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INTRODUCTION

Infectious pancreatic necrosis (IPN) has for many
years been considered one of the most important
restraints to the production of salmonids in European
aquaculture, due to the high number of annual out-
breaks and the associated high mortality in affected
aquaculture farms (Ariel & Olesen 2002). During the
last decade, 119 to 223 farms in Norway have experi-
enced a clinical outbreak annually. Most of these out-
breaks were in marine farms (Hjeltnes 2014). IPN is

caused by an aquabirnavirus, IPNV, and both verti-
cal and horizontal transmission modes have been
described (Bovo et al. 2005, OIE 2006). IPN was orig-
inally described as a disease affecting salmonid fry
and fingerlings in freshwater hatcheries in North
America and subsequently northern Europe. How-
ever, since the 1980s, it has been reported in marine
farms with increasing prevalence and distribution. In
addition, surveys and case reports have documented
the occurrence of IPNV or other birna viruses in
numerous aquatic animal species around the world.
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ABSTRACT: Infectious pancreatic necrosis (IPN) has for many years been considered one of the
most important restraints to the production of salmonids in European aquaculture. In Norway, the
disease is responsible for high losses in post-smolts in the first few weeks after sea transfer.
Despite the importance of IPN, there are few epidemiological studies on risk factors and mitiga-
tion strategies. In this paper, we present analyses of data from all cohorts put to sea in 2009 to 2012
on Norwegian marine salmonid farms. The data used were obtained from national registers on
salmonid production and disease outbreaks. The results showed that the risk of IPN outbreak was
higher for spring versus autumn cohorts, Atlantic salmon versus rainbow trout and for cohorts on
farms with previous history of IPN. The risk increased with increasing cohort size and infection
pressure, whereas increasing temperature and weight at sea transfer decreased the risk. Estima-
tions from a model of cumulative mortality within the first 6 mo after sea transfer showed that mor-
tality in cohorts with IPN increased to approximately 7.2% as compared to a ‘baseline’ cohort with
a mortality of 3.4%. If the cohort had both IPN and pancreas disease (PD), the estimated mortality
increased to 12.9%, and cohorts with both IPN, PD and heart and skeletal muscle inflammation
(HSMI) had an estimated mortality of 16.6%, when all other significant factors were kept constant
(these were cohort type, year, temperature at sea transfer and weight at sea transfer). Our results
provide valuable inputs for mitigation strategies and for economic modelling of consequences of
disease.
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IPN occurs in both freshwater and marine water
salmonid farming, and all age groups can be in -
fected. IPN-associated mortality varies from negligi-
ble up to 90%, and is often higher during outbreaks
in the freshwater phase (Munro & Midtlyng 2011).
However, the economic consequences of outbreaks
in the marine grow-out phase are likely higher, since
each individual fish has a higher monetary value.
Susceptibility to infection and the ensuing mortality
is dependent on species, age or developmental stage,
virus strain and fish strain, but environmental and
management factors also seem to be influential
(Munro & Midtlyng 2011). In addition to the direct
disease-associated mortality, it has been suggested
that fish surviving IPN outbreaks are more suscepti-
ble to other diseases, i.e. heart and skeletal muscle
inflammation (HSMI) or pancreas disease (PD) (Smail
et al. 1992).

Previous studies of risk factors for clinical out-
breaks of IPN have shown that smolts put to sea in
the spring (S1 smolts) have a much higher risk of get-
ting clinical IPN than smolts put to sea in the fall (S0
smolts). Also, the use of many smolt suppliers and
stocking with >400000 smolts increased the risk of
clinical outbreaks. Geographic location of a farm also
affected the risk of IPN (Jarp et al. 1995, Raynard et
al. 2005, Murray 2006).

Most Norwegian salmonid smolts are vaccinated
against IPNV before sea transfer, but the vaccine
does not seem to offer full protection against infec-
tion, even though it is believed to reduce outbreak-
associated losses (Brun 2003). In recent years, the
focus for reducing IPN-associated losses has been on
the eradication of certain ‘house strains’ in hatcheries
and breeding towards disease resistance (Hjeltnes
2014). In the last few years, there has been a reduc-
tion in the number of outbreaks in Norway, which
has been attributed to the aforementioned mitigation
measures.

However, the industry still reports significant los -
ses in individual outbreaks due to mortalities and
subsequent weakening of surviving fish. Knowledge
of the impact of specific individual mitigation meas-
ures is paramount when advising farmers which
measures to take towards reducing losses. Thus, the
relative influence of different management and envi-
ronmental factors on the production losses associated
with IPN needs to be clarified.

The aim of the present study was therefore to in -
vestigate risk factors influencing both the probability
of IPN outbreak and the degree of mortality during
the first 6 mo of the seawater phase of salmonid farm-
ing in Norway.

