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A B S T R A C T   

Aquaculture has grown to become an important export industry in Norway. The Norwegian Food Safety 
Authorithy (NFSA) is responsible for the management of the production zones designated to aquaculture. Fish 
diseases and fish parasites are among the main threats to the aquaculture industry. It is therefore of great interest 
to minimize the risk of fish disease agent transmission. To date, the NFSA has assigned specific subzone divisions 
for aquaculture installations without assessing the effects of water contact for larger areas. Transmission of 
infection by water contact is believed to predominate the dispersal of important fish pathogens such as salmon 
pancreas disease virus (SPDV), infectious salmon anaemia (ISA) virus, Aeromonas salmonicida bacterias (held 
efficiently under control now by effective vaccines and not a major problem), and salmon lice. 

In this article we present a three-dimensional hydrodynamic model system (AquaStrøm) which gives detailed 
information about a network of 48 fish farm sites with varying degrees of mutual water contact in a Norwegian 
fjord area (the Nordfjord). By adding information on winds and currents, a better understanding of the mech-
anisms for the risk of transmission of fish disease agent between fish farms is gained. The risk of infection can be 
assessed in much more detail, and the production zones can be designed and optimized based on the level of 
water contact between various clusters of fish farms. Key sites which connect clusters of fish farms and hence 
increase the areas of mutual water contact can be identified.   

1. Introduction 

Most sitings for aquaculture, like other use of marine space, have 
been undertaken on an ad hoc basis for a single farm or collection of 
farms without integrated or broader strategic planning (Gentry et al., 
2017). However, there is an increasing emphasis on the need for pro-
active planning and zoning for mariculture in locations across the globe. 
A growing number of national and regional authorities are beginning to 
engage in aquaculture planning processes or wider marine spatial 
planning processes that involve aquaculture, highlighting the need for 
more comprehensive scientific guidance (Amundrud and Murray 2009; 
Buschmann et al., 2009; Salama and Rabe 2013; Gentry et al., 2017; 
Groner et al., 2018). 

Marine salmon farming in Norway is one of the most industrialized 

fish farming enterprises in the world (Bostock et al., 2010; Jansen et al., 
2012) producing close to 1.24 million tons of Atlantic salmon (Salmo 
salar L) in 2016. In order to reduce the occurrence of disease episodes in 
aquaculture, an expert committee for efficient and sustainable aqua-
culture management (“Gullestadutvalget”, Anon. 2011) has suggested 
that the coastline (production area) should be divided into distinct 
areas/zones with minimal water contact to minimize the infection risk 
between them. However, this requires that several distinct subzones are 
available for each company allocated within a region for growing 
different generations of fish. In a two-year cycle there are generally four 
different generations in the sea: spring generation year 1 (Spring 1), 
autumn generation year 1 (Autumn 1), spring year 2 (Spring 2) and 
autumn year 2 (Autumn 2). Each generation usually has a cycle of about 
21 months, with 2–3 months of fallowing before the start of a new cycle 
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at the same site. All four generations overlap in time over at least 4 
months (Spring 1 and Autumn 2). This can lead to a continuous cycle of 
pathogen transmission from each generation to the next, in spite of that 
the fallowing in each site is successful in eradicating the pathogen, and 
even if the pathogen does not exist in broodfish. This is the case for 
salmon pancreas disease virus (SPDV), infectious salmon anaemia (ISA) 
virus and salmon lice. 

1.1. Todays management practice 

The authorities coordinate the aquaculture activity in the production 
areas and subzones by:  

1. General licence for production at a location.  
2. Yearly licence for production time in subzones 

1. The authorities receive applications for an aqua farm license at a 
specific location. The location must have good water circulation, and a 
minimum distance to nearby fish farming sites of at least 3–5 km (3 km 
for small production locations, 5 km for bigger locations). Locations in 
transport areas for live slaugtherfish and nearby abattoirs for farmed fish 
must be avoided. The application contains information about the 
maximum peak production expected at that site. An approved licence 
does not allow production at any time. 

2. Yearly licence for production in subzone: The fish farm must apply 
every year for the next 2-years production in a subzone. All the stake-
holders’ plans in a subzone must be coordinated for inset of smolt, 
production time, delicing and fallowing. 

The “Gullestad” expert committee has suggested the Nordfjord area 
as a potential production region for consumption fish. Today, the 
Nordfjord region is divided into various production zones and subzones. 
Both the authorities and the industry demand improved knowledge 
about the risk of disease agent transmission between these zones by 
integrating hydrodynamic modelling such as the “AquaStrøm” concept 
(Viljugrein et al., 2009). In the AquaStrøm framework, a numerical 
ocean model is used to asess the risk of disease agent transmission be-
tween fish farming sites through a matrix showing the mutual degree of 

water contact between all pairs of sites (Viljugrein et al., 2009). This 
allows integrating more quantitative criteria regarding the risk of dis-
ease transmission than was available in the past. 

2. Material and methods 

2.1. Hydrodynamic modelling - the AquaStrøm concept 

The AquaStrøm model system is a combination of hydrodynamical 
ocean modelling, using the Regional Ocean Modelling System (ROMS, 
Haidvogel et al., 2008) and calculation of mutual water contact between 
fish farm sites within an area (Viljugrein et al., 2009). 

