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INTRODUCTION

On June 2007, infectious salmon anemia (ISA), a
highly infectious viral disease, was confirmed in
southern Chile and resulted in the single largest ISA

epidemic the world had ever experienced. Since
then, ISA has had a profound negative economic
impact on the Chilean salmon industry through job
losses and decreased revenue. Subsequent out-
breaks were spatially and temporally aggregated
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ABSTRACT: Spread of infectious salmon anemia virus (ISAV) at the cage level was quantified
using a subset of data from 23 Atlantic salmon Salmo salar farms located in southern Chile. Data
collected from official surveillance activities were systematically organized to obtain detailed
 information on infectious salmon anemia (ISA) outbreaks. Descriptive statistics for outbreak dura-
tion, proportion of infected fish, and time to secondary infection were calculated to quantify the
magnitude of ISAV incursions. Linear and multiple failure time (MFT) regression models were
used to determine factors associated with the cage-level reproduction number (Rc) and hazard rate
(HR) for recurrent events, respectively. In addition, the Knox test was used to assess if cage-to-cage
transmissions were clustered in space and time. Findings suggest that within farms, ISA outbreaks,
on average, lasted 30 wk (median = 26 wk, 95% CI = 24 to 37 wk) and affected 57.3% (95% CI =
47.7 to 67.0%) of susceptible cages. The median time to secondarily diagnosed cages was 23 d. Oc-
currence of clinical ISAV outbreaks was significantly associated with increased Rc, whereas in-
creased HR was significantly associated with clinical outbreaks and with a large number of fish.
Spatio-temporal analysis failed to identify clustering of cage cases, suggesting that within-farm
ISAV spread is independent of the spatial location of the cages. Results presented here will help to
better understand ISAV transmission, to improve the design of surveillance  programs in Chile and
other regions in which salmon are intensively farmed, and to examine the economic impact of
ISAV and related management strategies on various cost and demand shifting factors.
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during the first year of the epidemic (Mardones et al.
2009). In addition, the difficulty of controlling out-
breaks was demonstrated particularly in densely
populated areas, due to a substantial fraction of
super-shedding farms (Mardones et al. 2011). At the
time of the epidemic, the official authority for fish
health (National Fisheries Service, Sernapesca)
along with the Chilean Salmon and Trout Growers
Association (private representative body, Salmon-
Chile) established husbandry measures aimed at con-
trolling ISA, including early detection and depopula-
tion (on a cage-by-cage basis), establishment of
control zones, increased biosecurity, and control and
treatment of processing wastes. Al though such meas-
ures may have helped to reduce the number of
reported infected farms, ISA virus (ISAV) continued
to spread and persisted throughout southern Chile
for almost 3 yr, in spite of the depleted number of sus-
ceptible farms (Mardones et al. 2009, 2011).

Introduction of ISAV into a salmon holding may
have different sources and may affect a variable pro-
portion of fish in different cages (McClure et al.
2004). In general, when fish in one or more cages are
initially infected, ISAV spreads among susceptible
cages directly through seawater (Løvdal & Enger
2002) via the excretion or secretion of infected fish
mucus, blood, tissues, or feces (Thorud & Djupvik
1988, Nylund et al. 1994, Totland et al. 1996, Rimstad
et al. 1999). Epidemic duration and cumulative mor-
tality can be highly variable, with durations ranging
from <1 mo to several months and cumulative mor-
talities exceeding 95% (Hammell & Dohoo 2005a,
Rimstad et al. 2011). Few studies have evaluated fac-
tors associated with the spatial and temporal patterns
of ISAV spread within a farm. However, a study of 3
ISA-outbreak farms in Maine, USA, found no signifi-
cant association between cage adjacency and dis-
ease timing (Gustafson et al. 2007). This suggests
that manifestations of ISA, subsequent to ISAV expo-
sure, are affected by certain local conditions. A better
understanding of the dynamics of aquatic infectious
disease outbreaks within a farm, and particularly
ISAV, is fundamental to salmon farm management.
Such knowledge would allow a better estimate of the
severity of an incursion, e.g. duration and the total
number of infected cages and fish, which is needed
to identify efficient control strategies that will dimin-
ish the consequences of disease in terms of costs and
animal welfare.

