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Abstract 

Bacterial Kidney Disease (BKD) is an economically significant disease in salmonid 
aquaculture and commonly requires antibiotic treatments to reduce its impact. Once a pen of fish is 
diagnosed with BKD, fish are considered chronically infected, potentially until harvest. Although 
there appears to be little or no evidence to support it, it is often assumed that subclinical infections 
affect productivity over the long term. We used a 2-stage hierarchical interrupted time series (ITS) 
analysis in an attempt to quantify the effect of subclinical BKD on mortality, growth, and food 
conversion ratio (FCR) of Atlantic salmon cultured in marine farms in Atlantic Canada. For all three 
outcomes, BKD had for some site cycles a positive effect, and for others a negative effect. Overall, 
the effect of BKD on mortality and growth could not be detected (effect -0.08 ((95% ci: -0.51, 0.35) 
and 0.00 (-0.02, 0.02)), while a very small effect showing an increase in FCR was detected (0.07 (-
0.01, 0.15)). We hypothesized that minimal interference with fish performance may be compatible 
with the ecology of Renibacterium salmoninarum, the causative agent of BKD. For this organism, 
vertical transmission is a primary mode of propagation in low-density host populations as found in 
the wild. Since farms are always adapting and optimizing their farm management of BKD, these 
constant adjustments may also have negated our ability to detect the effect of many factors 
contributing to BKD productivity impacts. Hierarchical ITS analysis is considered an appropriate 
methodology to investigate the complex relationships with productivity measures over time under 
farming conditions. In the highly innovative salmon aquaculture industry, health records 
generating data available for time-series analysis is expected to become more accurate and 
abundant in the future, providing more opportunities for time-series regression studies.   
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1. Introduction 
Bacterial Kidney Disease (BKD) affects all life stages of wild and cultured salmonids around 

the world (Toranzo et al., 2005), and can be a frequent reason for antibiotic use in salmonid 
aquaculture. The causative agent for BKD is Renibacterium salmoninarum, a bacteria that is 
transmitted both vertically (Evelyn et al., 1984) and horizontally (Balfry et al., 1996; Evenden et al., 
1993). An infection with R. salmoninarum is considered chronic and may persist until death 
(Banner et al., 1986). Once infected, fish can present with clinical or subclinical disease (Murray et 
al., 2011), and can change between these 2 states through time. In marine reared salmon, a pen 
with clinical BKD refers to a pen with elevated mortality (e.g. 2% in a running 4 week period 
(Boerlage et al., 2017)), in which some, but not all, fish have clinical signs including lesions typical 
for BKD, such as lethargy, skin darkening, ascites, pale gills (anaemia), exophthalmia, anal vent 
haemorrhage, and greyish-white granulomatous lesions in the viscera or brain (Wiens, 2011). 
Provided an infected fish survives, clinical BKD may occur over several weeks, after which fish 
become subclinically infected; mortality diminishes to levels that are low and undistinguishable 
from background mortality (Lovely et al., 1994), and few clinical signs are observed. However, 
occasional mortalities may still demonstrate typical BKD lesions without a noticeable increase in 
daily mortality rates. Onset of a clinically-infected period depends on interactions between 
pathogen, environment and management factors, such as stocking season and good husbandry 
practices (Boerlage et al., 2018). While in theory subclinical BKD precedes clinical BKD (Murray et 
al., 2011), subclinical BKD states may not be detected in areas lacking active surveillance for BKD or 
infections with R. salmoninarum. In some cases, subclinically infected pens never reach mortality 
levels sufficiently high to classify them as clinical during the entire production cycle.  

It is often assumed that subclinical infection with R. salmoninarum must at some level affect 
performance measures such as mortality, growth rates, and Food Conversion Ratio (FCR) (Burnley 
et al., 2010; Vigneulle and Bruno, 2015), but effects of a chronic presence of BKD on productivity, 
especially during subclinical presentation, are not well described. One of the main reasons for the 
absence of this information is the multitude of interacting factors occurring in natural infections 
and the lack of reliable estimates of both growth and corresponding infection incidence at either 
the individual or population level. There have been a few experimental studies with a relatively 
short duration. For instance, BKD related mortalities in chinook salmon (Oncorhynchus 
tshawytscha) labeled “low BKD progeny” by enzyme-linked immunosorbent assay (ELISA) and 
fluorescent antibody technique (FAT) in a previous brood stock segregation study (Pascho et al., 
1991) were undetected (Elliott et al., 1995) after 11 weeks of salt-water rearing. In another study, a 
two-month infection challenge, mortality of fish infected with R. salmoninarum, detected by ELISA, 
was higher than for control fish (Mesa et al., 2000). Short experimental studies are prone to very 
slight effects at fish level being attributed to normal variation, whereas true effects, even if slight, 
can have large cumulative impacts in aquaculture at the farm level, during the long (ca. 2 years) 
production cycle. Controlled trials that last a production cycle are impractical, because of the large 
sample size that would be needed to control for seasonal and management effects and the inability 
to detect changing circumstances with natural infections. Another approach would be to do a 
retrospective observational study using the large amount of historical records available in the farm 
management systems of aquaculture farms. In our case, almost 90% of the sites were associated 
with some level of BKD (Boerlage et al., 2017), and there were strong seasonal and year effects on 
BKD (Boerlage et al., 2018), so that a case-control study would not provide the required control 
sites. In addition, the effect of BKD might not be absolute, but rather a change in trend, e.g. reduced 
growth rate.   