MATERIALS AND METHODS

Study population

We studied Atlantic salmon (Salmo salar) and
rainbow trout (Oncorhynchus mykiss) smolt co -
horts put to sea in 2009 to 2012. Data on dif ferent
production parameters were obtained from a
database hosted by the Norwegian Food Safety
Authority (NFSA), to which farmers must report
every month (for further description of these data,
see Kristoffersen et al. 2009). A cohort was de -
fined as all smolts put to sea at one farm within
the same time period. Only cohorts that were
being actively farmed at the same location for the
first 6 mo in the sea were included. To en sure
that cohorts that had been transferred from other
farms were not included, only cohorts of fish with
an average weight less than 250 g at sea transfer
were included. There were no overlapping cohorts
at any farm.

IPN case definition

A list of recorded IPN cases from 2007 to 2013
on identified farms, including the month when
samples were received at the Norwegian Veteri-
nary Institute (NVI), was compiled from the labo-
ratory information system at the NVI. The list
included all cases in which IPN was diagnosed
either by histopathology or PCR, or both. Report-
ing of IPN is not compulsory, but reporting of ele-
vated mortalities is mandatory and the causes
must be investigated. Hence, the list probably
includes most of the clinical IPN cases. Further-
more, all Norwegian aquaculture production
farms are required by legislation to undergo clin-
ical in spections by fish health officers 6 to 12
times a year, depending on type of production
(NFD 2008). Therefore, any case of IPN that has
not been reported by the farmer will probably be
discovered at these inspections. All cohorts with
no report of IPN during the study period were
defined as control cohorts. Due to the time inter-
val of the study period, more than 1 cohort from a
given farm was sometimes included. These
cohorts never overlapped in time, but a farm
could harbor both a case and a control cohort fol-
lowing each other. Fig. 1 shows a map of the
farms in cluded in the study, with an indication of
the numbers of cohorts with an IPN case on each
farm.
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Calculation of mortality

Mortality data per cohort on a monthly
basis were obtained from the NFSA
database. Based on the time of sea trans-
fer and the time of diagnosis of IPN, the
number of months in the sea from sea
transfer to IPN outbreak was calculated.
As seen in Fig. 2, 93.6% of the IPN cases
occur within the first 6 mo after transfer
to sea. This is consistent with findings by
Kilburn et al. (2012) and Brun (2003). We
therefore chose to use cumulative per-
cent mortality within the first 6 mo at sea
as the outcome variable for all cohorts,
both with and without IPN diagnosis. A
total of 27 cohorts that were diagnosed
with IPN after Month 6 were removed
from the dataset.

Independent variables

Data on weight at sea transfer, spe-
cies, number of fish in cohort, total cage
volume on farm and temperature on a
monthly basis were all extracted from
the NFSA database. From January 2012
to August 2013, the sea temperature
data were obtained on a weekly basis.
These were transformed to monthly data
by calculating the mean over the weeks

included in 1 mo. From the obtained data, we calcu-
lated the following variables:

(1) Cohort type: Cohorts were split into spring smolt
(S1) cohorts, those cohorts put to sea between March
and July, and autumn smolt (S0) cohorts, which were
put to sea between August and February.

(2) Temperature difference: For every fish cohort
transferred to sea, the temperature difference was
cal culated as the temperature in the 6th month in the
sea minus the temperature in the 1st month in the sea.

(3) Cohort size: For each cohort, the maximum
number of fish at any one time during the first 6 mo in
the sea was extracted.

(4) Maximum density: The maximum density was
cal cu lated as maximum number of fish per volume
(1 m−3) at any one time during the first 6 mo in the sea.

(5) IPN in previous cohorts: For each cohort, it was
checked whether IPN had occurred in previous
cohorts on the same farm within the last 2 yr.

(6) Other diseases: Lists of reported cases of HSMI
and PD were retrieved from the laboratory informa-
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Fig. 1. All 1169 Atlantic salmon and
rainbow trout cohorts included in the
study along the coast of Norway. The
cohorts are located at 756 unique
farms, of which 336 had at least 1 case
of infectious pancreatic necrosis (IPN)
during the period 2009 to 2012. Of the
farms with 1 (yellow) or 2 IPN cases
(red), 137 also had a cohort with out
detected IPN that was included in the 

study

Fig. 2. Number of IPN cases detected against number of months
after sea transfer. The solid line shows the cumulative per-

centage of IPN cases detected within x months
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tion system at the NVI. HSMI is diagnosed through
histo pathology, whereas PD is diagnosed either by
PCR or by histopathology. Both diseases are notifi-
able on a national level, and thus the lists should be
exhaustive. A cohort was included as a PD case if it
had a PD diagnosis within the first 6 mo after sea
transfer, and similarly for HSMI.