The aims of the present study were to (1) describe
and quantify the magnitude of an ISAV incursion in a
typical Atlantic salmon Salmo salar farm of Chile, (2)
identify factors associated with cage-to-cage trans-

mission and incidence rates, and (3) assess spatio-
temporal cage-to-cage transmission. Results pre-
sented here will help to understand the intra-farm
dynamics of ISAV infection in cultured salmon and to
parameterize transmission and spread models for
disease prevention and control.

MATERIALS AND METHODS

Data source

Data were collected from Sernapesca’s official sur-
veillance program for the detection of highly infec-
tious diseases or reported during the ISA epidemic
(ISAV-specific active surveillance, Sernapesca 2008)
that affected southern Chile from June 2007 through
December 2009. At the time of the epidemic, data
were provided mostly by public and private diagnos-
tic laboratories, sanitary and production records from
many salmon farms and companies during their
internal monitoring activities, and epidemiological
questionnaires carried out by veterinarians. This
information was systematically compiled and organ-
ized to generate a unique dataset that contained spe-
cific farm-level information on ISA outbreaks. A
unique identification number (ID), which was the ref-
erence code used for most laboratories to identify
sampled fish, was assigned to each salmon farm. Sur-
veillance information included data on date of sam-
pling, number of fish, and production unit (cage or
tank) sampled as well as the diagnostic test used and
the test result (positive or negative). In addition,
industry representatives willing to participate in the
project provided historical information from past out-
breaks.

Case-definition and ISAV spread

A list of infected farms was readily available (Mar-
dones et al. 2011). Of these farms, only farms that
reported raising Atlantic salmon as a single species
(monoculture) and excluding broodstock, that were
located in seawater, and that provided a cage-layout
of the farm were included in the present study.
Specifically, farms were restricted to those that
reported using the predominant technology (FAO
2007), i.e. a marine floating system of square-metal
frame cages (in a grid arrangement) at the time of the
epidemic.

Within-farm ISAV spread was estimated from sam-
pling and testing data as part of the monitoring activ-
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ities carried out in many laboratories in Chile.
According to Sernapesca, immediately after detec-
tion of ISAV in a particular farm, all farms that were
within 5 km (farms at high risk) of a case were inten-
sively sampled as part of the active surveillance plan
(Sernapesca 2008). Veterinarians visited all high-risk
farms and collected 30 fish from ≥1 targeted cages
and handled samples as follows: tissues (brain, kid-
ney, liver, or spleen), from individual or a pool of 5
fish, were submitted to a laboratory from the labora-
tory network and tested using one or more of the offi-
cial diagnostic tests (real time RT-PCR, immunofluo-
recent antibody test, or cell culture). Accordingly, a
farm was suspected of being subclinically infected if
it had positive results using official diagnostic tests.
Clinical infection was confirmed if, in addition to a
positive test result, fish on a farm had clinical signs
and/or post-mortem features attributable to ISA. The
index cage (IC) was identified as the first test-
 positive cage at each infected farm and was consid-
ered as the earliest detection for ISAV infection at the
cage level. Sampling and testing were continued
every 15 d if a farm had a positive test, or 30 d if not,
until the fish were completely harvested. Recurrent
or secondary ISAV-positive cages were recorded
until there was no positive test result or until com-
plete depopulation of the farm. The time from the
earliest detection until depopulation was referred to
here as the outbreak duration. Although no addi-
tional information was available on the magnitude of
the outbreak at the cage level (e.g. affected propor-
tion of fish or mortalities), it was possible to confirm
the presence of mortalities or clinical signs attributa-
ble to ISA and, in some cases, the highly polymorphic
region (HPR) pattern contained in the hemagglu-
tinin-esterase (HE) gene of ISAV, which is believed to
be important for the pathogenicity of ISAV (Rimstad
et al. 2001, Aspehaug et al. 2005, Markussen et al.
2008), was provided. In addition to surveillance
activities, results from internal monitoring carried out
by private veterinarians were available and comple-
mented the official data.