The Nordfjord ocean model, used in this application, is set up with a 
fine horizontal resolution of 160 m, and 20 vertical, terrain-following 
layers. The layer thickness is about 1 m near the surface, and between 
1 and 8 m near the bottom (for water depths of 20 and 100 m respec-
tively). The model simulates currents, sea level, salinity and temperature 
for each grid cell. In addition, the model calculates concentrations and 
drift of passive tracers, which are discharged substances with neutral 
buoyancy following the water currents. The Nordfjord model area is 
3115 km2. Within the area, there were 48 fish farm sites that farmed 
salmonids at some point in time during the study period (Fig. 1). 

The model is spun up from rest, with horizontally homogeneous 
stratification, based on observations at five locations within the Nordf-
jord region, during the first part of 2010. The tides are the dominant 
driving forces for the circulation. The tidal forces are large in the 
Nordfjord area, with a difference in sea level elevation of up to 2 m. 
Tidal parameters are extracted and downscaled from the NorKyst800 
model (Albretsen et al., 2011), which covers the entire Norwegian coast. 

The stratification of the water column varies throughout the year. In 
an open fjord like the Nordfjord, salinity and temperature in the water 
column are mainly determined by the water masses on the coast and the 
freshwater discharge from rivers. 

In the model setup the initial stratification is based on measurements 
from the first half of 2010 and a corresponding freshwater regime. 

Fresh water discharges from rivers are provided by the Norwegian 
Water Resources and Energy Directorate (NVE). Information about 

Fig. 1. Overview of the Nordfjord model region. Fish farming sites are indicated by numbered black dots. Additional test sites are indicated by white and black dots. 
The blue shadings represent the bathymetry variations. The gray bar indicates where the inner part of the fjord was cut off in order to reduce computation time. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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prevailing wind scenarioes in the area was obtained from the Norwegian 
Meteorological Institute’s observation stations at Kråkenes (on the open 
coast) and Sandane Airport (further into the fjord). We ran simulations 
with three different wind scenarios, scenario (1) without wind, (2) with 
wind directed into the fjord, and (3) wind directed out of the fjord. For 
the scenarios with wind, the wind speed decreases gradually from the 
coast and into the fjord according to the measured mean wind speed at 
Kråkenes and Sandane Airport. 

The model uses open boundary conditions along the southern, 
western, and northern boundaries. The open boundaries are forced with 
output (hydrography, currents, tides) from Norkyst800, a larger ROMS- 
model with 800 m horizontal resolution (Albretsen et al., 2011). Wind 
forcing is applied to the top layer in all grid cells in the model domain, 
while hydrography (temperature and salinity), currents and tides is 
specified along the open boundaries, from the sea surface to bottom. 

2.2. Water contact network 

A water contact parameter, WC, measuring the strength of water 
contact between farm sites is calculated for all marine farm sites in an 
area. The WC parameters are arranged in a matrix with source sites 
along the columns and receiving sites in the rows. This matrix is here 
termed a water contact network. 

Three factors are crucial to describe the water contact between 
different sites. (1) How fast is the water moving from one site to 
another? (2) How much water moves from one site to another and (3) 
what degree of mixing is present before the contaminant reaches a site. 
In order to quantify these three factors, distinct passive tracers are 
released from each fish farming site in the model simulation, at time t0. 
The concentrations of these tracers are calculated at each fish farming 
site throughout the simulation period of 10 days. The dilution of the 
tracer reaches the order of 1000–10000 times. The concentration of the 
tracers is hence set to ml/l since the released tracer originally was l/l. 
The tracer concentration varies with time and can be extracted as a time 
series in any position in the model area. 

An example of the calculated concentration at a receiving site is 
shown in Fig. 2. Water contact in the direction of a discharging site j to a 
receiving site i was estimated as: 

WCij= 38 + 10⋅ln
(

T
A

)

(1)  

where WCij is relative water contact (no dimension), T is the response 

time (h) from discharge until the concentration of the discharged tracer 
exceeds the background level at the receiving site, and A is the inte-
grated area under the concentration curve (Fig. 2). The analytical 
function (1) is constructed so that low values of response time (T) and 
high values for concentration (A) yields low values for the water contact 
parameter and indicate high degrees of water contact between sites. The 
logarithmic scale was used to improve the separation between sites 
where the water contact was low. The parameters are scaled such that 
water contact values are comparable to physical distances. The details 
on the development of this analytical model is found in Viljugrein et al., 
(2009). 

On the coast, the tidal currents are often influenced by bathymetry, 
creating complicated flow patterns with eddies moving along the 
dominant currents. The highest current speeds are found in the narrow 
straits and shallow areas in the outer part of the Nordfjord system, as 
shown in Fig. 3. The water contact between two sites is usually not 
symmetrical. If strong currents are present, an aquaculture facility 
located upstream may infect a facility located downstream stronger than 
it infects itself. However, if two neighbouring facilities are located in an 
inlet where the current is mainly tidally forced, we could expect a more 
symmetrical water contact. 