(7) Infection pressure: Infection pressure was de -
fined as exposure to infection by proximate infectious
farms. Different scenarios for infection pressure were
tested (see Bang Jensen et al. 2013) with the follow-
ing formula:

(1)

where i is the cohort for which the infection pressure
(ipi) was calculated in month t, Si is 1 if the fish in
cohort i were susceptible (S) and 0 otherwise, Ni(t) is
all active cohorts within a proximity of i in month t,
Ij (t) is 1 if cohort j was infectious in month t and 0 if
not, dij is the seaway distance between cohort i and
cohort j, and xj(t) is 1 or the biomass or the size of
cohort j in month t.

(8) Geo-index: For each farm, a geo-index was cal-
culated as the position of the farm along a local poly -
nomial regression line, which was based on the lon-
gitude and the latitude of each farm included in the
study. All farms were sorted based on their latitude,
with the first farm in the far south given the geo-
index 0, and increasing along the coast ending with
the most northerly farm having the geo-index 29.9.
For more details on the calculation, see Kristoffersen
et al. (2013).

(9) Use of IPN-resistant smolts: For a subset of the
population, we were able to obtain data on whether
or not the cohort had included IPN-resistant smolts in
the form of smolts bred specifically with a selection
to wards resistance for IPN, based on an identified
quantitative trait locus (QTL) (Houston et al. 2008,
Moen et al. 2009). These data were obtained from a
provider of QTL-IPN eggs, who had followed the
eggs from hatchery to cohort in the sea. Thus, we had
information on the use of QTL-smolts in a total of 487
cohorts, owned by several different companies. The
proportion of QTL-positive fish included in these
cohorts was not available, so a cohort was defined as
QTL+ if it had received smolts from at least 1 hatch-
ery producing QTL+ smolts, and QTL− if it had not
received smolts from any such hatcheries. Thus, 13 of
264 cohorts were defined as QTL+ in 2010, 25 of 178
in 2011 and 4 of 45 in 2012, accordingly.

(10) IPN in the freshwater phase: For a subset of the
population, additional data on which hatcheries had

delivered smolts to each farm were obtained through
a questionnaire. The questionnaire covered 187 co -
horts that were put to sea in 2010 to 2012 and owned
by 3 large companies. The cohorts included all co -
horts owned by the 3 large companies, and thus
included both IPN-negative and IPN-positive co -
horts, with approximately the same distribution of
IPN as the entire dataset. We used the list of IPN
cases described above to ascertain which hatcheries
had reported clinical IPN outbreaks. Often, the co -
hort included smolts received from several different
hatcheries. If a cohort had received smolts from at
least 1 hatchery with clinical IPN, it was included in
the category ‘IPN hatchery: positive’. If a cohort had
not received smolts from any hatcheries with clinical
IPN, it was included in the category ‘IPN hatchery:
negative’.

Statistical modelling approach

Multivariate logistic regression was used to ex -
plore differences between case and control cohorts.
The mortality (m) for all cohorts was modeled using
linear regression. Mortality was tested both as linear
and log-linear; the latter was preferred based on
modeling of diagnostic plots of the residuals. For both
models, pre-analysis was done using generalized ad -
ditive models (GAMs) and splines allowing the rela-
tionships between the independent and the depend-
ent variables to be non-linear (Hastie & Tibshirani
1996). Variables that were found to have a non-linear
relation were transformed such that all variables
ended up having a linear relation. Akaike’s informa-
tion criterion (AIC) comparison between the regres-
sion with a spline function and the transformed vari-
ables was used to ensure that the transformation
explained as much as the spline did. AIC was also
used to compare the different infection pressure sce-
narios in a univariate logistic regression model for
each scenario using GAM and spline function. The
scenario with the lowest AIC value in the logistic
model was used further, both in the multivariable
logistic analysis and the multivariable log-linear mor-
tality analysis. All possible correlations between vari-
ables were tested, and variables with correlations
higher than 0.7 were not used in the same model. A
total of 398 case and 771 control cohorts were in -
cluded. To compare the contribution from each vari-
able in the final logistic regression model, an analysis
based on standardized variables (mean set to 0, SD to
1) was conducted, and the odds ratio (OR) for each
variable was calculated.

ip t S t
I t x t

di i
j j

ijj N ti

( ) ( )
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The final model based on the entire study popula-
tion was used to calculate a predicted value (ŷ) for
the subsets of the population for which we had data
on the use of IPN-resistant smolts, number of hatch-
eries delivering smolts, or IPN in the freshwater
phase (as described in the previous sections). The ŷ
from the final model was then included in a semi-uni-
variate logistic regression model estimating the prob-
ability of an IPN diagnosis for each cohort, using the
following formula:

logit(pi) = a + ŷi + bxij (2)

where pi is the probability of IPN in cohort i, ŷ is the
predicted value for logit(pi) calculated from the final
logistic regression model of cohort i, and j is IPN in
the freshwater phase, number of smolt suppliers, or
IPN-resistant smolts in cohort. In order to identify any
possible biases in these subsets of data, we tested for
confounders between the explanatory variables and
the outcome variables.