Estimation of the cage-level 
reproduction number (Rc)

The Martingale method, which uses cumulative
incidence data with removal of infective population
over time, was used to derive the threshold parame-
ter or Rc (Becker 1989). In the present study, Rc refers
to the mean number of secondary infections that
result from a single infected cage. This approach has

been applied to derive the value of Rc in single epi-
demics in finite communities from the sizes of out-
breaks among households, assuming homogenous
mixing and closed populations. In a given farm f of
size s + i, there are initially, at time T = 0, i infected
and s susceptible cages. The Rc value was then esti-
mated for each farm f as follows:

(1)

where S(TN) denotes the number of susceptibles at
the time when the infection process of the epidemic
ends (TN), i.e. when its intensity process becomes
zero and there is no positive test result, and R(TN) is
the cumulative incidence of diagnosed infected
cages when S(TN) > 0 (i.e. sum of new cases plus i).

Finally, assuming uniform random mixing, the
infection potential associated with ISAV for a farm f
(θ̂) was estimated. For example, if a farm with 15 sus-
ceptible cages had 1 infective cage and a cumulative
incidence of 10 infected cages,

(2)

where θ̂ = 0.087, and Rc = 1.3. Subsequently, Rcf was
computed for each farm f. Additional details about the
method of inference, equations and derivations are
described elsewhere (Becker 1989, Chap. 7).

Estimation of the HR for cage recurrences

A multiple-failure time (MFT) model was con-
structed as a generalization of the Cox proportional
hazards model in which the hazard function is con-
tinued beyond a farm’s IC to second and subsequent
ordered and identical outbreaks (Prentice et al.
1981). This approach, also known as a conditional
risk set model, uses recurrence data to produce a
proportional hazards model with time-dependent
strata, in which the dependence between event times
is handled by stratifying the prior number of infected
cages. Here, recurrence refers to a cage infection
occurring after the IC in a given farm. Considering
recurrences are not mutually independent observa-
tions and that they are ordered events, a conditional
model was constructed by estimating robust stan-
dard errors. Because it is possible that more than one
cage or event was diagnosed at the same time, ties
were handled by specifying Efron’s method (Efron
1977). All statistical analyses and methodological
specifications were implemented in the statistical
software STATA v. 11 (StataCorp).

R s s
s s S T

R Tfc
N

N= = + +…+
+

⎡
⎣⎢

⎤
⎦⎥

ˆ
( – ) ( ) )

/ ( )θ 1 1
1

1
1

Rc = = + +…+⎡
⎣⎢

⎤
⎦⎥

15 15
1
15

1
14

1
7

10ˆ
( )

/θ

9



Dis Aquat Org 106: 7–16, 2013

Association between 
epidemiological factors and Rc and HR

Values for hypothesized explanatory variables
and confounders (Table 1) for Rc and HR were ob -
tained from surveillance data and previous spatial
estimations (Mardones et al. 2011). Associations
between these factors and Rc and HR, computed at
each farm f, were estimated using linear regression
and an MFT model, respectively. Factors potentially
associated with the dependent variables were
selected in a univariate analysis (p ≤ 0.2) and then
incorporated into a preliminary, candidate model.
For the MFT model, the number of fish and biomass
at the farm were evaluated as temporally varying
effects. The best-fitting models were defined after
using forward and backward stepwise variable
selection as the one that included significantly
(p ≤ 0.05) associated variables and that minimized
the value of Akaike’s information criterion. For the
linear model, evaluation of the major assumptions
was based on graphical methods by representing
standardized residuals with fitted values (evaluation
of homoscedasticity) and the model’s quantiles ver-
sus quantiles of the normal distribution (evaluation
of normality) (Dohoo et al. 2009). For the MFT, the
assumption of proportionality of risks was assessed
using Schoenfeld’s residuals analysis and test of
proportional hazards assumptions for each signifi-
cant variable retained in the final model (Grambsch
& Therneau 1994).