One study design that is increasingly being used to evaluate long-term effect of 
interventions at population level is the interrupted time series (ITS) (Bernal et al., 2017). Examples 
of studies that used ITS are the effect of opioid overdose education on opioid overdose rates 
(Walley et al., 2013) and the effect of 20 mph traffic speed zones on road injuries (Grundy et al., 



 

 

2009). Such studies using ITS have in common that the data consist of a continuous sequence of 
observations on a population taken repeatedly over time, the intervention marks a defined 
differentiation between pre- and post-intervention status, the effects of the intervention might not 
be immediate, and many other factors such as seasonal trends potentially affect the outcome 
variable before and after the intervention. In the field of veterinary epidemiology, ITS is relatively 
new. Because BKD is a chronic disease, ITS was considered appropriate for a retrospective cohort 
study towards estimation of the long-term effect of subclinical BKD. There would be a clear 
interruption in each production cycle, the infection with BKD, and there are many environmental 
and management factors that potentially affect the outcome variables to take into account. 
However, the applicability of the ITS analysis is challenging due to the multilevel structure of the 
data that is inevitable in aquaculture-related datasets (pens within farms).   

There were two objectives to this study. The first objective was to quantify the effect of 
subclinical BKD on productivity, as measured through mortality, growth and FCR, of Atlantic 
salmon cultured in marine farms in Atlantic Canada. The second objective was to investigate the 
applicability of hierarchical ITS analysis for this purpose.  

 
2. Material and Methods 

We estimated long term effects of BKD by assessing multiple year datasets comprising 
industry production and health variables from many sites, and employing precise case definitions 
for clinical and subclinical BKD as previously described in Boerlage et al. (2017). We used a 2-stage 
interrupted time series analysis (Bhaskaran et al., 2013; Serumaga et al., 2011), in which we first 
modeled the patterns of BKD between pens within each site, while taking into account the long 
term effects that are naturally present, i.e. seasonal fluctuations and long term trends. Secondly, we 
investigated the effect of site-level predictors on the patterns found in the first stage. The 
interruption was the change from BKD free to (sub)clinical BKD. Our outcomes were the production 
parameters mortality, growth rate and FCR.  

2.1 Data source  
 The study population consisted of Atlantic salmon (Salmo salar L.) cultured in the provinces 
of New Brunswick (NB), and Newfoundland and Labrador (NL), between 2006 and 2012, that 
originated from, or were later acquired by, one producer. The industry structure in NB, has not 
changed substantively since it was described by Hammell and Dohoo (2005a) and McClure et al. 
(2005), and in NL by O’Brien (2012). The dataset consisted of production data, field observations, 
test results, and treatments for BKD, and was described in more detail in Boerlage et al. (2017). 

2.2 Terminology 
We used the following terminology. A pen is the smallest grouping of fish within an 

enclosed net, usually a circular cage. A site is a group of pens in close proximity that are managed 
together. Sites applied site-level fallow periods where all pens are empty for a period of time. A fish 
group is a group of fish occupying a pen consistently between stocking and harvesting (there could 
be more than one fish group within a pen during the study period, separated by a fallow period). 
The first part of the analysis was performed at the fish-group level.  

A site cycle is a collection of fish groups that occupied a site simultaneously for a continuous 
period.  There could be more than 1 site cycle within a site during the study period, separated by a 
fallow period. The second part of the analysis was done at the site cycle level. For a graphic 
representation of pen, site, fish groups and site cycles, see Boerlage et al. (2017). 

2.3 Data management 

2.3.1 The interruption 
Case definitions for BKD in fish groups were developed by (Boerlage et al., 2017) using pen-

level and site-level variables. With these definitions, the interruption (i.e. the change from BKD free 



 

 

to (sub)clinical BKD), was triggered by either a site-level variable (8 site cycles) or a pen-level 
variable (17 site cycles). In the latter case, the interruption did not necessarily take place 
simultaneously for all fish groups within a site cycles. We dealt with this as follows.  First, we 
considered a change of BKD status as a single event (the interruption) if all fish groups experienced 
the interruption within a 7-week period (8 fish groups). Second, if there were up to 2 exceptions, 
we adapted their interruption to be the same as the others (1 fish group). Third, if a larger number 
of fish groups did not experience the interruption within 7 weeks, we dropped observations 
between interruption of the first fish group and the last fish group (9 fish groups).  