In the same manner as for the logistic regression
model, the final log-linear mortality model was used
to calculate a predicted mortality (m̂i) for each cohort
i with extra information. This predicted mortality was
used as an offset in a semi-univariate log-linear mor-
tality regression:

log(mi) = a + log(m̂i) + bxij (3)

All programming was done in the statistical pro-
gramming environment R 3.0.2 (R Core Team
2013). Data from January 2009 to June 2013 were
included in the regression analysis, while infection
pressure was calculated based on data from 2007 to
July 2013.

RESULTS

Descriptive statistics

The number of monthly IPN detections in the pe -
riod January 2009 to December 2012 varied from 0 to
34. Most of the detections were in the summer
months. The total mortality during the first 6 mo after
sea transfer in the IPN cohorts varied  substantially
(min: 3.9%, max: 28.4%, mean: 14%). There was a
tendency for the mortality to peak in the summer
months, together with the number of detections
(Fig. 3). The length of the stocking period was
17.6 mo (80% interval 11 to 23), which was equal for
spring and autumn smolts.

Descriptive statistics of all independent variables
and their relationship with the total percentage mor-
tality in the first 6 mo in the sea are presented in
Table 1. Comparing AIC values from the univariate
analysis of the dataset showed that IPN detection
was the best predictor of cumulative mortality during
the first 6 mo in the sea, followed by cohort type, tem-
perature at sea transfer and temperature difference
between Months 1 and 6 (Table 1). All the variables
tested were significant (p < 0.05).

Model fitting

In this study, we found that the model for infec-
tion pressure that best described IPN detection in
a logistic model was one where cohorts were as -
sumed to be infectious 2 mo before IPN detection
(or sea transfer at the earliest) until 2 mo after IPN
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Fig. 3. Number of IPN cases detected each month (bars), with the mean (solid line), and 10th–90th percentile observed 
mortality (corresponding shaded area) during the first 6 mo in the sea
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detection, hence Ij (t) = 1 in this timespan, and 0 if
otherwise, and all neighbors within 100 km were
assumed to contribute, indepen dent of biomass or
size, hence xj(t) = 1.

When the infection pressure exceeded 0.22, the
probability of getting IPN did not increase further,
hence in the model we used a cut-off for infection
pressure of 0.22.

182

Variable Levels Distribution Total mortality (%) AIC
Mean (SD) 80% range Quartiles Mean 80% range

IPN first 6 mo No 771 6 1.2−12.8 3001
Yes 398 14 3.9−28.4

Cohort type Spring 649 10.9 2.3−23.2 3154
Autumn 520 5.9 1.1−12.9

Temperature 9.3 (3.5) 5.0 to 14.3 <6.7 11.8 2.5−24.9 3163
at sea transfer 6.7−8.9 9.7 2.1−19.4
(°C) 8.9−12.0 7.9 1.1−18.8

>12.0 5.4 1.3−11.6

Temperature −0.8 (6.5) −9.3 to 7.6 <−6.9 5.5 1.2−11.6 3165
in Month 6 minus −6.9−0.0 7.5 1.1−17.3
temperature in Month 1 0.0−5.0 9.5 2.2−19.3
(°C) >5.0 12.1 2.5−26.7

Year 2009 287 10.1 1.9−19-3 3225
2010 295 10.4 2.1−24.8
2011 297 8.1 1.5−17.4
2012 290 6.2 1.1−13.9

HSMI first 6 mo No 1043 8.3 1.4−18.1 3258
Yes 126 11.6 2.8−24.8

Infection pressure 0.11 (0.08) 0.008 to 0.22 <0.04 8 1.0−17.9 3261
(1 km−1) 0.04−0.10 8.3 1.4−19.6

0.10−0.22 8.6 1.7−17.5
>0.22 10 2.0−22.2

Max. density 9.2 (4.6) 4.2 to 14.9 <5.3 6.6 1.0−14.7 3262
(ind. m−3) 5.3−8.4 8.1 1.7−16.8

8.4−11.7 10 2.0−22.7
>11.7 9.9 1.7−22.2

Cohort size 882 (516) 303 to 1576 <507 7.4 1.1−16.2 3265
(103) 507−806 8.6 1.7−19.0

806−1144 9.1 1.7−18.0
>1144 9.7 1.7−22.8

PD first 6 mo No 1095 8.5 1.5−18.8 3274
Yes 74 11.6 2.4−23.2

Weight at 114 (38) 73 to 165 <87 9.9 1.7−22.8 3281
sea transfer (g) 87−107 8.6 1.6−19.4