The tidal influence is significant in the modelled area. Observed 
tidally forced sea level variation near Måløy is around 160 cm. We have 
forced the model with tidal components representing strong (spring) 
tides. We initially made contact networks using current from different 
depth levels from the model. This resulted in some variations in the 
calculated number (0–100) for each contact but did not result in sig-
nificant changes to the coarser contact levels shown with colour. We 
chose to use the surface current in our calculations since this gives the 
strongest contact between the fish farm locations and can be viewed as 
an upper limit of contact. 

3. Results 

3.1. Validation of current speed 

The key parameters in the AquaStrøm model system are current 
speed and direction since these are essential for water contact calcula-
tions. To assess how well the model reproduce the current system, we 
compared modelled and observed current from a total of 103 mea-
surement series from different depths and seasons, and from 48 different 
sites. We here matched the current meter instruments’ depth with the 

Fig. 2. Concentration of contaminants released from one site recorded at another site. T is the time from the contaminant is released until it first appears at the 
receiving site. A is the integrated area under the concentration curve. The figure shows concentrations through a period of 7 days but can be replaced by other period 
lengths. In this project we applied a period of 10 days. 
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corresponding model depth bin for each instrument wich ensures the 
most accurate comparison. 

Fig. 3 shows the maximum current speed near the surface throughout 
the model period (10 days). Characteristic current speeds are 10–40 cm/ 
s. The strongest currents are found in the narrow and shallow straits 
around Bremangerlandet and northwest of Vågsøy (Vågsfjord), near the 
model boundary. The main tide is the main driver of the strong currents 
in these areas. 

In addition to comparing the mean current speed and direction from 
the model and the observations, we have applied a more generalized 
comparison method yielding information about the accuracy of Aqua-
Strøm. The method is based on the OSPAR cost function, where the 
parameter CF (normalized mean absolute error) is calculated from the 
formula (2) below (Los and Blaas, 2010): 

Fig. 3. Simulated maximum surface current speed during 10 days of simulations. The colour bar indicates the current speed with units cm/s. The highest current 
speeds are found in the narrow straits and shallow areas in the outer part of the fjord system. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. Water contact network for a selection of farming sites in Nordfjord. The red colour indicates very high degree of contact and white colour indicates little or no 
contact. See Table 1 for further descriptions of the colour codes. In addition to the colours, a water contact parameter (P-value) ranging from 0 to 100 was calculated. 
For simplicity, the P-value is not shown in the contact network. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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CF =
1
N

∑N

i=1

⃒
⃒
⃒
⃒xiMod − xiObs

⃒
⃒
⃒
⃒

σxiobs

, (2)  

where N is number of measurement points for comparison, xiMod is mean 
current speed calculated by the model, xiObs is mean current speed from 
the in situ measurements and σxiobs is the standard deviation of the current 
speeds measured at the sites. 

Models are classified according to the following criteria: CF < 1 =
very good, 1 <CF < 2 = good, 2 <CF < 3 = satisfying, and CF > 3 =
poor. For the Nordfjord model we get CF = 1.98 if all the measurements 
are considered and CF = 1.38 if only the results from measurements 
deeper than 5 m are included. Both approaches result in the classifica-
tion ‘good’. 

3.2. Water contact network 

The mutual water contact network for 10 farming sites in Nordfjord 
is shown in Fig. 4. We initially made four contact networks for each wind 
scenario using current from different depth levels from the model (sur-
face, 5m, 10 m, and depth mean over 0–20m). This resulted in some 
variations in the calculated P-number (0–100) for each contact but did 
not result in significant changes to the five main categories (described by 
the color code). In the network presented in Fig. 4, we use the minimum 
P-value (worst case scenario) from each pair of fish farms based on these 
four networks. This gives an upper limit of contact. The figure illustrates 
the water contact from the source sites (columns) to the receiving sites 
(rows). The intensity of the water contact is colour coded, based on 
Table 1, with e.g. high water contact represented by red, and little or no 
water contact represented by white. The water contact network is useful 
to identify which fish farming sites have the potential of affecting other 
sites most strongly. Grunneneset, Hessevågen, Kråkevika and Straum-
bakken (columns) all have very high water contact (red) with three or 
more fish farms (rows). We can also identify the fish farming sites that 
have the lowest infection risk. Juvika (row), for instance is only affected 
by itself, although Juvika as a source (column) has moderate water 
contact (yellow) with four other sites. 

The water contact can also be visualized as water contact maps. 
Figs. 5–7 show examples of water contact maps from three different 
source sites and with two different wind scenarios; wind directed into 
the fjord, and wind directed out of the fjord. 

The wind direction is critical in the determination of the infection 
risk towards the inner and outer fjord. Fig. 5 shows how the direction of 
the wind results in quite different water contact areas for release of 
tracers at Juvika, located in the central part of the fjord. When the wind 

is directed into the fjord, only two sites west of Juvika have moderate 
water contact, or higher. When the wind is directed out of the fjord, the 
area with moderate water contact (yellow colour) reaches the outer 
islands, and covers a large number of fish farm sites. 

Moving over to a source at Sandvikneset (Fig. 6), located in the outer, 
northwestern region of the model domain, the water contact is limited to 
the closest fish farm sites in both wind-scenarios. When the wind is 
directed into the fjord, the water contact is highest with the fish farming 
sites north of Sandvikneset, while the fish farming sites southwest of 
Sandvikneset experience the highest water contact when the wind is 
directed out of the fjord. 