From the week of interruption, we omitted that week, the previous 6 weeks, and the 
following 6 weeks (total 13 weeks), with the rationale that 6 weeks was double the time of the 3 
weeks it took for mortality to increase after Atlantic salmon were injected with R. salmoninarum in 
an experimental infection trial (Fevolden et al., 1993). Therefore, these omitted weeks represent a 
buffer for potential inaccuracy of case definition timing, potential delayed physiological response of 
fish on the interruption and other changes around the interruption that might occur, while avoiding 
unnecessarily omitting too many records. For an example, see Fig. 1. 

2.3.2 Data restrictions 
Our initial dataset consisted of 104 site-cycles, of which 31 never had BKD, 17 had 

subclinical BKD only, and 56 had clinical BKD at least once. The total numbers of site cycles by 
province were 82 (26, 11, 45) in NB and 22 (5, 6, 11) in NL. To obtain meaningful comparisons and 
representative estimates, we selected site cycles according to the following selection criteria: 1) 
all fish groups within the site cycles were stocked in the same year, the same season (fall or 
spring) and within 18 weeks of each other (to assess the predictors stocking season and stocking 
year); 2) the duration of all site cycles was longer than 16 weeks (to leave sufficient data when 
omitting 13 weeks around the interruption). These restrictions reduced the dataset to 25 site 
cycles: 23 from NB and 2 from NL.  

Within each fish group, we omitted outcomes in the first 3 weeks post stocking as these 
might be affected by the process of fish stocking. Next, we selected only site cycles with > 10 weeks 
of data before and after the interruption (total > 20 weeks). Remaining were 18 site cycles (17 from 
NB, 1 from NL) to be used in the analysis. These site cycles had a mean of 16 (min. 10 – max. 22) 
fish groups per site cycle.  

2.3.3 Time 
We defined our time series in terms of calendar time and not fish age (see for a discussion 

Boerlage et al. (2018)), and included fish age as predictor. Fish age was combined with temperature 
effects into “accumulated degree days since stocking,” in which scale two days at five degrees 
equals the same age as five days at two degrees. To reduce sampling bias at specific sites for 
temperature measurements, we used a smoothened overall temperature that was obtained by a 
locally weighted regression method (lowess command) with bandwith 0.01 based on recorded 
water-temperatures. Using the unsmoothed water temperatures resulted in a less good model fit.   

2.4 Statistical analysis  
The aim of our first stage regression models (fish groups in site cycles) was to investigate 

whether the long-term variations in the outcomes (mortality, growth, and FCR) were changed at the 
time of BKD infection, by including an indicator variable for BKD as explanatory variables.  The time 
scale units for the outcomes were weekly (mortality) or monthly (growth and FCR). All time scales 
were calendar time, and the data was structured in 2 levels; fish groups in site cycles.  BKD 
treatment and its effect in a 12 week window was included as a time-varying covariate (at fish 
group level), because treatment for BKD may affect the relation between BKD and performance.  

2.4.1 Dependent variables 



 

 

Mortality, growth and FCR were the time-varying outcome variables used in this study. 
Mortality was represented as relative mortality according to equation 1, in which was time in 
weeks. Relative mortalities of > 80% were dropped because they occurred around harvest or were 
considered data recording mistakes. For analysis, mortality as described in equation 1 was 
transformed by taking the natural logarithm of Mortality(w). 

𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦(௪) =  
൫௠௢௥௧௔௟௜௧௬ ௖௢௨௡௧(ೢ)ାଵ൯

௡௨௠௕௘௥ ௢௙ ௙௜௦௛ ௣௘௥ ௙௜௦௛ ௚௥௢௨௣(ೢ)
    (equation 1) 

Growth was represented as weekly relative growth, averaged per calendar month according 
to equation 2, in which m is time in calendar months.  The reason for averaging was that weekly 
weight in the data set was based on estimations of the management program used, manually 
adjusted by weight measures taken in the field on a monthly basis, which could cause artificial dips 
in weight. We therefor considered a monthly average a more suitable level of variation than weekly. 
Per month, we selected the maximum weight of fish in that month to represent the monthly weight, 
which in 7% of the weekly data was not the weight of the last week of the month. The number of 
weeks per month was variable and therefore taken into account. For example, a month could 
consist of 2 weeks of data if the other weeks were part of the omitted 13-week data gap 
representing the interruption. For analysis, growth as described in equation 2 was transformed by 
taking the square root of (Growth(m) + 0.4).  