107−133 8.2 1.5−16.6
>133 8.1 1.5−17.0

Species Salmon 1086 8.9 1.5−19.6 3282
Rainbow trout 83 6.3 1.7−13.2

Geo-index 10.6 (7.9) 2.7 to 21.3 <3.5 7.4 1.3−17.2 3282
(see text) 3.5−8.67 8.7 1.6−18.2

8.67−16.7 10.1 1.6−23.4
>16.7 8.6 1.7−17.3

IPN last 2 yr No 948 8.4 1.4−18.2 3282
Yes 221 9.9 1.7−21.6

Table 1. Descriptive statistics for the potential variables and their relationship with the outcome variable: total mortality in
Atlantic salmon and rainbow trout in the first 6 mo after sea transfer. A total of 1169 cohorts were included in the study. The
result of the univariate log mortality linear regression is summarized by Akaike’s information criterion (AIC; the null model
had an AIC of 3284). All the tested variables were significant (p < 0.05). IPN: infectious pancreatic necrosis; HSMI: heart and 

skeletal muscle inflammation; PD: pancreas disease. See ‘Materials and methods’ for details on the variables
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Temperature at sea transfer and temperature dif-
ference between Months 1 and 6 turned out to be
highly correlated variables (correlation = −0.88), and
could not be used in the same model. Models were
compared with either one of them, and AIC values
for both IPN detection and mortality indicated that
temperature at sea transfer was the best explanatory
variable.

The final logistic regression model describing the
probability of IPN detection for each cohort can be
found in Table 2. The final model describing log-
 linear cumulative mortality can be found in Table 3.

No confounding effects from any explanatory vari-
ables were found in the semi-univariate analyses
including only the subsets of data.

Risk factors for IPN

The risk factors that were significant for increasing
the probability of IPN detection were (in order of
 significance based on ΔAIC): increasing cohort size,
co hort type (spring vs. autumn smolts), year, species
(salmon vs. trout), decreasing temperature at sea
transfer, increasing infection pressure, IPN on farm
within the last 2 yr and decreasing mean weight at
sea transfer (Table 2). For every increase in cohort
size of 1 SD (516000 fish), the odds of getting IPN
increased by 1.62. For a temperature increase at sea
transfer of 3.5°C above 9.3°C, the odds of getting IPN

decreased by 0.68. Similarly, mean
smolt weight above 114 g at sea
transfer reduced the odds of getting
IPN.

The model was used for predicting
the risk of developing IPN as a func-
tion of cohort size given 3 different
scenarios: (1) a cohort with spring
smolts, situated on a farm that had
experienced IPN within the previous
2 yr, (2) a cohort with spring smolts on
a farm with no previous history of
IPN, and (3) a cohort with autumn
smolts on a farm that had experi-
enced IPN within the previous 2 yr. In
all 3 scenarios, species were set as
salmon, year as 2012, and the medi-
ans for temperature at sea transfer
and weight at sea transfer were used.
The 80% range of infection pressure
was calculated for all scenarios. In all
3 scenarios, the  predicted probability
of IPN increased by almost 20%

when the cohort size increased from 400000 to
1.6 million (Fig. 4). The mean predicted probability
was ~10% higher for spring smolt cohorts on farms
with previous IPN (Scenario 1) than for spring smolt
cohorts without (Scenario 2). Spring cohorts on farms
without previous IPN (Scenario 2) had a ~5% higher
probability of IPN that autumn cohorts (Scenario 3),
but the difference was negligible if the infection
pressure of autumn smolt cohorts was high (Fig. 4).
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Variable SCE SE p OR (95% CI) ΔAIC

Intercept −0.24 0.14 0.081
Cohort size 0.49 0.07 <0.001 1.62 (1.41−1.87) 46
Cohort type = spring 0.5 0.1 <0.001 1.65 (1.37−1.99) 26
Year (2009) 0 a 24
Year (2010) −0.74 0.2 <0.001
Year (2011) −0.96 0.2 <0.001
Year (2012) −0.94 0.21 <0.001
Species = salmon 0.46 0.14 <0.001 1.59 (1.21−2.08) 16
Temperature at sea transfer −0.38 0.1 <0.001 0.68 (0.56−0.83) 13
Infection pressure 0.27 0.07 <0.001 1.31 (1.13−1.51) 11
IPN last 2 yr 0.22 0.07 0.001 1.25 (1.09−1.43) 8
Weight at sea transfer −0.2 0.07 0.007 0.81 (0.71−0.95) 6
aYear is a factor and is not standardized, hence no OR is calculated for this
variable

Table 2. Parameter estimates and p-values from the multivariate logistic mod-
eling of the probability of infectious pancreatic necrosis (IPN) detection. The
odds ratio (OR) for each estimate is provided. The continuous variables were
scaled to mean 0 and SD 1, so that the OR corresponds to an increase of 1 unit
change in the scaled variables. ΔAIC is the increase in Akaike’s information cri-
terion (AIC) for the full model without that variable. The variables have been
ranked according to the importance of their contribution to the model (based on 