At fish farms in the straits north and east of the Nordfjord, the 
variability due to wind direction is of less importance. At site Marøy 
(Fig. 7), for example, the dispersion pattern is approximately the same 
for both wind scenarioes. However, the current speed near Marøy is very 
high (see Fig. 3), and the area with high water contact with Marøy is 
very large. This illustrates that not only the wind direction, but also the 
mean current speed is of importance for deciding on the area with high 
water contact with a given source site. 

3.3. Zone classification based on the water contact network 

The water contact network indicates which sites are in contact, the 
degree of contact between the sites, and whether or not the water con-
tact between two sites is mutual. This information could be useful to 
design production zones. By taking into account the water contact be-
tween fish farming sites, we can minimize the cross-zone infection risk. 
As an example, the site Hessevågen (Fig. 4) has strong water contact 
with the sites Grunneneset and Straumbakken (P < 20; red code). Both 
Grunneneset and Straumbakken have strong water contact with Årevika. 
By adding new sites that are in contact with one ore more of the already 
listed sites, we can construct groups of fish farming sites wthat are in 
contact with each other, either as primary contacts, secondary contacts 
or via other fish farms. These groups form zones or clusters of fish farms 
with internal water contact (Fig. 8). 

In this example, Rødhjelle should be included in the production zone 
with Hessevågen since there is substantial water contact between 
Rødhjelle and the site Brunsvik, which is already in the zone with 
Hessevågen. 

Production zones based on different wind scenarios, and including 
different degrees of water contact (WC-level), are given in Fig. 9. Only 
active farming sites, or sites planned to be operational are included. By 
applying the water contact parameter WC < 20 (red colour), the 
resulting zones resembles in some way the production zones applied by 
the authorities today. The model gives 13 separate zones based on p <

Table 1 
Classification of water contact. 
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20 WC (no wind), whereas the authorities and the aquaculture com-
panies today uses 7 separate zones (Fig. 9). 

These zones (based on WC < 20) are particularly relevant with re-
gard to SPDV, which is highly contagious over a period of a few days 
(half life of around 3–5 days at 15 ◦C) (Graham et al., 2007). The effi-
ciency of infection falls rapidly with dilution and time. Viruses, espe-
cially coated viruses like the ISA virus, are easily damaged in the natural 
environment outside the fish, but it seems that the SPDV can survive for 
longer periods, at least at low sea temperatures. The half life of SPDV 
increases to 8–13 days at 10 ◦C and 10–25 days at 4 ◦C and has been 

found to be quite consistent among SPDV subtypes (Graham et al., 
2007). The distances, over which horizontal transmission by sea cur-
rents may occur, seem to be shorter for ISA compared to pancreas dis-
ease (PD) (Aldrin et al., 2010). 

When the water contact parameter is increased to WC < 40 (red and 
orange colour), the zones become fewer and larger. If the contact 
parameter up to WC < 40 is chosen, the three southernmost farming 
sites are isolated from other farms in all scenarios (Fig. 9). Farming sites 
in eastern part of the Nordfjord are in contact with each other regardless 
of wind scenario. 

Fig. 5. Water contact areas from site Juvika (red dot) calculated from the surface layer with wind (1.5–5 m/s) (a) into the fjord and (b) out of the fjord. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

4.1. Assessment of the current model and the water contact network 

The AquaStrøm model system “fills the gaps” between single obser-
vation points, and provides a unique overview of the circulation pattern, 
and the relevant dynamics, over a larger coastal area. However, the 
Aquastøm model is not an alternative to traditional observations. Ob-
servations are important, both for providing realistic input to the model, 
and to assess the quality of the model and how well the model represents 
the flow regimes in different parts of the model area. 

The modelled currents agree well with most of the observations. 
However, the horizontal resolution of 160 m leads to some discrepencies 

in narrow straits and bays, such as in Vågsfjord. Here, the model over-
estimates the current, causing faster spreading of contaminants, but also 
more intense mixing and dilution of the contaminant. In other areas 
close to the shore, sub-grid scale topographic features (features smaller 
than 160 m) also causes discrepencies between the model and the 
observations. 

We have shown that wind direction is important for the water con-
tact in the inner part of the fjord. Wind into the fjord enhances spreading 
of contaminants far into the fjord, while wind out of the fjord greatly 
limits such behaviour. In the outer coastal area the wind influence is of 
limited importance due to stronger tidal currents. The wind scenarios 
applied here are greatly idealized. We run the model for 10 days, 
applying a constant wind forcing directed either into the fjord, or out of 

Fig. 6. Water contact areas from site Sandvikneset (red dot) calculated from the surface layer with wind (1.5–5 m/s) (a) into the fjord and (b) out of the fjord. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the fjord. In the real world, the wind pattern would differ in both di-
rection and speed over a 10 day period. However, we have chosen to use 
these idealized wind pattern to learn something about the effect of the 
wind direction, although other scenarios with more variation in wind 
and weather conditions can be added in later versions. 