𝐺𝑟𝑜𝑤𝑡ℎ(௠) =  

(௪௘௜௚௛௧(೘)ି௪௘௜௚ (೘షభ))
௡௨௠௕௘௥ ௢௙ ௪௘௘௞௦ ௜௡ ௠௢௡௧௛ ௠

൘

(௪௘௜௚௛௧(೘)ା௪௘௜௚௛௧(೘షభ))
ଶ

ൗ
    (equation 2) 

FCR was represented monthly for the same reason as for growth according to equation 3. 
FCR values < 0.5 were excluded because they were considered data recording mistakes, and were 
replaced by averages of the FCR in the weeks before and after, where possible; otherwise, they 
were left as missing. For analysis, fcr as described in equation 3 was transformed by -FCR(m)^-0.75. 

𝐹𝐶𝑅(௠) =  
(௙௘௘ௗ ௨௦௘ௗ೘

௡௨௠௕௘௥ ௢௙ ௪௘௘௞௦ ௜௡ ௠௢௡௧  ௠ൗ

௕௜௢௠௔௦௦(೘)ି௕௜௢௠௔௦௦(೘షభ)
    (equation 3) 

All outcome variables were Box-Cox transformed to meet the normality assumptions, and to 
deem homoscedasticity of model residuals as appropriate.  

2.4.2 First stage model specification   
We used one linear mixed model for each of the 18 site cycles with transformed outcomes, 

random effects for fish group and additional within-group first order autocorrelation. We 
controlled for seasonality by including Fourier terms with 2 harmonics per year for long-term 
effects, and including a linear and quadratic term for fish age and indicators for BKD treatments. We 
included a lag of one time unit (one week for mortality, one month for growth and FCR) before 
which BKD was assumed to affect performance. As example, the result for mortality in site cycle 1 
can be found in Table E3. 

Before arriving to the final model, we explored including fish group as fixed rather than 
random effect, the use of centered random slopes for accumulated degree days since stocking, 
different fourier term complexity (1-6 harmonics), use of natural splines (with 4, 7, and 43 knots)  
instead of a linear and quadratic term for fish age to allow for more flexible curves, including 
second order autocorrelation, dropping seasonality, and comparing including 2 separate predictors 
(temperature and time since stocking) rather than accumulated degree days. None of these 
alternatives were found to have lower AIC than the main model.  

2.5 Second stage; Meta regression 
Meta regression analysis was used to investigate the heterogeneity observed between site 

cycles, using estimated BKD effects and standard errors from the final models of the first step as 
dependent variables (Thompson and Higgins, 2002). Several explanatory variables, all at site cycle 
level, were included. Bay Management Area (BMA), the zoning system in place in NB (Chang et al., 



 

 

2007) and NL, was explored as spatial grouping variable. Other variables were the stocking seasons 
spring (weeks 36 – 13) and other, year of stocking, year of harvesting, duration of previous fallow 
period, duration of site cycle, average number of lice treatments and number of fish groups per site 
cycle, see Table 1. 

2.5.1 Meta-analysis models 
Random effect meta-analysis models were used for each of the dependent variables 

(mortality, growth, FCR), followed by multivariable linear meta-regression in which we 
investigated all combinations of explanatory variables with significance levels ≤ 0.30. A significance 
level of ≤ 0.05 was used to determine significance in the multivariate model.  
 
 

3. Results 

3.1 Explanatory variables 
 The number of maximum accumulated degree days of the fish groups, averaged by site 
cycle, ranged from 647 to 1028, and the mean duration of site cycles was 110 weeks (Table 1). Only 
7 of the site cycles in our study had one or more treatments for BKD and, in 4 of the 7 treated site 
cycles, not all fish groups were treated. The median number of fish groups per site cycle was 16. Of 
10 site cycles, the mean duration of the fallow period was 54 days, for the other 8 site cycles this 
information was unknown. Sea lice treatments were carried out on average 0.022 times per week. 
Our site cycles were distributed over 6 BMAs, of which one was in Newfoundland. The 18 site cycles 
were distributed over 15 sites; 3 times there were 2 site cycles at the same site but at different 
times. Thirteen of the site cycles stocked their fish groups in the spring. 

3.2 Change in outcomes following BKD infection – crude  
Average difference in weekly mortality post - pre interruption was different for the 18 site 

cycles, and average differences ranged from -0.258% to 1.469% (Table 2). For weekly growth the 
difference was negative for most site cycles and ranged from -0.073 to 0.024 grams per bodyweight 
per fish per week (Table 2). For monthly FCR the difference was between -0.706 and 0.725 (Table 
2). 

3.3 Change in outcomes following BKD infection – ITS analysis 
There were time trends in all three outcomes as well as changes in post - pre interruption 

(example in Figure 1).   After allowing for these and other covariates using hierarchical ITS analysis, 
all three outcomes showed large and significant variation (I-sq from 90 to 96%) across site cycles in 
changes after BKD infection (“BKD effect”), with some increases and some decreases (Figure 2). 