ΔAIC). SCE: standardized coefficient estimate; CI: confidence interval

Variable SCE SE p ΔAIC

Intercept −2.77 0.05 <0.001
IPN first 6 mo 0.35 0.03 <0.001 171
Year (2009) 0 55
Year (2010) 0.06 0.07 0.388
Year (2011) −0.18 0.07 0.008
Year (2012) −0.43 0.07 <0.001
PD first 6 mo 0.14 0.02 <0.001 33
Temperature at sea transfer −0.14 0.03 <0.001 17
Cohort type = spring 0.12 0.03 <0.001 14
HSMI first 6 mo 0.08 0.02 0.002 8
Weight at sea transfer −0.07 0.02 <0.001 5

Table 3. Parameter estimates and p-values from the multivariate
modeling of log(percent mortality during first 6 mo after sea
transfer). ΔAIC is the increase in Akaike’s information criterion
(AIC) for the full model without that variable. The deviance ex -
plained by the model was 32.8. Variables are ranked ac cording to
the importance of their contribution to the model (based on
ΔAIC). SCE: standardized coefficient estimate; IPN: infectious
pancreatic necrosis; PD: pancreas disease; HSMI: heart and 

skeletal muscle inflammation
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Risk factors for mortality

The risk factors that were significant for increasing
the log percent mortality during the first 6 mo in the
sea were (in order of significance, based on ΔAIC):
IPN in the first 6 mo, year of sea transfer, PD in the
first 6 mo, temperature at sea transfer, cohort type,
HSMI in the first 6 mo and weight at sea transfer
(Table 3). The higher the temperature at sea transfer
and the higher the mean weight at sea transfer, the
lower the predicted mortality for a cohort, following
the same pattern as for IPN outbreak. The mortality
decreased over the years studied here, with the low-
est mortality occurring in the last year of the study.
There was no significant difference in mortality
between the first 2 years (2009 and 2010), but the dif-
ference between these years and 2011 was statisti-
cally significant, as was the difference between 2009
and 2012 (Table 3). Spring cohorts in general had a
higher mortality (mean: 10.9%) than autumn cohorts
(mean: 5.9%).

In Fig. 5, we demonstrate how the mean mortality
in the first 6 mo varied with different scenarios: a
‘baseline scenario’ for cohorts without IPN, ‘IPN’ for

cohorts with only IPN, ‘IPN+PD’ or ‘IPN+HSMI’ for
cohorts with 2 of the diseases included in the model,
and ‘IPN+PD+HSMI’ for cohorts with all 3 diseases.
For this figure, weight at sea transfer was kept con-
stant at the median (107 g), the year was 2012, and
the variation due to temperature at sea transfer is
shown. The mean mortality increased from 3.4% in
the baseline scenario for spring cohorts to 7.2% in
spring cohorts with IPN, and additionally to 12.9%
and 16.6% for spring cohorts that also had PD and
PD+HSMI, respectively (Fig. 5).

Additional information from a subset of cohorts.
Finally, the calculated predicted ŷ values from the
2 different models were used for each cohort as an off-
set for calculating the probability of IPN and  predicted
mortality in semi-univariate analysis (Table 4). Only
IPN in hatcheries turned out to be a significant ex-
planatory variable for the mortality model: Cohorts
that came from hatcheries where IPN had been de-
tected had higher mortality in the sea than cohorts
that did not come from hatcheries with detected IPN.
This was independent of whether IPN had also been
detected in these cohorts in the sea phase or not.

DISCUSSION

Our study identifies important risk factors for the
development of IPN in Norwegian marine salmonid
production, and the effect of different risk factors on
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mortality within the first 6 mo of the sea phase of
the production cycle. The risk factors are divided
into inherent factors (e.g. species and smolt type),
internal environmental factors (e.g. size of co hort
and co-infections with other diseases), and external
environmental factors (e.g. infection pressure, tem-
perature and geographical location). For outbreaks
of IPN, it appears that the most important factors are
those that are inherent or those that can be con-
trolled on the farm.