In the inner part of the fjord, where the water contact is strongly 
affected by the wind direction, our simulations could be thought to 
illustrate a “worst case” scenario. With a varying wind direction, the fish 
disease agent would not be transmitted as strongly in one direction, and 
the extent of the spreading could be less. However, if an infection breaks 
out at a fish farming site, the authorities could use the water contact 
network, combined with the prevailing wind direction at the time of the 
outbreak to give an early warning for neighbouring fish farming sites at 

risk. 
Seasonality is important also because pathogen survival will vary 

according to seasonal changes in temperature, salinity etc (e.g. Graham 
et al., 2007; Jansen et al., 2012). When conditions for virus survival are 
good, viable virus particles may be spread for much longer distances 
than usual. Hence, the efficiency of subzones as barriers for disease 
transmission may vary according to season. 

4.2. Improvement of management practice 

It was demonstrated that unexpected current patterns caused in-
fections in unexpected directions. At the site Krabbestig, for example, in 
situ current measurements at one sample station on the site indicated 

Fig. 7. Water contact areas from site Marøy (red dot) calculated from the surface layer with wind (1.5–5 m/s) (a) into the fjord and (b) out of the fjord. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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that the westerly currents are present 90 % of the time. This measure-
ment, which suggests little contamination to neighbouring fish farms, 
was used by the NFSA as basis for the approval for the expansion of the 
local fish farm. The AquaStrøm model, however, demonstrates that the 
current strongly follow the tidal movements and flushes both east and 
west in the area. Hence, the site can affect farms in the fjord more than 
was expected from the results of the point measurement. We also 
demonstrate that two sites, Kleppeneset and Lindeneset (number 23 and 
24 according to Fig. 1) (owned by the same company), experienced a 
very large mutual water contact regardless of the wind scenario. This 
entails that generation separation and fallowing will be of no effect if it 
is only performed in one of the sites. Therefore, the company should 
acquire at least one new site outside the infection risk zone. 

A production area with four subzones can be an area of a continu-
ously going epidemic with a few cases of different causes scattered 
around):  

1. Direct spreading by water contact: Pathogens which do not exist in 
the broodfish when set to sea are transmitted between the subzones 
(and 4 different generations) in the sone by water contact and 
streams. As the pathogens are always present in one or more of the 
subszones, the epidemic is never eradicated. This is the theme of this 
paper, and this is also regarded as the main pathway of transmission 
of SPDV and ISA virus, Aereomonas salmonicida and salmon lice. 

2. Indirect spreading by slaughter fish transport and equipment: Path-
ogens are also spread by input from other infected production areas 
(which can be far away) and subzones by direct transmission into the 
zone by transport of infected fish to slaughter through the zone, not 
disinfected used equipment and well-boats, and also by infected 
broodfish in some cases. In that case the scenario in 1) also gets a new 
starting point that enhances the cycle of disease. These “hit-and-run” 
inputs of pathogens from the outside also makes epidemiology a 
difficult task, since their source is difficult to trace, and make 
assessment of biosecurity inside the zones itself difficult, by masking 
effects of zones and fallowing procedures. The NFSA are therefore 
planning stronger measures and legislations for the transport of both 
slaughterfish and broodfish.  

3. General biological security: A production area including subzones 
should not be infected directly by water contact from the neigh-
bourhood macro production area with ISA virus or SPDV-subtypes. 
Transmission of salmon lice and Aereomonas salmonicida may still 
be possible but minimized. Since we now have effective vaccines 
against Aeromonas salmonicidae, the main unsolvable pathogen is 
salmon lice, which also spreads between the macro production areas, 
not only between subzones. But the efficiency of spreading can 
probably be ten times higher between subzones, and even higher 
between locations inside subzones. Therefore, disease-control stra-
tegies are expected to be more effective if they are applied in col-
laborations with neighbours (Murray and Peeler 2005). Theoretical 

simulation studies have shown that concentration of production into 
separate areas with synchronized fallowing slows the spread of 
simulated disease, particularly where long-distance transmission of 
the pathogen is weak compared to local transmission (Green 2010; 
Werkman et al., 2011). If transmission rate between subzones (and 
generations) are lower compared to transmission rate among farm 
sites within a subzone, an infection will have reduced transmission 
rate of ISA, PD, salmon lice and Aeromonas salmonicidae compared 
to a corresponding production area not organized into subzones. By 
adapting to this, an epidemic could be stopped or delayed in time and 
not infect every farm or subzone with highly pathogen viruses, even 
if the pathogen exists all the time in the production area. 

Regarding safety distances between fish farms 3–5 km: Security de-
pends on water contact and not on the distance. Longer distances can be 
unsafe and shorter distances can be safe. This depends on direction, 
amount and speed of water containing pathogens, in addition to survival 
rate of the pathogens. A space-time transmission model of sea lice in 
Norwegian aquaculture showed that the influence of infection pressure 
was relatively much higher within a sea distance of about 20 km from 
the aquaculture site than outside (Aldrin et al., 2013). Guarrcino et al., 
(2018) used a regression analysis to evaluate the effectiveness of coor-
dinated fallowing on the progression of external salmon lice infestation 
pressure and abundance in Atlantic salmon farming sites in 2 areas 
(zones) in Norway. The overall results show that external infestation 
pressure was higher inside than outside the management zones, and the 
external infestation pressure increased with increasing biomass 
throughout the production cycle. However, within the zones, the 
external infestation pressure at the beginning of a production cycle was 
high and, in many cases, even higher than the general external infes-
tation pressure in the non-coordinated areas. This indicates that the 
farms/sites in each zone in the Guarracino et al., (2018) study were not 
sufficiently functional separated regarding water contact sutiable for 
handling the biology and dispersal potential for salmon lice and there-
fore the wanted effect of fallowing were not achived. The examples from 
sites Krabbestig and Rødhjelle in this paper illustrate that both the 
strengths and weaknesses of the different zones must be evaluated. The 
hydrodynamics play a fundamental role and must be considered in 
addition to sea distance to form a more functional site structure. Further, 
Salama & Murray (2011) demonstrated that as farm size increases in 
areas where faster currents prevail, there is a need to increase the sep-
aration distance between farms to prevent pathogen transmission. 

