macrophytes in their 
areas of concern. For example, annual species capable 
of growing near a coastal fish farm could experience an 
immediate loss in recruitment if a thin layer of solid waste 
covers them or farm-derived nutrients causes them too 
grow to the level where they block the light needed for 
further growth. The latter effect, although not a major 
concern in our test sites due to the ideal growing con-
ditions there, could decrease the growth of perennial 
species in non-ideal areas. The latter effect could also 
occur to L. hyperborea and saccharina in other parts of  
 

Norway where the growth conditions are not as ideal as 
they are in our test sites. 

In general, much was learned in the process, and 
new knowledge and research paths were created. To 
protect macrophytes, we suggest that fish farms are 
sited at least 200 m from a macrophyte bed. 

6.4.6 Literature cited 
Ahn, O., Petrell R.J., and Harrison P.J. (1998):  

Ammonium and nitrate uptake by Laminaria 
saccharina and Nereocystis luetkeana originat-
ing from a salmon sea cage farm.  J. of Applied 
Phycology 10, 333-340.

Ang, K.P., and Petrell, R.J. (1998):  Pellet wastage, 
and subsurface and surface feeding behaviours 
associated with different feeding systems in 
sea cage farming of salmonids.  Aquacultural 
Engineering 18, 95-115.

Aure, J., and  Skjoldal, J.R.  (2004):  OSPAR Common 
Procedure for identification of eutrophication 
status:  Application of the Screening Procedure 
for the Norwegian Coast North of 62oN (STAD-
Russian border) Havforskningsinstituttet, 
Miljøreferanser, Stromsvelen, Norway, 23 p.

Bachelet, G, de Montaudouin, X., Auby, I., and 
Labourg, P.J. (2000):  Seasonal changes in mac-
rophytes and macrozoobenthos assemblages 
in three coastal lagoons under varying degrees 
of eutrophication.   ICES Journal of Marine 
Science 57 (5), 1495-1506.

Bellamy, D.J., (1968): Effects of pollution on the marine 
plant life of the Teesmouth Area. In: Watson and 
Watson, Teeside sewage and sewage disposal. 
Final Report, Appendix 1, 103-107.

Bellamy, D.F., John, D.M., Jones, D.J., Starkie, A., 
and Whittick A. (1970)  The place of ecological 
monitoring in the study of pollution of the marine 
environment.  FAO Technical Conference on 
Marine Pollution and its effects on living resourc-
es and fishing.  Rome 9-18.  Dec. 1970.

Black, E., and Carswell B. (1987):  Sechelt Inlet, 
Spring 1986, Impact of salmon farming on 
marine water quality (Draft Manuscript).  British 
Columbia Ministry of Agriculture and Fisheries, 
Commercial Fisheries Branch, Victoria, B.C., 
43 p.

Borum, J., Pedersen, M.F., Krause-Jensen, D., 
Christensen, P.B., and Nielsen K. (2002): 
Biomass, photosynthesis and growth of 
Laminaria saccharina in a high-arctic fjord, NE 
Greenland Marine Biology 141, 11–19.

Brooks, K.M., Stierns, A., Mahnken, C.V.W., and 
Blackburn, D.B. (2003): Chemical and biological 
remediation of the benthos near Atlantic salmon 
farms.  Aquaculture 219, 355–377.



158 ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE                                 GESAMP Reports and Studies No 76

Brooks, K., Stierns, A.R., and Backman C. (2004): 
Seven year remediation study at the Carrie 
Bay Atlantic salmon (Salmo salar) farm in 
the Broughton Archipelago, British Columbia, 
Canada.  Aquaculture 239, 81–123.

Buryniuk, M., Petrell, R.J., Baldwin, S., and Lo, K.V. 
(2006):  Accumulation and natural disintegra-
tion of solid wastes caught on a screen sus-
pended below a fish farm cage.  Aquacultural 
Engineering 34, 78-90.

Canephors, H., and Enell M. (1990): Discharge of 
nutrients from Swedish fish farming to adjacent 
areas. Ambio 19, 28–35.

Carroll, M. L., Cochrane, S., Fieler, R., Velvin, R., 
and White, P.  (2003):  Organic enrichment of 
sediments from salmon farming in Norway: 
environmental factors, management practices, 
and monitoring techniques.  Aquaculture 226, 
165-180.