Four of the site cycles (1, 6, 11 and 18) had significantly higher mortality after the 
interruption, which was not explained by seasonal or long-term effects, and seven cycles (3, 4, 5, 7, 
10, 15 and 16) a significantly lower mortality (Figure 2A). However, overall on average across site 
cycles mortality was little different after the interruption from before, with coefficient -0.078 (95% 
confidence interval: -0.508, 0.352 indicating that 0 is within the interval and therefore the 
difference is not significantly different). None of the site-cycle level explanatory variables could 
explain the variation observed in BKD effect between the site cycles.  

There were eight site cycles (2, 4, 5, 8, 9, 11, 15, and 17), which had by ITS an improved 
growth and four (1, 3, 6 and 16) a reduced growth after the interruption. However, the estimated 
overall mean difference between post and pre interruption in relative growth was 0.00 (-0.018, 
0.018) (Figure 2B) on the transformed scale as described in section 2.4.1. Harvesting year explained 
some of the variation observed between site cycles, but none are strong (Table E4).  

Two site cycles (1 and 6) had a reduced FCR and eight site cycles (3, 8, 10, 11, 13, 15, 16, 17) 
a higher FCR after the interruption. The overall estimate of the difference between post and pre 
interruption was 0.071 (-0.007, 0.150), implying a very slight significantly higher FCR after the 



 

 

interruption (Figure 2C). The variation in BKD effect across site cycles could not be explained by 
any of the meta predictors. 
  

4. Discussion 
This is to our knowledge the first evidence-based study that explores the long-term effects 

of subclinical BKD on performance of Atlantic salmon in aquaculture using production data. Despite 
the recurrent impressions in the industry (personal communication) and in publications (Burnley 
et al., 2010; Vigneulle and Bruno, 2015) that subclinical BKD reduces performance of Atlantic 
salmon during the sea rearing phase, we found no evidence of such an effect on mortality or growth, 
and a very small effect on FCR. We used hierarchical ITS analysis, which enabled us to investigate 
the effect of BKD infection as an “interruption” in our time series while taking into account long 
term trends.  The potential of ITS for veterinary epidemiology has been noted (Stryhn et al., 2016). 

4.1 Subclinical BKD 
Evidence-based information on the effect of chronic subclinical diseases on performance of 

fish is scarce. Even though it is accepted that fish can appear healthy and be carriers of several 
pathogens at the same time (Plumb and Hanson, 2011), there might be internal pathological 
changes affecting the fish (Mackenzie, 1988), and these could affect performance.  

In our study, mortality levels were in the same order of non-outbreak levels described by 
Hammell and Dohoo (2005b) for aquaculture practices in the same area. At the individual site-cycle 
level, we observed positive and negative effects of BKD on mortality, but could not explain this with 
the variables available, such as management area. This is in line with a study towards 
benchmarking mortality of salmon for a company on the west coast of Scotland, which showed that 
mortality is highly variable, even though they found that mortality was year dependent (Soares et 
al., 2011), which we could not verify in this dataset. The absence of a long-term, overall effect of 
BKD on mortality was unexpected, because we did not omit clinical-BKD episodes, which by 
definition included elevated mortality due to BKD (Boerlage et al., 2017). We expected additional 
elevated mortality that might not be noticeable in the field, but that might be apparent when 
natural variation is accounted for statistically. An explanation for finding no effect could be that the 
basic level and variation of mortality in Atlantic-salmon aquaculture may be such that even when 
correcting for structural variation, the potential effect of BKD is not significant. Additionally, the 
management strategies applied by managers to pens that have been diagnosed with BKD, and of 
veterinarians dealing with clinical outbreaks, for example reduced handling when infections are 
suspected by management, could be affecting mortality successfully so that negative effects are 
diffused.  

We observed a similar scenario for growth rates as for mortality. We found an effect of BKD 
within a few individual site cycles, but not overall. It has been shown that after a stressor, Atlantic 
salmon can return to, or surpass, their previous growth levels (Stefansson et al., 2009), which might 
have been the case for these fish after a clinical BKD episode. This analysis on growth rate shows 
that the hierarchical ITS analysis was successful in correcting for the decreasing growth-rate curve 
of salmon (see Figure 1B). Without the ITS analysis there would have been a negative effect (as in 
Figure 1B), because at the end of the site cycle, when growth rate is lowest (Austreng et al., 1987), 
all site-cycles included in this study are BKD-positive. 

We did find a small effect of BKD on FCR. The FCR was overall higher, thus less optimal, 
when site cycles were infected with subclinical BKD. This higher FCR could be due to BKD, as 
disease can adversely affect FCR (Shinn et al., 2016). However, the increase in FCR was small and 
also for FCR here there was a large heterogeneity, so that this relationship was not present for each 
individual site cycle participating in the study. A general trend of the FCR over time within a 
production period is unclear and has been reported as constant at changing fish weight (Morkore 
and Rorvik, 2001) or increasing throughout the production period (Azevedo et al., 2004). If 



 

 

variation in this trend is similar for pens within a site cycle, it would have been expected to have 
little influence on study outcomes because the ITS analysis would have controlled for the trend.   