The size of the cohort was the most important risk
factor for outbreaks of IPN (based on ΔAIC). The odds
of getting IPN increased by 1.62 for every addition of
approximately 500000 smolts. The same effect has
been found for other diseases in Norwegian salmon
farming (i.e. HSMI: Kristoffersen et al. 2013; car-
diomyopathy syndrome: Bang Jensen et al. 2013). We
found that spring smolts had a higher probability of
IPN and that they experienced a higher mortality in
general than autumn smolts. This is consistent with
reports from Scotland and with previous studies in
Norway (Jarp et al. 1995, Raynard et al. 2005), which
demonstrated that spring smolts had a higher proba-
bility of getting IPN. The temperature at sea transfer
was generally lower for this group than for autumn
smolts, and since low temperature at sea transfer is a
risk factor, this could be an explanation for the higher
occurrence of IPN for spring smolts. However, when
tested, we found no correlation be tween temperature
at sea transfer and spring smolts. Raynard et al. (2005)
concluded that the effect of temperature on IPN out-
breaks was mostly due to a coincidental association
with spring smolts. We think it is more likely that the
higher risk of IPN for spring smolts results from the
fact that most outbreaks happen in the summer

months, within the first 3 mo after sea transfer for this
type of smolt. From our data, we saw that >60% of the
outbreaks occurred within the first 3 mo after transfer
to the sea, and this was equal for both spring and au-
tumn smolts. For other viral diseases in Norway (i.e.
PD and HSMI), autumn smolt have a higher risk of
disease than spring smolts (Bang Jensen et al. 2012,
Kristoffersen et al. 2013). Outbreaks of these diseases
also occur mainly in the summer months, but unlike
IPNV, which mostly in fects smolts shortly after they
have been transferred to the sea, the causative agents
of these other diseases can infect fish throughout their
lifecycle, and clinical disease can occur several
months after initial infection (Kongtorp et al. 2006,
Stene et al. 2014). Other factors, such as density and
stocking period, were the same for both spring and
autumn smolts, whereas the mean weight at sea
transfer was a little higher for spring versus autumn
smolts. However, this should not be a confounder, be-
cause according to the model, high er weight should
be protective against IPN and mortality; thus, the neg-
ative effect of spring smolts is like ly to be even larger
than the model shows.

Several authors have shown regional differences in
IPN outbreaks and mortality in Norway, but the
mechanisms behind these differences have not been
explained (Brun 2003). In the present study, we could
not detect any geographical differences in either out-
breaks or mortality. This is most likely due to the fact
that the virus has now established itself throughout
the country, after an initial phase with a higher con-
centration of outbreaks around the site of introduction
in mid-Norway. We do, however, see a spatial effect,
which is reflected in the variable infection pressure.
The in fection pressure will be dependent on different
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Variable Levels Distrib. No. of IPN Test p-values Total mortality (%) Regression statistics
detections χ2 test Semi-univ Mean 80% range Univ. Semi-univ.

p b p b

QTL +ve 42 13 0.374 0.192 9.5 1.2−25.2 0.581 0.925
status −ve 443 168 9.6 1.8−22.4

IPN in Yes 102 57 0.290 0.457 10.4 2.7−20.8 <0.001  0.23 0.040 0.10
hatchery No 85 54 7.1 1.4−17.5

No. of smolt 1 74 31 0.743 0.772 7.4 1.8−15.5 0.207 0.435
suppliersa 2 83 32 8.9 2.5−18.0

3 26 12 9.8 1.4−23.2
4 4 1 28.3 8.8−53.3

a>2 or not was used as explanatory variable in the regression analysis

Table 4. Statistical results for a subset of Atlantic salmon and rainbow trout cohorts for which data on use of quantitative trait
locus (QTL) fish, presence of infectious pancreatic necrosis (IPN) in hatchery and number of smolt suppliers were available.
Descriptive statistics, univariate regression and semi-univariate regression based on those cohorts with information on each of
the 3 additional variables are given here for each of the models’ logistic regression of IPN detection, along with the log-linear
total mortality during the first 6 mo for all cohorts. p-values are given for each regression, and slope (b) is given for significant 

regressions
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local factors, some of which are likely to be region-
specific, since the density of farms and distances be -
tween them varies among regions. For IPN, we found
that number of fish or biomass in infected neighboring
farms did not influence the infection pressure, which
is thus the sum of 1 divided by the seaway distances to
all IPN-infected cohorts within 100 km of the cohort.
The significant effect of the infection pressure reflects
the contagious nature of IPN in seawater and
inclusion of this variable in the model is an elegant
way of demonstrating the effect of having many in-
fected neighbors. The results indicate that a strategy
where the infection pressure is lowered, for example
by removing infected cohorts, would have a beneficial
effect on the control of IPN. However, such a strategy
would have to be weighed with regard to the eco-
nomic consequences of performing stamping-out.

A previous history of IPN on the same farm within
the last 2 yr, corresponding to the previous cohort,
increased the odds of getting IPN by a factor of 1.25.
This is in agreement with the findings of Murray
(2006), who used IPNV surveillance data to test for
persistence in both marine and freshwater salmon
farms. He found that while infection persisted for
more than 4 yr in freshwater farms, it was unlikely to
persist for more than 2 yr in marine farms, which, he
argues, indicates that infection in marine farms is
transient and therefore highly dynamic as compared
to infection in freshwater farms.