Spatio-temporal analysis of 
cage-to-cage ISAV spread

To assess if cage-to-cage transmission were clus-
tered in space and time, the null hypothesis of a ran-
dom spatio-temporal distribution of cases was tested
using the Knox test (Knox 1964). This test has been
applied to a number of infectious terrestrial animal
diseases (Ward & Carpenter 2000), and in aquacul-
ture, it has been previously used to assess time-space
clustering of white sturgeon iridovirus outbreaks in
hatcheries (Georgiadis et al. 2001). Briefly, the Knox
test requires preliminary assumptions about the
maximum incubation period (time from infection to
appearance of clinical signs) and the maximum
transmission distance at which viral transmission
may occur between cages in the marine site. Here, it
was assumed that infected fish from a single sea cage
were able to shed and transmit ISAV to cages either
adjacent or diagonal to the cage; according to the
dimension of the standard marine salmon site in -
cluded in this study, this distance had a hypotenuse
of 43 m. The incubation period ranges from 13 and
31 d after experimental inoculation of the virus (Dan-
nevig et al. 1994, Totland et al. 1996, Rimstad et al.
1999, Simko et al. 2000). Consequently, 43 m and
31 d were considered as the maximum (critical) spa-
tial and temporal distances, respectively. The Knox
routine was simulated to estimate confidence inter-
vals around the calculated statistic (Levine 2006),
using the CrimeStat software (Levine 2010).
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Category               Variable                 Type            Description

Spatio-temporal      Time               Continuous       Time (wk) from the beginning of the largest ISAV epidemic (June 2007)
                              Nearest            Continuous       Time-varying seaway distance (km) to the nearest and concurrent ISAV-

infected farm
                               Radius             Continuous       Time-varying number of concurrent ISAV infectious farms evaluated

within a radius of 5, 10, and 15 km

On-farm        Initial population     Continuous       Fish number stocked
                            No. of fish          Continuous       Time-varying number of fish (×100 000)
                          Smolt weight        Continuous       Average weight smolts stocked (g)
                           No. at ISAV         Continuous       Fish number at the ISAV first diagnosis
                              Biomass            Continuous       Biomass at the ISAV first diagnosis
                             Fallowing         Dichotomous     Farm fallowed >1 mo between production cycles (reference) or not
                               Supply             Continuous       Number of smolt suppliers (farms)
                               Origin            Dichotomous     Fish were imported (reference) or were national strains

Outbreak             Outbreak          Dichotomous     Outbreak was based solely on positive test results (subclinical, reference)
or on developed mortalities attributable to ISAV

                        Early detection     Dichotomous     Index cage (IC) was 1 (early, reference) or >1 (delayed detection)
                          Surveillance       Dichotomous     Diagnoses were carried out by official campaigns (reference) or based on

company’s submissions of samples to private laboratories

Table 1. Description of group variables evaluated in 2 regression models using retrospective data of cage diagnoses from 23
Atlantic salmon Salmo salar farms in southern Chile that experienced infectious salmon anemiavirus (ISAV) outbreaks 

between August 2007 and October 2008
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RESULTS

Within-farm spread

Only 38 of the 251 infected Atlantic salmon farms
provided information useful to trace back and
describe ISAV spread within farms. Of these 38 farms,
15 were excluded from further analysis be cause they
raised >1 species and/or included broodstock (n = 6),
were located in estuarine waters (n = 5), or reported
inconsistent data (n = 4). Ultimately, data from a
subset of 23 Atlantic salmon farms were traced back
to describe ISAV spread within farms. Most farms (21)
were located in the 10th region (Fig. 1), and all re-
ported ISAV infections that oc curred between August
2007 and October 2008 (Table 2). Of all farms, 18
(78.3%) experienced mortalities or the presence of

moribund fish with clinical signs attributable to ISAV,
i.e. clinical outbreaks. Additional demographic and
epidemiologic features of each farm are shown in
Table 2. Selected statistical indicators that describe
the within-farm spread are shown in Table 3. Each in-
fectious cage during an epidemic was found to infect
(Rc) between 0.5 and 2.1 other cages (mean = 1.24,
median = 1.2; SD = 0.404) (Fig. 1, Table 2).

Regression and space-time analyses

Results from the final fitted models are presented
in Tables 4 & 5. After the model-building process,
only the category for outbreak type (subclinical ver-
sus clinical) was retained in the final model, where
clinical outbreaks were significantly associated with
increased Rc (p = 0.042, R2 = 0.18, 95% CI = 0.02–
0.79) (Table 4).