The AquaStrøm framework may provide a very useful tool for eval-
uating various production and treatment strategies with respect to 
salmon lice infections. The model output; current direction, temperature 
and salinity provide the environmental information, while data on 
salmon lice developmental rates and survival under various environ-
mental conditions will provide the biological input needed to estimate 
the effects of various production and treatment strategies on a local and 
regional scale (Groner et al., 2018; Guarracino et al., 2018; Myksvoll 
et al., 2018; Skarðhamar et al., 2018). 

One important contribution from this study is the tabulation of 
relative water contacts between farm sites in the study area (Fig. 4). This 
water contact network is potentially useful in risk assessments aimed at 
controlling and preventing disease emergencies (Murray 2008; Stene 
et al., 2013). For example, it may be used by the operators of the farm 
sites as a basis for developing an early warning system with respect to 
infectious diseases in the area. An operator of a given farm site should 
then pay special attention to upstream farm sites with respect to water 
contact. Obviously, such a system applies only to infections that transmit 
by passive drift in the water current, such as suggested for the viral 
diseases ISA (Murray et al., 2005; Gustafson et al., 2007) and PD (Vil-
jugrein et al., 2009; Stene et al., 2015; Jansen et al., 2017). 

Fig. 8. Example of a group with water contact starting from Hessevågen, when 
the criteria P < 20 is used. Grunneneset and Straumbakken are directly affected 
by Hessevågen, while Brunsvik, Rødhjelle, Krakevika and Årevika ar indi-
rectly affected. 
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Fig. 9. Zones based on the water contact network for (a) very high degree of contact (P < 20) and (b) high degree of contact (P < 40). The zones in (c) shows the 
actual zones the authorities are using today (2008–2011). 
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5. Conclusion 

Hydrodynamical modelling can be used to develop production zone 
maps based on water contact network between existing and planned fish 
farming sites. The water contact network can be used to identify fish 
farming sites with high water contact with other sites, and to identify 
key sites that tie together several smaller zones. By removing these key 
sites, the risk of fish disease agent transmission between the other sites 
in the production area might be substantially reduced. 

There are two noticeable features of the estimated water contact 
matrix. Firstly, the number of receiving farm sites for the discharging 
farm sites was relatively variable. Farm sites that discharge water to 
many other farm sites may play a key role in transmission of fish disease 
agent locally. Secondly, there was a pronounced asymmetry in the 
contact direction due to prevailing current directions. Both these fea-
tures are worth considering when assessing risks of local disease agent 
transmission. As aquaculture production continues to increase, advances 
made in modelling sea louse and salmon epidemiology should inform 
the sustainable management of marine resources (Groner et al., 2018; 
Myksvoll et al., 2018). 

The aquaculture industry is bound to the newly implemented 
industry-driven contingency plan areas on the coast. The industry will 
therefore benefit greatly from the simulation tools presented in this 
study. Integration of hydrodynamics will be useful regarding manage-
ment of an aquaculture site, coordination of management between 
different companies and planning of measures during disease outbreaks. 
These tools should be used wisely and with the realisation of their 
limitations. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We thank A.N. Bø, Norwegian Food Safety Authority, District of 
Nordfjord and F. Hovland, the county of Sogn and Fjordane for partic-
ipation in the study. We are grateful for cooperation by the fish farming 
companies Marine Harvest Norway AS/MOWI AS, K. Strømmen Lak-
seoppdrett AS, Nordfjord Havbruk AS and Hyen Laks AS. Fjordlab AS, 
SubAquaTech AS and Fiske-Liv AS supplied environmental information 
from the area. 

Norwegian Food Safety Authority, 190484/S40, through project no. 
09/3091 “AquaStrøm” and The Research Council of Norway through 
project no.190484/S40 “Transmission routes and infection dynamics of 
salmonid alphavirus (SAV)” provided financial support. Funding of 
manuscript preparation was kindly provided by Norwegian Institute of 
Water Research, the Norwegian Veterinary Institute, and the Research 
Council of Norway. 

References 

Albretsen, J., Sperrevik, A.K., Staalstrøm, A., Sandvik, A.D., Vikebø, F., Asplin, L., 2011. 
NorKyst-80 User manual and technical descriptions. In: Report 2, 50. Institute of 
Marine Research, Nordnesgaten. P.O. Box 1870 Nordnes 5817 Bergen.  

Aldrin, M., Storvik, B., Frigessi, A., Viljugrein, H., Jansen, P.A., 2010. A stochastic model 
for a comparative study of transmission pathways for three infectious diseases in fish 
farming. Prev. Vet. Med. 93, 51–61. https://doi.org/10.1016/j. 
prevetmed.2009.09.010. 