A vital input for economic analysis is a valid esti-
mation of the losses in the form of direct mortalities.
Munro & Midtlyng (2011) provided an overview of
reported mortalities in Norwegian Atlantic salmon
post-smolts. These range from 9.0% in 1993 to 17.8%
in 1998. However, none of these studies covered the
whole country and the collection of data was not
standardized. In our univariate analysis, we found
that cohorts that experienced clinical IPN had a
mean cumulative mortality of 14%, with an 80%
range of 3.9 to 28.4%. The corresponding numbers
for cohorts without IPN were 6% and 1.2 to 12.8%,
respectively. When including all significant risk fac-
tors, the results from the model were that the mean
mortality for IPN cohorts was 7.2% and 5.6% for
spring and autumn cohorts, respectively. This was
double the mortality for cohorts with no diseases
(baseline cohorts). The mortality was 3.8 times higher
than baseline if the cohort had IPN and PD, and
almost 5 times higher if it had HSMI in addition. In all
scenarios, the mortality varied by as much as 1.6%
with different settings for temperature at sea. This
illustrates that it is very important to include all sig-
nificant factors when calculating mortality estimates.

As previously mentioned (see ‘Results: Risk factors
for IPN’), the risk of IPN decreased during the study
period and the total mortality also decreased from
10.1% in 2009 to 6.2% in 2012. The mortality for case
cohorts only also de creased from 14.0% in 2009 to
10.1% in 2012 (data not shown), indicating that the
direct economic effect in terms of losses decreased.

According to national fish health statistics collected
by the NVI, there has been a dramatic decrease in
the yearly number of IPN cases in post-smolts, from
144 in 2010 to 89 in 2012 and 39 in 2013 (Hjeltnes
2014). This reduction has been assigned mainly to
the introduction of QTL-smolts with resistance for
IPN and eradication of certain ‘house strains’ in
hatcheries. In our study, we wanted to investigate
whether the reduction could actually be ascribed to
these 2 factors, by analyzing data collected from
farmers. We did not find any statistically significant
effect of QTL on either the risk of IPN or on the mor-
tality. However, the dataset we had was very limited
and contained very few cohorts that had used QTL
fish. To address this question properly, the analysis
need to be re peated with more data.

If the eradication of certain ‘house strains’ of IPNV
in hatcheries has had an effect on IPN in marine
farms, we should see a connection between IPN in the
hatcheries and in the farms receiving fish from such
hatcheries. We found that the probability of IPN in
marine farms was not influenced by whether the farm
had received smolts from hatcheries with clinical IPN
or not. However, the influence on mortality in the
marine farms was significant. The dataset used here
did not have the same bias as the one for QTL-fish, but
a problem was that we only had data on clinical out-
breaks of IPN, and did not know whether some of the
control farms might have been subclinically infected.
Further, we did not know whether the actual fish that
were transferred to the relevant farm had had IPN,
only that there had been a clinical outbreak of IPN in
the hatchery. Previous studies have been contradic-
tory in terms of whether clinical outbreaks in the
freshwater phase predispose fish to IPN in the marine
phase (Brun 2003). There are 2 different hypotheses:
(1) fry surviving an IPN outbreak will still harbor the
virus and thus be at higher risk of another clinical out-
break after sea transfer, or (2) fry surviving a clinical
outbreak will be immune to a subsequent outbreak. In
order to investigate this further, we are currently car-
rying out a study on molecular tracing of IPN from
hatchery to the marine phase.

Finally, Jarp et al. (1995) concluded that the risk of
IPN increased when the farm had received smolts
from more than 1 hatchery. Our analysis did not
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reveal any statistical significance between number of
smolt suppliers and the occurrence of IPN, despite a
dataset with a reasonable distribution of this vari-
able. The negative effect of several smolt suppliers
has been thought to be due to the mixing of fish with
different susceptibilities to disease and different
infection status, and a general social stress reaction
to the mixing. In most farms in Norway today, the
practice is to not mix smolts from different suppliers,
but to transfer smolts from 1 tank at the hatchery to 1
corresponding cage in the farm. This is a possible
explanation for why we do not see an effect now.

In summary, the most important option for the
farmer wishing to avoid IPN outbreaks in his farms is
to reduce the size of the cohort put to sea. To stock
with autumn smolts only would have almost the same
effect, but this might not be possible due to regula-
tions on synchronized production. In addition, these
smolts might have a higher risk for other diseases, so
the benefit may disappear before the cohort reaches
the time of harvest. Increasing the weight at sea
transfer is another option that the farmer can actually
influence, whereas the risk associated with stocking
at low temperatures might be more difficult to miti-
gate. With regards to minimizing losses due to out-
breaks of IPN, the most critical measure is to avoid
co-infection with other diseases such as PD and HSMI.
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