In the MFT model, the numbers of fish as well as
outbreak type were retained in the final model.
Unfortunately, ISAV diagnoses after the fifth recur-
rence were not well captured in the model, resulting
in a lack of power to detect additional differences.
The global HR in the MFT model associated with
clinical outbreaks was 3.19 (p = 0.022), and an overall
Mantel-Haenzel estimate of the hazard ratio, control-
ling for time, of 2.8 (p = 0.015) was computed. The
model also predicted a 1.17-fold greater HR for
recurrences with every 100 000 increment in the
number of fish at the farm (p = 0.028). The interaction
term between these 2 significant variables was only
tested in the MFT model and was not statistically sig-
nificant (p = 0.24). The test using the scaled Schoen-
feld residual showed no evidence of violating the
proportional hazard assumption (p ≥ 0.69) (Table 5).
The variable ISAV strain was not evaluated due to
considerable missing values (43% of data, Table 2). 

The Knox test failed to identify an overall time-
space clustering of cases (p = 0.38).

DISCUSSION

Results from the present study indicate that follow-
ing an ISAV incursion, the virus was spread to more
than half of the cages in standard marine Atlantic
salmon farms, ranging from 16 to 89% cumulative
cage incidence of infection. Clinical outbreak status
and number of fish at the farm were significant pre-
dictors of the magnitude of within-farm ISAV spread.
The pattern of ISAV spread described here is similar
to previous investigations regarding the distribution
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Fig. 1. Study area and cage-level reproduction numbers (Rc)
for infectious salmon anemia virus (ISAV) estimated for 23
Atlantic salmon farms in southern Chile. Grey dots are the 

reported ISAV-infected farms from 2007 to 2009
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of the virus within 3 Atlantic salmon grow-out farms
in Maine, USA (Gustafson et al. 2007). Interestingly,
in both Chile and the USA, incident cages were not
spatio-temporally aggregated within farms, and lim-
ited associations with certain factors were associated
with the outbreak. Here, ~9% (23 of 251) of the
reportedly affected farms during the 2007 to 2010
epidemic (Mardones et al. 2009, 2011) were inves -
tigated further, providing important findings for
 disease planning control.
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Variable               Level           HR       Lower      Upper        p
                                                            95% CI     95% CI

No. of fish (×100 000)              1.17        1.02           1.35       0.028
ISAV               Subclinical      3.19        1.18            8.6        0.022
outbreak       vs. clinical                                                         

Table 5. Results of an multiple-failure time (MFT) regression
model fitted for the cage-level recurrences of infectious salmon
anemia virus (ISAV) estimated from 23 Atlantic salmon Salmo
salar farms in southern Chile that experienced ISAV outbreaks
between August 2007 and October 2008. HR: hazard rate; CI: 

confidence interval

Indicator                                     Mean  Median  Min.−max.

Number of index cages               1.4          1                −
Outbreak duration (wk)             30.4        26           11−64
Percentage cages infected         57.4        55           17−89
Time (d) to 2nd infected cage    51.3        23           3−186

Table 3. Epidemiological indicators for the within-farm
spread of infectious salmon anemia virus (ISAV) from 23 At-
lantic salmon Salmo salar farms in southern Chile that expe-
rienced outbreaks between August 2007 and October 2008

Farm     No.    Initial population     Smolt       First infection      Outbreak       Outbreak    No. (%) of cages  Rc          ISAV 
ID         cages      (×100 000 000)     weight (g)           date           duration (wk)             type               detected                       strain