Chapman, A.R.O., and Craigie, J.S. (1977): Nitrogen 
and growth in Laminaria longicruris: Relations 
with dissolved inorganic nutrients and internal 
reserves of nitrogen. Marine Biology 40, 197-
205.

Chapman, A.R.O., Markham, J.W., and Lüning, K.  
(1978):  Effects of nitrate concentration on the 
growth and physiology of Laminaria saccharina 
(Phaeophyta) in culture.  J. Phycol. 16, 195-
198.

Chapman, A.S., and Fletcher, R. L.  (2002): 
Differential effects of sediments on survival and 
growth of Fuscus serratus embryos (Fucales, 
Phaeophycae). J. Phycology 38, 894–903

Chapman, P. M., Wang, F., Janssen, C., Persoone, G., 
and Allen H.E. (1998):  Exotoxicology of met-
als in aquatic sediments; binding and release, 
bioavailabililty, risk assessment and remedia-
tion.  Canadian Journal of Fisheries and Aquatic 
Science 55, 2221-2243.

Christie, H., Jørgensen, N.M. , Norderhaug, K.l.M. 
and Waage-Nielsen, E.  (2003): Species distri-
bution and habitat exploitation of fauna associ-
ated with kelp (Laminaria Hyperborea) along 
the Norwegian Coast. Journal of the Marine 
Biological Association of the UK, 83, 687-699.

Christie, H., Fredriksen, S., and Rinde, E. (1998): 
Regrowth of kelp and colonization of epiphyte 
and fauna community after kelp trawling at 
the coast of Norway. Hydrobiologia 375/376, 
49–58.

Coelho, S. M., Rijstenbil, J.W., and Brown M.T. (2000): 
Impacts of anthropogenic stresses on the early 
development stages of seaweeds. Journal of 
Aquatic Ecosystem Stress and Recovery 7, 
317–333. 

Dawson, E. Y. (1966):  Marine Botany: An Introduction.  
Holt, Rinehart and Winston, N. Y. 371 p.

De Casabianca, M.L., Lauglier, T., and Marinho-
Soriano, E. (1997):  Seasonal changes of nutri-
ents in water and sediment in a Mediterranean 
lagoon with shellfish farming activity (Thau 
Lagoon, France).  ICES Journal of Marine 
Science 54, 905-916.

De Casabianca, M.L., Lauglier, T., and Collart D. 
(1997):  Impact of shellfish farming eutrophica-
tion on benthic macrophytes communities in the 
Thau lagoon, France.  Aquaculture International 
5, 301-314.

De Casabianca, M.L., Rabotin, M., and Rigault, R.  
(2003):  Preliminary results on eelgrass regres-
sion and red seaweed dominance under increas-
ing eutrophication (Thau Lagoon, France).  Acta 
Adriat, 44(1), 33-40.

Devinny, J.S., and Voise, L.A.  (1978):  Effects of 
sediments on the development of Macrocystis 
pyrifera gametophytes.  Marine Biology 48, 343-
348.

Edwards, A.  (1980): Ecological studies of the kelp, 
Laminaria Hyperborea, and its associated fauna 
in southwest Ireland. Ophelia 19 (1), 47-60.

Environment Canada (1995):  Interim sediment quality 
guidelines.  Soil and Sediment Quality Section, 
Guidelines Division.  Environment Canada, 
Ottawa, Ontario. http://www2.ec.gc.ca/ceqg-
rcqe/sediment.htm

Erickson, L., Dalbay, J., Taekema, D., and McGreer, 
E. (2001):  A preliminary review of chemical 
and physical data for Y2000 Interim Monitoring 
Program.  Ministry of Environment, Lands, and 
Parks, British Columbia, 86 p.

Fivelstad S., Thomasses, J. M., Smith, J. S., 
Kjartansson, H., and Sando A. (1990): Metabolite 
production rates from Atlantic salmon and Arctic 
charr reared in single pass land-based brackish 
water and sea-water systems.  Aquacult. Engng 
9, 1-21.

Fowler-Walker, M.J., Wernberg, T., and Connell, S.D. 
(2006)  Differences in kelp morphology between 
wave sheltered and exposed localities: morpho-
logically plastic or fixed traits? Marine Biology 
148, 755–767.

Gerard, V.A. (1988): Ecotypic differentiation in fight-
related traits of the kelp Laminaria saccharina. 
Marine Biology 97, 25-36. 