Even though growth rates and FCR are closely related, they represent different mechanisms 
as generally acknowledged. In this study, we demonstrated the importance of measuring both values, 
not only because there is a difference in overall effect between them, but also because the effect of 
some site cycles is different for FCR and growth rate. For example, fish could have an increased FCR 
but no effect on growth, implying more feed is needed (and thus additional costs for the farm) to 
achieve the same weight gain.  

Perhaps one of the most interesting outcomes of this study was that the variation in effects 
of BKD on mortality, growth and FCR between the site cycles could not, or only minimally, be 
explained by the variables that were available to us (Figure 2). As farms optimize their 
management of disease events, their changing husbandry may also contribute to negating 
influences and decreasing the ability to detect the influence of factors on BKD occurrence. Another 
explanation could be the presence of significant interactions between latent or unmeasured 
variables, which can be complex in open pen aquaculture. For example, zebra fish (Danoi rerio) 
studied with subclinical infections with microsporidia, showed no direct effect, but adding a 
stressor led to higher mortality and lower growth in infected zebra fish compared to non-infected 
zebra fish (Ramsay et al., 2009). 

A chronic infection, as is the case for BKD, may result from low pathogenicity of the disease 
agent, high natural resistance of the host, or acquired immunity by the host (Sindermann, 1990). In 
aquaculture, management strategies and not the natural cycles dictate the processes of life and 
death of a host population, therefore in order to understand the dynamics of the pathogen it is 
useful to look at the pathogen-host interaction in a natural situation. In studies of wild salmon, 
salmon of all age classes have been found to carry BKD (Banner et al., 1986; Paterson et al., 1981), 
which may imply that salmon carry their infection until they are able to return to their spawning 
rivers. In this way they infect future generations by vertical transmission, which is a proven method 
of transmission for R. salmoninarum (Evelyn et al., 1984; Wiens, 2011). Based on the results, we 
hypothesize that it may be the natural ecology of the pathogen to cause minimal interference with 
performance or the probability of successful spawning. Such a low pathogenicity could indicate that 
vertical transmission is the main strategy to propagate in the low-density host populations 
(Anderson and May, 1981) such as are the situations in wild salmon populations.  

4.2 Hierarchical ITS analysis  
Time series regression is a method that is developed during the last decade and is making 

its way into veterinary epidemiology. The hierarchical structure of the data, year classes in site 
cycles, provided an additional challenge. Previous research has shown that the variation between 
site cycles in time to first clinical BKD case was large (Boerlage et al., 2018). During the data 
exploration we found a similar characteristic in this study, and it was not meaningful to capture 
the long term variation in performance parameters by one single equation across all site cycles 
(results not shown). There large variation between site cycles may have a wide range of origins, 
such as variation in sea lice abundance (Boxaspen, 1997), seasons and years in which the site 
cycles operate (Westcott et al., 2008), management practices such as timing of treatments, 
nearby boat traffic, seal attacks, and appearance of zooplankton and phytoplankton blooms 
(Rodger et al., 2011). To deal with the hierarchical structure, we used one equation for a long-
term pattern for all fish groups within a site cycle. A similar approach was performed in (Jia et 
al., 2018), where different ponds with fish were modeled separately. The average numbers of fish 
groups per site cycle was 10 – 22 (Table 1), which provided sufficient observations to model the 
site cycles separately. Regardless of the complex multilevel structure of the data, we consider the 



 

 

hierarchical ITS analysis an appropriate and promising method for data obtained from open-
water salmon aquaculture farms.   
 The salmon aquaculture industry is characterized by rapid adoption of innovation and 
technology (Asche et al., 2013). Site workers may sit in off-site monitoring rooms in which 
many day-to-day operations, including monitoring fish behaviour and morbidity and adjusting 
feeding rates, are initiated and observed through computerized functions. Along with this 
automation, salmon aquaculture now generates and stores large volumes of data related to health 
and mortality of their fish stocks. These data exist in the form of time series following fish 
through production for the entire duration of their site cycles and these records continue to 
expand and improve in accuracy and validation (Føre et al., 2017). Such time-series data are an 
excellent source for TSR and related analysis. It is important to continue to explore and optimize 
the methodology that uses time-series analyses and to design on-farm record systems that are 
compatible with straightforward extraction of data relevant to studies of factors related to health 
and productivity.  
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TABLES 
 
Table 1. Summary statistics of site-level explanatory variables used in the model for the second step 
analysis.  