1               8                   1.5                    101             Aug 2007                14               Clinical               7 (88)            1.6        HPR7b
2             12                 1.16                   104             Aug 2007                23               Clinical               8 (67)            1.3        HPR7b
3             18                 1.47                    69              Aug 2007                52            Subclinical            5 (28)            0.9           nd
4              22                 1.22                   106             Aug 2007                43               Clinical              12 (55)           1.1        HPR7b
5             18                 1.88                   113             Aug 2007                15               Clinical              16 (89)           2.1        HPR7b
6             16                 1.01                   167             Aug 2007                29               Clinical               8 (50)            1.1        HPR7b
7             20                  2.2                    133             Sep 2007                 47               Clinical              16 (80)           1.6        HPR7b
8             26                 0.85                   137             Sep 2007                 30            Subclinical           12 (46)           1.2        HPR7b
9             16                  1.1                    130             Oct 2007                 11               Clinical              14 (88)           1.8        HPR7b
10           22                 1.08                   113             Nov 2007                64               Clinical               7 (32)            0.8         HPR2
11            16                 0.93                   116             Dec 2007                58               Clinical              10 (63)           1.3         HPR2
12            18                 1.17                   119             Jan 2008                 26               Clinical              14 (78)           1.6        HPR7b
13           15                  1.2                    109             Jan 2008                 13            Subclinical            3 (20)            0.7        HPR7b
14           14                 0.91                   125             Jan 2008                 43               Clinical               8 (57)            1.2           nd
15            18                 1.13                   121             Jan 2008                 51            Subclinical            3 (17)            0.7           nd
16            28                 1.91                    69              Jan 2008                 37               Clinical               6 (21)            0.5           nd
17            17                 1.19                   118             Apr 2008                 17               Clinical              14 (82)           1.8        HPR7b
18           20                 1.32                   105            May 2008                27               Clinical              16 (80)           1.7           nd
19            23                 1.38                    92               Jul 2008                 21               Clinical               8 (35)            1.0           nd
20            24                 1.27                   114             Aug 2008                12               Clinical              13 (54)           1.1           nd
21            12                 1.56                   189             Sep 2008                 23            Subclinical           10 (83)           1.2           nd
22            19                 1.07                   107             Sep 2008                 20               Clinical              10 (53)           1.0           nd
23            22                 1.09                   140             Oct 2008                 24               Clinical              12 (55)           1.3           nd

Table 2. Demographics and epidemiological features of 23 Atlantic salmon Salmo salar farms in southern Chile that experi-
enced infectious salmon anemia virus (ISAV) outbreaks between August 2007 and October 2008. Outbreak duration was time
from first infection date (diagnosis) of the index cage to final depopulation date. Outbreak type was classified as subclinical if
it had positive results under official diagnostic tests (virus isolation, reverse transcriptase polymerase chain reaction or im-
munofluorescent antibody technique) in any cage but no fish with clinical signs. Clinical infection was confirmed if, in addition
to a positive test result, a farm had clinical signs and/or post-mortem features attributable to ISA in at least 1 sea cage. 

Rc: cage-level reproductive number; HPR: highly polymorphic region group; nd: no data

Variable           Level        Coeffi-     Lower      Upper         p
                                            cient      95% CI     95% CI

ISAV           Subclinical      0.41         0.02           0.79        0.042
outbreak   vs. clinical

Intercept                              0.98         0.59           1.27      <0.001

Table 4. Results of a linear regression model fitted for the thresh-
old parameter Rc (cage-level reproduction number) estimated
from 23 Atlantic salmon Salmo salar farms in southern Chile that
experienced infectious salmon anemia virus (ISAV) outbreaks be-
tween August 2007 and October 2008. CI: confidence interval
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Within-farm spread was larger for farms with clini-
cal cases of the disease compared to those in which
no clinical cases were identified. This is certainly
expected, given that clinically infected fish likely
shed larger amounts of virus into the environment
compared to subclinically infected fish. During sub-
clinical outbreaks, clinical and macroscopic changes
may be restricted solely to anemia and some minor
circulatory disturbances, which can be overlooked
easily if no diagnostic investigations are undertaken
(Rimstad et al. 2011). In many cases, increased mor-
tality and clinical outbreaks can be related to stress-
ful events, such as fish handling and delousing
(Hammell & Dohoo 2005b, McClure et al. 2005, Rim-
stad et al. 2011). Moreover, it has been shown that
fish can clear the infection 25 d after exposure, where
some in fected fish may remain apparently healthy for
long periods, becoming subclinically infected, and
harbor ISAV for weeks and months, likely with shed-
ding rates and virus loads significantly smaller than
those of clinically infected fish (Mikalsen et al. 2001,
Rimstad & Mjaaland 2002). In all cases, the catego-
rization of disease outbreaks into clinical versus sub-
clinical is merely a simplification of a complex
dynamic that was not fully evaluated here, and it was
assumed that both farm and authorities’ veterinari-
ans agreed in this category according to the defini-
tion stated in the sanitary program (Sernapesca
2008).