Hanson, P. K., Ervik, A., Schaanning, M., Johannessen, 
P., Aure, J., Jahnsen, T., and Stigebrandt, A. 
(2001):  Regulating the local environmental 
impact of intensive, marine fish farming. II. The 
monitoring programme of the MOM system 



159GESAMP Reports and Studies No 76                            ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE                      

(Modelling-Ongrowing fish farms-Monitoring).  
Aquaculture 194, 75-92.

Harrison, P.J.,  Druehl, L.D., and Lloyd, K.E. (1986):  
Nitrogen uptake kinetics in three year-class-
es of Laminaria groenlandica (Laminariales: 
Phaeophyta).  Marine Biology 93, 29-35. 

Hargrave, B.T., Phillips, G.A., Doucette, L.I., White, 
M.J., Milligan, T.G, Wildish, D.J., and Cranston 
R. E. (1997): Assessing benthic impacts of 
organic enrichment from marine aquaculture.  
Water, Air and Soil Pollution 99, 641-650.

Hjörleifsson, E., Kaasa, Ö., and Gunnarsson, K. 
(1995): Grazing of kelp by green sea urchin in 
Eyjafjördur, North Iceland. In: H. R. Skjoldal, 
C. Hopkins, K. E. Eriskstad, H. Petter Leinaas 
Eds. Ecology of Fjords and Coastal Waters.  
Proceedings of the Mare Nor symposium on the 
Ecology of Fjords and Coastal Waters, Tromsø, 
Norway, 5-9 Dec. 1994. Elsevier, Amsterdam. 
593-697.

Hopkin, R., and Kain, J.M.  (1978): The effect of some 
pollutants on the survival, growth and respira-
tion of Laminaria hyperborean.  Estuarine and 
Coastal Marine Science 7, 531-553.

Hurd, C.L., Harrison P.L., and Druehl L.D. (1996):  
Effect of seawater velocity on inorganic nitro-
gen uptake by morphologically distinct forms of 
Macrocystis integrifolia from wave-sheltered and 
exposed sites.  Mar. Biol. 126, 205-214.

Johannessen, P.J., Botnen, H.B., and Tvedteb, O.F. 
(1994):  Macrobenthos: before, during and 
after a fish farm.  Aquaculture and Fisheries 
Management 25 (1), 55-66.

Jones, D. J. (1971):  Ecological studies on macroin-
vertebrate populations associated with polluted 
kelp forests in the North Sea.  Helgoländer wiss. 
Meeresunters. 22, 417-441.

Kain, J. M. (1971):  Synopsis of Biological Data on 
Laminaria hyperborea, FOA Fisheries Synopsis 
No. 87, 30 p.

Kain, J. (1979):  A View of the Genus Laminaria.  
Annual Review Oceanography and Marine 
Biology 17, 101-161.

Kempf, M., Merceron, M., Cadour, G., Jeanneret, H., Mear, 
Y., and Miramand P. (2002):  Environmental impact 
of a salmonid farm on a well flushed marine site: 
11. Biosedimentology.  J. Appl. Ichthyol, 18 (1), 
51-60.

Kitching, J. A. (1941): Studies in sublittoral ecology. 3. 
Laminaria forest on the west coast of scotland; 
a study of zonation in relation to wave action 
and illumination. Biol.Bull. Mar. Biol. Lab. Woods 
Hole. 80, 324-37.

Korman, J. (1989): Enriching effects of salmon farms 
in British Columbian waters and the influence 
of flushing and seasonality.  M.Sc. Thesis, 
University of British Columbia. 94 p.

Loring, D.H. (1991):  Normalization of heavy metal 
data from estuarine and coastal sediments. 
ICES Journal of Marine Science 48, 101-115.

Levings, C.D., Ervik, A., Johannessen, P., Aure, J. 
(1995):  Ecological criteria used to help site fish 
farms in fjords. Estuaries 18 (1A), 81-90. 

Lobban, C.S., and Harrison, P.J. (1994): Seaweed 
Ecology and Physiology.  Cambridge University 
Press, 388 p.

Lüning, K. (1971): Seasonal growth of Laminaria 
hyperborea under recorded underwater light 
conditions near Helgoland. In: Fourth European 
Marine Biology Symposium, Ed. By D.J. Crisp. 
Cambridge University Press, pp 347-361.