 

a: 8 missing observations 
b: 1 missing observation 
 

Continuous variables Mean (min – max) 
Number of fish groups 16 (10 – 22) 
Duration of fallow period previous 
to the site cycle (days)a 54 (17 – 110) 

Duration of the site cycle (weeks) 110 (89 – 125) 
Average number of sea lice 
treatments per fish group per 
week in the site cycleb 

0.022 (0 – 0.131) 

Categorical variables N (category – number of observations) 
BMA  1-5; 2-2; 3-2; 4-1; 5-6; 6-1 
Site  15  
Stocking season Spring-13; other-5 
Stocking year 2006-3; 2007-5; 2008-5; 2009-2; 2010-3 
Harvesting year 2008-3; 2009-4; 2010-5; 2011-3; 2012-3 



 

 

Table 2. Summary statistics around interruption: pre and post number of observations and difference between post and pre median mortality, 
growth and FCR. 

  Weekly  Monthly 

Site 
cycle 

 Number of observations Difference 
in median  

 Number of observations Difference  
in median 

 Pre 
interruption 

Post 
interruption 

Mortalitya, d  Pre 
interruption 

Post 
interruption 

Growthb,d FCRc,d 

1  505 742 -0.002  135 167 -0.077  0.368 
2  639 831 -0.023  158 197 -0.022  0.335 
3  300 1224  0.002  85 280 -0.032 -0.814 
4  1467 554  0.000  345 134  0.009 -0.855 
5  366 565  0.020  90 134 -0.034  0.293 
6  250 867 -0.003  74 193 -0.071 -0.379 
7  821 860 -0.008  204 204 -0.042  0.419 
8  294 705 -0.194  83 154 -0.065 -0.062 
9  597 1031 -0.016  140 244 -0.027  0.144 

10  893 1008  0.029  229 231 -0.051 -0.095 
11  1222 1136  0.011  314 254 -0.030  0.370 
12  1307 258  0.008  308 60 -0.033  0.075 
13  1059 939 -0.020  268 212 -0.034  0.400 
14  367 715 -0.002  94 165 -0.045 -0.033 
15  1147 367 -0.015  282 73 -0.023  0.226 
16  1205 785 -0.001  303 180 -0.039  0.526 
17  1292 770  0.012  313 175 -0.026  0.234 
18  742 701 -0.006  176 168 -0.023  0.177 

 a: Weekly percentage of dead fish relative to fish present (Mortality(w) as described in equation 1 multiplied by 100%). 
b: Weekly growth, relative to actual weight, and averaged per month (Growth(m) as described in equation 2). 
c: Monthly FCR (FCR(m) as described in equation 3).  
: Median value before and after interruption (and Q25, Q75) can be found in the electronic supplement in Table E1 and E2



 

 

FIGURES 
 
Figure 1. For mortality, growth, and FCR an example (site cycle 11) of the time series data. Data were 
transformed as follows: A) mortality by natural logarithm, B) growth by taking the square root of 
(growth + 0.4, and C) FCR by (-FCR^-0.75). The figures show weekly (mortality) or monthly (growth and 
FCR) observations (black circles), estimated seasonal effect (red dots), estimated long term trend (green 
dots), and the interruption (around June 2011) that represents the change in BKD status.   
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Figure 2. After hierarchical ITS analysis, the effect of the interruption on A) mortality, B) growth, and C) 
FCR per site. X-axis represents values of box-cox transformed variables after the interruption minus 
before the interruption, representing post-pre BKD difference.

 
A: Weekly relative mortality 
 

 
B: Monthly relative growth 

 
C: Monthly relative food conversion ratio 
  

NOTE: Weights are from random effects analysis
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ELECTRONIC SUPPLEMENTS 
Table E1. Summary statistics of mortality before and after the interruption, median, Q25 and Q75 per 
site cycle, as used in the model in the first step.  

Site 
cycle 

After 
interruption 

N Median Q25 Q75 

1 0 505 0.039 0.023 0.070 
1 1 742 0.037 0.020 0.076 
2 0 639 0.059 0.027 0.137 
2 1 831 0.035 0.020 0.064 
3 0 300 0.060 0.034 0.172 
3 1 1,224 0.062 0.032 0.152 
4 0 1,467 0.027 0.013 0.060 
4 1 554 0.027 0.020 0.046 
5 0 366 0.038 0.021 0.090 
5 1 565 0.058 0.033 0.093 
6 0 250 0.045 0.025 0.086 
6 1 867 0.042 0.015 0.100 
7 0 821 0.031 0.009 0.064 
7 1 860 0.023 0.013 0.045 
8 0 294 0.321 0.130 0.960 
8 1 705 0.127 0.037 0.423 
9 0 597 0.046 0.015 0.173 
9 1 1,031 0.030 0.015 0.094 