An alternative explanation is that mortality caused
by ISAV may trigger husbandry and control practices
that, if improperly planned and conducted, may
unfortunately promote ISAV spread within the farm.
During a clinical outbreak, removal of dead fish from
affected cages (and sometime from the entire farm) is
increased to prevent disease spread. In addition, the
farmer is required by the authorities to depopulate or
harvest the affected cage within 3 wk of detection to
eliminate the main source of infection (Sernapesca
2008). Such procedures would involve more intense
handling of dead and/or moribund fish and conse-
quently may favor discharge of contaminated tissues
or materials, particularly contaminated blood and
carcasses. In fact, blood has been considered as the
most infective tissue from experimental trials carried
out in Atlantic salmon (Totland et al. 1996) where a
large viral shedding event occurs before death (Gre-
gory et al. 2009). Husbandry procedures during the
grow-out stage, such as sharing equipment and per-
sonnel within a multiple-site company and feeding
practices, modified the risk of experiencing mor -
talities caused by ISA at the cage level in New
Brunswick, Canada (Hammell & Dohoo 2005b).

A third possibility is that clinical outbreaks are
related to highly virulent strains of ISAV, increasing
spread between cages due to its higher infectivity
and/or pathogenicity (Johnson et al. 2008, Ritchie et
al. 2009). Unfortunately, molecular information for
each outbreak was only partially available, as indi-
cated in Table 2, and no further analysis was carried
out; however, it seems that the magnitude of an out-
break is at most minimally associated with the ISAV
molecular type for a number of reasons. First, it has
been reported that ~80% of ISAV isolates sequenced
during the Chilean epidemic corresponded to the
same segment 6 HPR group, which is referred to as
HPR 7b (Kibenge et al. 2009), and in the present
study, 11 out of the 13 (85%) reported this variant
(Table 2). Second, most outbreaks were confined to
the same geographic region (Fig. 1), and according to
recent findings in Norway (Lyngstad et al. 2008,
2011), there is a high degree of genetic similarity
between ISAV isolates from aggregated ISA sites.
Third, previous analyses comparing cage-level ISAV
mortality rates of different ISAV strains showed no
significant differences after controlling for confound-
ing factors related to exposure time and location of
the site (Johnson et al. 2008).

The number of fish and the likelihood for addi-
tional recurrences was additionally identified as
potential predictors for ISAV spread. This can be
explained by the fact that with more fish, additional
productive units (cages) are needed at the farm,
increasing the chances of ISAV spread. The effect
was identified as a time-varying covariate in the MFT
model approach but not identified by the linear
approach that looked at the cumulative cage inci-
dence. This density-dependency process is in line
with the expectation that as more fish become
infected, the probability of spread to other cages also
increases. It has been also reported that the likeli-
hood of developing clinical outbreaks increases with
fish population size (Hammell & Dohoo 2005b). How-
ever, a certain influence from simultaneously in -
fected neighboring farms or infection pressure was
expected, but neither analysis resulted in statistically
significant associations to neighboring infected
farms. It is well known that horizontal transmission
through short seaway distances is a major transmis-
sion pathway for ISAV between sites (Mardones et al.
2009, Aldrin et al. 2011), but the magnitude and
spread within-farm once fish have become infected
is, to some extent, independent of the concurrent
ISAV status and distance to the nearest infected
farms, and likewise, is independent of the effect of
having a concurrent large number of in fected farms

13



Dis Aquat Org 106: 7–16, 2013

within variable radii (5, 10, or 15 km). While manag-
ing ISA based on its farm-level impact might be rea-
sonable, given that most subsequently infected cages
result from within-farm transmission, the farm
remains a source of infection to neighboring farms,
and so ISA management must also consider potential
transmission to other farms and therefore must also
be area-based. Alternatively, it is possible that the
large number of reportedly infected farms, 65 and
50% of salmon farms located in the 10th and 11th
regions, respectively, of Chile (Mardones et al. 2011),
has masked the effect of distances and infection pres-
sure. Most farms were located on the mid-east coast
of Chiloe Island (Fig. 1), where space-time clustering
was previously reported (Mardones et al. 2009) as
well as the presence of ‘super-spreaders’ (Mardones
et al. 2011). Although effects of nearby infected farms
were not demonstrated here, it is necessary to clarify
this important aspect with additional research.