Madsen, J.D., Chambers, P.A., James, W.F., Koch, 
E.W., and Westlake D.F. (2001):  The interac-
tion between water movement, sediment dynam-
ics and submersed macrophytes.  Hydrobiologia 
444, 71-84.

McHugh, D.J. (2003):  A Guide to the Seaweed 
Industry.  FAO Fisheries Technical Paper No. 
441. FAO, Rome, 105 p.

Moore, P.G.  (1971):  Ecological survey strategy.  Mar. 
Poll. Bull 2, 37-8.

Petrell, R.J., Tabrizi, K.M., Harrison, P.J. and Druehl, 
L.D. (1993):  Mathematical model of Laminaria 
production near a British Columbian salmon sea 
cage farm.  J. Applied Phycol. 5, 1-14.

Petrell, R.J., and Alie, S.Y. (1996):  Integrated cultiva-
tion of salmonids and seaweeds in open sys-
tems.  Hydrobiologia 326/327, 67-73.

Rae, J. E. (1997)  Trace metals in deposited inter-
tidal sediments. In: T.D. Jickells and J. E. Rae 
(Eds). Biogeochemistry of Intertidal Sediments. 
Cambridge University Press N. York, pp 16-41. 

Raven, J.E., and Scrimgeour, C.M. (1997): The influ-
ence of anoxia on plants of saline habitats with 
special reference to the sulphur cycle. Annals of 
Botany 79 (Supplement A), 79-86.

Raven, J.A. (1981):  Nutritional strategies of sub-
merged benthic plants: The acquisition of C, N 
and P by rhizophytes and haptophytes.  New 
Phytologist 88, 1-30.

Rinde, E., and Sjøtun, K. (2005): Demographic varia-
tion in the kelp Laminaria hyperborea along a 
latitudinal gradient. Marine Biology 146, 1051-
1062.



160 ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE                                 GESAMP Reports and Studies No 76

Rittmann, B.E., and McCarty, P.L. (2001):  
Environmental Biotechnology: Principles and 
Applications.  McGraw-Hill, New York, 754 p.

Roennberg, O., Aadjers, K., Ruokolahti, C., and 
Bondestam M. (1992): Effects of fish farming 
on growth, epiphytes and nutrient content of 
Fucus vesiculosus L. in the Aaland archipelago, 
northern Baltic Sea.  Aquatic Botany 42 (2), 
109-120.

Russell, B.D., Elsdon T.S., Gillanders, B.M., and 
Connell, S.D. (2005): Nutrients increase epi-
phyte loads: broad-scale observations and an 
experimental assessment. Marine Biology 147, 
551–558.

Schaffelke, B., Peters, A.F., and Reusch, T.B.H. 
(1996):  Factors influencing depth distribution 
of soft bottom inhabiting Laminaria saccha-
rina (L.) Lamour in Kiel Bay, Western Baltic. 
Hydrobiologia 326/327, 117-123.

Sharp, G.J., Samant H. S., and Vaidya O.C. (1988):  
Selected metal levels of commercially valuable 
seaweeds adjacent to and distant from point 
sources of contamination in Nova Scotia and 
New Brunswick. Bull. Environ. Contam. Toxicol. 
40, 774-730.

Sivertsen, K., and Hopkins, C.C.E. (1995):  
Demography of the echinoid Strongylocentrotus 
droebachiensis related to biotope in northern 
Norway.  In: H. R. Skjoldal, C. Hopkins, K. E. 
Eriskstad, H. Petter Leinaas Eds. Ecology of 
Fjords and Coastal Waters.  Proceedings of the 
Mare Nor symposium on the Ecology of Fjords 
and Coastal Waters, Tromsø, Norway, 5-9 Dec. 
1994. Elsevier, Amsterdam, pp. 548-570

Sivertsen, K. (1997): Geographic and environmental 
factors affecting the distribution of kelp beds and 
barren grounds and changes in biota associated 
with kelp reduction at sites along the Norwegian 
coast. Can. J. Fish. Aquat. Sci 54, 2872-2887.

Sjøtun, K., Fredriksen, S., Rueness, J., and Lein, T.E. 
(1995):  Ecological studies of the kelp Laminaria 
hyperborea (Gunnerous) Fosilie in Norway.  In: 
H. R. Skjoldal, C. Hopkins, K. E. Eriskstad, H. 
Petter Leinaas EDS. Ecology of Fjords and 
Coastal Waters.  Proceedings of the Mare 
Nor symposium on the Ecology of Fjords and 
Coastal Waters, Tromsø, Norway, 5-9 Dec. 1994. 
Elsevier, Amsterdam, pp. 525-536.