Aldrin, M., Storvik, B., Kristoffersen, A.B., Jansen, P.A., 2013. Space-time modelling of 
the spread of salmon lice between and within Norwegian marine salmon farms. PloS 
One 8 (5), e64039. https://doi.org/10.1371/journal.pone.0064039. 

Amundrud, T.L., Murray, A.G., 2009. Modelling sea lice dispersion under varying 
environmental forcing in a Scottish sea loch. J. Fish. Dis. 32, 27–44. https://doi.org/ 
10.1111/j.1365-2761.2008.00980. 

Anon, 2011. Effective og bærekraftig arealbruk i havbruksnæringen Rapport fra 
Gullestadutvalget oppnevnt av Fiskeri- og kystdepartementet, ISBN 978-82-92075- 
04-3, p. 190. In Norwegian. https://www.regjeringen.no/no/dokumenter/arealutva 
lget/id647391/. 

Bostock, J., McAndrew, B., Richards, R., Jauncey, K., Telfer, T., Lorenzen, K., Little, D., 
Ross, L., Handisyde, N., Gatward, I., Corner, R., 2010. Aquaculture: global status and 
trends. Philos T Roty Soc B 365 (1554), 2897–2912. https://doi.org/10.1098/ 
rstb.2010.0170. 

Buschmann, A.H., Cabello, F., Young, K., Carvajal, J., Varela, D.A., Henrıquez, L., 2009. 
Salmon aquaculture and coastal ecosystem health in Chile: analysis of regulations, 
environmental impacts and bioremediation systems. Ocean Coast Manage 52, 
243–249. 

Gentry, R.R., Lester, S.E., Kappel, C.V., et al., 2017. Offshore aquaculture: spatial 
planning principles for sustainable development. Ecol Evol 7 (2), 733–743. https:// 
doi.org/10.1002/ece3.2637. 

Graham, D.A., Staples, C., Wilson, C.J., Jewhurst, H., Cherry, K., Gordon, A., Rowley, H. 
M., 2007. Biophysical properties of salmonid alphaviruses: influence of temperature 
and pH on virus survival. J. Fish. Dis. 30, 533–543. 

Green, D.M., 2010. A strategic model for epidemic control in aquaculture. Prev. Vet. 
Med. 94, 119–127. 

Groner, M.L., Rogers, L.A., Bateman, A.W., et al., 2018. Lessons from sea louse and 
salmon epidemiology. Philos T Roy Soc B 371 (1689), 20150203. https://doi.org/ 
10.1098/rstb.2015.0203. 

Gustafson, L.L., Ellis, S.K., Beattie, M.J., Chang, B.D., Dickey, D.A., Robinson, T.L., 
Marenghi, F.P., Moffett, P.J., Page, F.H., 2007. Hydrographics and the timing of 
infectious salmon anemia outbreaks among Atlantic salmon (Salmo salar L.) farms in 
the Quoddy region of Maine, USA and New Brunswick, Canada. Prev. Vet. Med. 78, 
35–56. 

Guarracino, M., Qviller, L., Lillehaug, A., 2018. Evaluation of aquaculture management 
zones as a control measure for salmon lice in Norway. Dis. Aquat. Org. 130, 1–9. 
https://doi.org/10.3354/dao03254. 

Haidvogel, D.B., Arango, H., Budgell, W.P., Cornuelle, B.D., Curchister, E., Lorenzo, E.D., 
Fennel, K., Geyer, W.R., Hermann, A.J., Lanerolle, L., Levin, J., McWilliams, J.C., 
Miller, A.J., Moore, A.M., Powell, T.M., Shchepetkin, A.F., Sherwood, C.R., 
Signell, R.P., Warner, J.C., 2008. Ocean forecasting in terrain-following coordinates: 
formulation and skill assessment of the Regional Ocean modelling system. J Comp 
Physics 227 (7), 3595–3624. https://doi.org/10.1016/j.jcp.2007.06.016. 

Jansen, P.A., Kristoffersen, A.B., Viljugrein, H., Jimenez, D.D., Aldrin, M., Stien, A., 
2012. Sea lice as a density-dependent constraint to salmonid farming. P Roy Soc B- 
Biol Sci. 279 (1737), 2330–2338. https://doi.org/10.1098/rspb.2012.0084. 

Jansen, M.D., Bang-Jensen, B., McLoughlin, M.F., Rodger, H.D., Taksdal, T., Sindre, H., 
Graham, D.A., Lillehaug, A., 2017. The epidemiology of pancreas disease in 
salmonid aquaculture: a summary of the current state of knowledge. J. Fish. Dis. 40 
(1), 141–155. 

Los, F., Blaas, M., 2010. Complexity, accuracy and practical applicability of different 
biogeochemical model versions. J Marine Syst 81 (Issue 1–2), 44–74. 

Murray, A.G., Amundrud, T.L., Gillibrand, P.A., 2005. Models of hydrodynamic pathogen 
dispersal affecting Scottish salmon production: modelling shows how Scotland 
eradicated ISA, but not IPN. Bull. Aquacult. Assoc. Can. 105, 79–86. 

Murray, A.G., Peeler, E.J., 2005. A framework for understanding the potential for 
emerging diseases in aquaculture. Prev. Vet. Med. 67, 223–235. 