10 0 893 0.067 0.036 0.123 
10 1 1,008 0.096 0.044 0.208 
11 0 1,222 0.029 0.014 0.063 
11 1 1,136 0.040 0.022 0.065 
12 0 1,307 0.029 0.017 0.049 
12 1 258 0.037 0.019 0.077 
13 0 1,059 0.052 0.022 0.117 
13 1 939 0.031 0.016 0.069 
14 0 367 0.048 0.019 0.159 
14 1 715 0.046 0.014 0.234 
15 0 1,147 0.033 0.020 0.074 
15 1 367 0.018 0.012 0.037 
16 0 1,205 0.032 0.019 0.053 
16 1 785 0.031 0.014 0.057 
17 0 1,292 0.035 0.016 0.081 
17 1 770 0.048 0.020 0.132 
18 0 742 0.039 0.018 0.118 
18 1 701 0.033 0.021 0.059 

 



 

 

TableE2. Summary statistics of growth and FCR before and after the interruption, median per site cycle, 
as used in the model in the first step.  

Site 
cycle 

After 
interruption 

N Growth FCR 
Median Q25 Q75 Median Q25 Q75 

1 0 135 0.107 0.091 0.120 1.160 0.986 1.425 
1 1 167 0.030 0.013 0.047 1.528 1.293 2.038 
2 0 158 0.047 0.023 0.114 1.362 1.291 1.400 
2 1 197 0.025 0.007 0.045 1.698 1.478 2.061 
3 0 85 0.064 0.054 0.105 2.211 2.154 2.642 
3 1 280 0.032 0.010 0.058 1.397 1.264 1.829 
4 0 345 0.044 0.017 0.064 1.997 1.475 2.502 
4 1 134 0.053 0.027 0.124 1.143 0.914 1.681 
5 0 90 0.052 0.025 0.133 1.589 1.379 1.942 
5 1 134 0.018 0.004 0.035 1.882 1.555 2.591 
6 0 74 0.092 0.081 0.098 1.645 1.444 1.757 
6 1 193 0.021 0.014 0.034 1.266 1.046 1.519 
7 0 204 0.050 0.015 0.099 1.537 1.331 1.936 
7 1 204 0.008 0.002 0.032 1.956 1.207 3.065 
8 0 83 0.085 0.043 0.120 1.419 1.037 1.534 
8 1 154 0.021 0.009 0.036 1.357 1.214 1.811 
9 0 140 0.044 0.025 0.095 1.197 1.004 1.401 
9 1 244 0.017 0.009 0.032 1.341 1.264 1.487 

10 0 229 0.078 0.038 0.121 1.805 1.469 2.230 
10 1 231 0.028 0.017 0.047 1.710 1.350 2.101 
11 0 314 0.051 0.025 0.091 1.397 1.317 1.677 
11 1 254 0.021 0.004 0.032 1.766 1.498 2.028 
12 0 308 0.040 0.018 0.063 1.529 1.251 2.630 
12 1 60 0.007 0.005 0.008 1.604 1.490 1.67 
13 0 268 0.059 0.052 0.068 1.030 0.898 1.491 
13 1 212 0.026 0.019 0.035 1.430 1.285 1.888 
14 0 94 0.056 0.022 0.084 1.276 0.997 1.918 
14 1 165 0.011 0.005 0.026 1.243 1.116 1.335 
15 0 282 0.039 0.029 0.074 1.117 0.995 1.214 
15 1 73 0.017 0.007 0.062 1.343 1.130 1.417 
16 0 303 0.054 0.007 0.122 1.399 0.974 2.302 
16 1 180 0.015 0.008 0.027 1.926 1.547 2.458 
17 0 313 0.037 0.023 0.055 1.406 1.340 1.617 
17 1 175 0.011 0.007 0.021 1.640 1.480 1.885 
18 0 176 0.047 0.022 0.111 1.162 1.009 1.500 
18 1 168 0.024 0.010 0.039 1.339 1.243 1.408 

 
 



 

 

Table E3: Example of first stage model output for mortality in site cycle 1.  

Term* Coefficient SE p 95% CI 
Linear term for fish age -0.022 0.003 <0.01 -0.027 -0.017 
Quadratic term for fish age 0.000 0.000 <0.01 0.000 0.000 
BKD treatment -0.242 0.143 0.091 -0.522 0.038 
BKD positive 3.924 0.667 <0.01 2.616 5.232 

Random effect parameters Variance SE 95% CI 
Fish group  0.032 0.022 0.008 0.121 
Within-group first order 
autocorrelation 

rho 0.264 0.034 0.197 0.329 
var(e) 0.921 0.046 0.835 1.017 

*From this output are missing: the constant and Fourier terms for long term effects.  
 
Table E4. Results of random-effects meta regression of harvesting year on coefficients representing the 
effect of BKD status on growth.  

Variable β se P-value 
Harvesting year   0.04 

2008 Ref.   

2009 -0.088 0.033 0.02 
2010  0.017 0.032 0.61 
2011 -0.023 0.035 0.52 
2012  0.004 0.035 0.91 

I2 = 95% 
 
 
 
 