Sjøtun, K., Fredriksen, S., and Rueness, J. (1998): 
Effect of canopy biomass and wave expo-
sure on growth in Laminaria hyperborean 
(Laminariaceae:Phaeophyta). Eur. J. Phycol. 33, 
337-343.

Solberg, C.B., Sæthre, L., and Julshamn, K. (2002): 
The effect of copper-treated net pens on farmed 
salmon (Salmo salar) and other marine organ-

isms and sediments.  Marine Pollution Bulletin 
42: 126-132.

Sørum, H., Hvall, A. B., Heum, M., Daae, F. L., 
and Wiik, R. (1990):  Plasmid profiling of 
Vibrio salmonicida for epidemiological studies of 
cold-water Vibriosis in Atlantic salmon (Salmon 
salar) and Cod (Gadus morhua). Applied and 
Environomental Microbiology 56 (4), 1033-
1037.

Sota, D., and Norambuena, F. (2003): Evaluation of 
salmon farming effects on marine systems in 
the inner seas of southern Chile: a large-scale 
mensurative experiment. J. Appl. Ichthyol. 20, 
493–501.

Steneck, R.A., Graham, M.H., Bourque, B. J., Corbett, 
D., Erlandson, J.M., Estes, J. A., and Tegner 
M.J. (2002): Kelp forest ecosystems: biodiversity, 
stability, resilience and future.  Environmental 
Conservation 29, 436-459.

Subandar, A., Petrell, R.J., and Harrison P.J. (1993):  
Laminaria culture for reduction of dissolved 
inorganic nitrogen in salmon farm effluent.  J. of 
Applied Phycology 5, 455-463.

Trannum, H.C., Olsgard, F., Skei, J.M., Indrehus, J., 
Øvera, S., and Eriksen J. (2004): Effects of cop-
per, cadmium and contaminated harbour sedi-
ments on recolonisation of soft-bottom commu-
nities. Journal of Experimental Marine Biology 
and Ecology 310, 87–114.

Uotila, J. (1991): Metal contents and spread of fish 
farming sludge in southwestern Finland. Marine 
Aquaculture and Environment, 22, 121-126.

Walker, F.T., and Richardson, W.D. (1995):  An ecol-
ogy investigation of Laminaria cloustoni edm (L. 
Hyperborea Fosl) around Scotland.  J. Ecol. 43, 
26-38.

Wang, F., and Chapman P. (1999):  Biological implica-
tions of sulphur in sediment - a review focusing on 
sediment toxicity.  Environmental Toxicology and 
Chemistry, 18, 2526-2532.

Weston, P.D. (1986):  The environmental effects of 
floating mariculture in Puget Sound. Wash. Dept. 
Fish and Wash. Dept. Ecol. 148 p.

Wildish, D.J., Keizer, P.D., Wilson, A. J., Martin, J. L. 
(1993): Seasonal changes of dissolved oxygen 
and plant nutrients in seawater near salmon 
pens in the macrotidal Bay of Fundy. Canadian 
Journal of Fisheries and Aquatic Sciences. 50, 
303-311.

Williams, S.L., and Ruckelshaus, M.H. (1993): Effects 
of nitrogen availability and herbivory on eelgrass 
(Zostera marina) and epiphytes. Ecology 74, 
904–918.



161GESAMP Reports and Studies No 76                            ASSESSMENT AND COMMUNICATION OF ENVIRONMENTAL RISKS IN COASTAL AQUACULTURE                      

Williams, S. (1984): Uptake of sediment ammonium 
and translocation in a marine green macroalga 
Caulerpa cupressoides. Limnol. Oceanogr. 29, 
316-379.

Worm, B., and Sommer, U. (2000): Rapid direct 
and indirect effects of a single nutrient pulse 
in a seaweed-epiphyte-grazer system. Marine  
Ecology Progress Series 202, 283–288.

Ye, N-H., Wang, G.C., and Tseng, C.-K. (2005):  
Effect of heavy metals (Cd, Cu) on the gameto-
phytes of Laminaria japonica Aresch. Journal of 
Integrative	Plant	Biology	47,	942−951.