One of the conclusions of a similar study conducted
in Maine (Gustafson et al. 2007) was that aggressive
removal of cages would be the most beneficial strat-
egy when attempting to control ISAV. This is also a
conclusion here, with a clear distinction between
clinical vs. subclinical outbreak. Whenever clinical
signs and/or mortalities are observed in a farm, it is
probably important to allocate extra time and re -
sources to reduce the impact of ISAV given that a
farmer would expect at least 3-fold greater risk of
developing a new infection in another cage or more.
This scenario will be worse if more fish are at the
farm.

As in all observational studies, there were limita-
tions in the way our data were collected, and certain
details about field and laboratory information, in -
cluding virus and environmental characteristics,
were unavailable to the researchers here. Recording
the exact time of an outbreak was not feasible, as
infection may not be known until a full examination
of all fish for a given cage is made. However, there is
no reason to believe that this imprecise estimate
would have occurred differentially among farms
since monitoring activities were standard for all
farms. In this study, restricted sampling was adopted
despite of the reduction of sample size, which re -
sulted in only 9% of infected farms being used for
statistical modeling. Although statistical models
identified few predictors, suggesting that variations
in the patterns of ISA outbreaks (introduction and
subsequent spread) may depend upon extraneous
factors not accounted for here, it is important to con-
sider this paucity of significance cautiously since low
power may limit additional findings. However, the

novelty of the present approach to estimate the Rc is
likely the simplest one, which can be improved
greatly by incorporating the population structure
under study, for example, the level of crowdedness at
the cage level, the contact structure, and/or certain
interventions, e.g. vaccination, which could modify
the pattern of spread (Pellis et al. 2009). Knowing the
Rc can provide important in sights for the design of
more efficient control and surveillance programs for
ISAV. First, by applying the concept of herd immu-
nity (Fine 1993), it is possible to estimate the pro -
portion of the population that would have to be suc-
cessfully vaccinated to avoid an outbreak. This
proportion can be estimated as 1 − 1/R0, where R0 is
the basic case reproduction number. Assuming that
Rc is a good ap proximation of R0, it can be expected
that, on average, Rc = 1.24; therefore, vaccinating at
least 19% (1 − 1/1.24) of the population at risk
against ISAV would prevent an outbreak, provided
the vaccine was 100% effective. However, un known
control measures were likely established during each
outbreak in this study, and consequently, this esti-
mate may underestimate the true infection potential
of ISAV, and also that achieving perfect immuni -
zation in field conditions is difficult. As with other
viral fish vaccines, commercially available vaccines
against ISA are based upon inactivated whole virus
antigens and have questionable field effectiveness,
as reflected by outbreaks re ported in vaccinated fish
farms (Gomez-Casado et al. 2011). There are addi-
tional formulations that take into account the differ-
ent vaccine efficacies (Keeling & Rohani 2008).

Secondly, understanding the between- and within-
farm transmission dynamics for ISAV is crucial to
understanding the relative importance of interven-
tion strategies at these 2 levels. Previously, the repro-
duction number at the farm level varied substantially
between the epidemic times and geographical char-
acteristics, requiring interventions to be more
aggressive at the beginning of the epidemic (Mar-
dones et al. 2011).

In conclusion, the present study quantified impor-
tant epidemiological aspects of the within-farm
spread of ISAV. Because the farm is often the funda-
mental unit at which control policies are targeted,
this study will help to prevent and mitigate the
impact of an ISAV infection and will be useful for
farmers and veterinarians to quantify the impact of
such infection in fully susceptible populations.
Future studies should highlight the need for regular
monitoring of mortalities to identify clinical out-
breaks as early as possible, followed by the rapid
removal of infected fish.
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