Murray, A.G., 2008. Existing and potential use of models in the control and prevention of 
disease emergencies affecting aquatic animals. Rev Sci Tech Oie 27, 211–228. 

Myksvoll, M.S., Sandvik, A.D., Albretsen, J., Asplin, L., Johnsen, I.A., Karlsen, Ø., 
Kristensen, N.M., Melsom, A., Skardhamar, J., Ådlandsvik, B., 2018. Evaluation of a 
national operational salmon lice monitoring system- from physics to fish. PloS One 
13 (7), e0201338. https://doi.org/10.1371/journal.pone.0201338. 

Salama, N.K.G., Murray, A.G., 2011. Farm size as a factor in hydrodynamic transmission 
of pathogens in aquaculture fish production. Aquacult Environ Interact 2. https:// 
doi.org/10.3354/aei00030, 91-74.  

Salama, N.K.G., Rabe, B., 2013. Developing models for investigating the environmental 
transmission of disease-causing agents within open-cage salmon aquaculture. 
Aquacult Environ Interact 4, 91–115. https://doi.org/10.3354/aei00077. 

Skarðhamar, J., Albretsen, J., Sandvik, A.D., Lien, V.S., Myksvoll, M.S., Johnsen, I.A., 
Asplin, L., Ådlandsvik, B., Halttunen, E., Bjørn, P.A., 2018. Modelled salmon lice 
dispersion and infestation patterns in a sub-arctic fjord. ICES (Int. Counc. Explor. 
Sea) J. Mar. Sci. https://doi.org/10.1093/icesjms/fsy035. 

Stene, A., Viljugrein, H., Yndestad, H., Tavornpanich, S., Skjerve, E., 2013. Transmission 
dynamics of pancreas disease (PD) in a Norwegian fjord: aspects of water transport, 
contact networks and infection pressure among salmon farms. J. Fish. Dis. https:// 
doi.org/10.1111/jfd.12090. 

Stene, A., Hellebø, A., Viljugrein, H., Solevåg, S.E., Devold, M., Aspehaug, V., 2015. 
Liquid fat, a potential abiotic vector for horizontal transmission of salmonid 
alphavirus? J. Fish. Dis. 39 (5), 531–537. 

Viljugrein, H., Staalstrøm, A., Molvær, J., Urke, H.A., Jansen, P.A., 2009. Integration of 
hydrodynamics into a statistical modell on the spread of pancreas disease (PD) in 
salmon farming. Dis Aquat Organ 88, 35–44. https://doi.org/10.3354/dao02151. 

Werkman, M., Green, D.M., Murray, A.M., Turnbull, J.F., 2011. The effectiveness of 
fallowing strategies in disease control in salmon aquaculture assessed with an SIS 
model. Prev. Vet. Med. 98, 64–73. 

H.A. Urke et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0964-5691(21)00332-X/sref1
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref1
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref1
https://doi.org/10.1016/j.prevetmed.2009.09.010
https://doi.org/10.1016/j.prevetmed.2009.09.010
https://doi.org/10.1371/journal.pone.0064039
https://doi.org/10.1111/j.1365-2761.2008.00980
https://doi.org/10.1111/j.1365-2761.2008.00980
https://www.regjeringen.no/no/dokumenter/arealutvalget/id647391/
https://www.regjeringen.no/no/dokumenter/arealutvalget/id647391/
https://doi.org/10.1098/rstb.2010.0170
https://doi.org/10.1098/rstb.2010.0170
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref7
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref7
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref7
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref7
https://doi.org/10.1002/ece3.2637
https://doi.org/10.1002/ece3.2637
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref9
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref9
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref9
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref10
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref10
https://doi.org/10.1098/rstb.2015.0203
https://doi.org/10.1098/rstb.2015.0203
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref12
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref12
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref12
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref12
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref12
https://doi.org/10.3354/dao03254
https://doi.org/10.1016/j.jcp.2007.06.016
https://doi.org/10.1098/rspb.2012.0084
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref16
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref16
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref16
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref16
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref17
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref17
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref18
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref18
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref18
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref19
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref19
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref20
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref20
https://doi.org/10.1371/journal.pone.0201338
https://doi.org/10.3354/aei00030
https://doi.org/10.3354/aei00030
https://doi.org/10.3354/aei00077
https://doi.org/10.1093/icesjms/fsy035
https://doi.org/10.1111/jfd.12090
https://doi.org/10.1111/jfd.12090
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref26
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref26
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref26
https://doi.org/10.3354/dao02151
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref28
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref28
http://refhub.elsevier.com/S0964-5691(21)00332-X/sref28

	Improvement of aquaculture management practice by integration of hydrodynamic modelling
	1 Introduction
	1.1 Todays management practice

	2 Material and methods
	2.1 Hydrodynamic modelling - the AquaStrøm concept
	2.2 Water contact network

	3 Results
	3.1 Validation of current speed
	3.2 Water contact network
	3.3 Zone classification based on the water contact network

	4 Discussion
	4.1 Assessment of the current model and the water contact network
	4.2 Improvement of management practice

	5 Conclusion
	Declaration of competing interest
	Acknowledgments
	References


