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CHAPTER 1 

 

General introduction 
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History and current state of salmon aquaculture in Chile 

Salmonids are not native from the southern hemisphere. They were 

introduced in the wild in southern Chile in the 1900’s, voluntarily for recreational 

fishing purposes as well as escapes from ranching enterprises and later net-pen 

aquaculture. In particular, introductions of the four species that are of commercial 

farming interest today have been recorded in Chile: Atlantic salmon (Salmo salar), 

coho salmon (Oncorhynchus kisutch), Chinook salmon (Oncorhynchus 

tshawytscha) as well as rainbow trout (Oncorhynchus mykiss) (Pascual and 

Ciancio, 2007). Rainbow trout populations are found in most freshwater bodies, 

although most are freshwater residents rather than anadromous populations (Soto 

et al., 2006). Chinook salmon populations seem established (Ciancio et al., 2005), 

while Atlantic and coho salmons found in lakes appear to be escapees from 

commercial farming rather than results of a successful invasion (Soto et al., 2006). 

In the early 1920s, government institutions supported further introductions in 

order to develop domestic salmon fish production (United Nations, 2006). These 

efforts to acquire and further develop technologies to support commercial 

aquaculture have proven successful and salmon is now the country’s second export 

product, after copper (SalmonChile, 2020), while Chile is the second largest 

producer of salmon worldwide (Iversen et al., 2020). 

A shadow to the success of the salmonid aquaculture industry in Chile is the 

fish health burden caused by salmonid rickettsial septicaemia (SRS or 

piscirickettsiosis), a non-zoonotic bacterial infection caused by Piscirickettsia 

salmonis. The disease was first described in coho salmon in 1989 (Bravo and 

Campos, 1989) and has been causing significant losses to the industry in Chile to 

date. Rickettsia-like organisms very similar to P. salmonis have been described in 

various other countries and farmed finfish species (Rozas and Enriquez, 2014). The 

origin of the pathogen found in Chile remains unknown: it may have been 

introduced with imported salmonid eggs, or it may have been present in other 

finfish species before infecting the newly introduced salmonid species. While 

pathological lesions similar to SRS have been described in other locations, for 

example in British Columbia, rickettsia-like organisms do not cause clinical disease 

to the extent observed in Chile in other aquaculture production systems (Rozas and 
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Enriquez, 2014). While management measures to prevent and control SRS include 

antibiotic treatments, limiting fish stress, screening brood stock and vaccination 

(Rozas and Enriquez, 2014), the efficacy of these measures remain limited. As 

vaccines for SRS in field conditions are not very effective at controlling mortality 

outbreaks, antibiotic treatments remain the main tool available to Chilean 

producers to control SRS outbreaks. Consequently, the use of antibiotic treatments 

in the Chilean salmon aquaculture is much higher than in other large salmon 

producing countries such as Norway, Scotland and Canada (Miranda et al., 2018). 

The high level of antibiotic use is one of the main obstacles to the competitiveness 

of Chilean salmon on international markets, along the impacts of infectious salmon 

anaemia and harmful algae blooms on production volumes in the past decade 

(Poblete et al., 2019). Thus, SRS is considered a major threat to the future 

profitability and sustainability of the salmon industry in Chile (Ibieta et al., 2011). 

Many authors have documented both the challenges posed by such heavy use of 

antibiotics (Avendaño-Herrera, 2018) and the impacts of antimicrobial use in 

aquaculture on the health of people, animals and the marine environment 

(Burridge et al., 2010; Cabello, 2006; Cabello et al., 2013). The situation calls for a 

more systemic approach to disease management, which better considers the 

interplay between the host, pathogens and environment (Buschmann et al., 2009; 

Cabello and Godfrey, 2019).  

Context of the work and research questions 

To address these concerns, SRS became one of the main topics of a large joint 

government-industry program (‘Programa para la gestión sanitaria en la 

Acuicultura’, PGSA) initiated in 2017. The program aimed at systematically 

improving the management of fish health in the Chilean aquaculture, in particular 

in salmonid production. One of the projects looked at addressing some of the 

critical knowledge gaps about the SRS control in field conditions in Chile and 

providing fish health managers with evidence and insights to support their decision 

making in managing the disease on the farms. Building on previous work relative 

to the development of powerful and sustainable health information systems 

(Hutchison et al., 2018), a research platform was developed to integrate the health 
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and management data routinely collected on salmonid aquaculture farms, an 

initiative named PIISAC (‘Plataforma Integrada de Investigación Sanitaria para la 

Acuicultura’). This platform was then used to further examine the risk factors for 

SRS and evaluate the effectiveness of various interventions to control the disease 

in farmed salmon and trout in Chile.  

This thesis presents work conducted during and after the PIISAC project, 

with the overall objective to investigate how data may be used more effectively to 

improve the management of fish health in salmonid farming, in particular for 

salmonid rickettsial septicaemia in Chilean sea farms. The main research questions 

that are addressed in this dissertation are: 

1. Can the analysis of routine production and health data support assessments 

of the effectiveness of within-farm interventions to control SRS on sea 

farms? 

2. How can management systems be developed for fish health data that would 

better support both routine management but also epidemiological 

research? 

3. How is the aquaculture epidemiology community progressing towards 

sharing and re-using data?  

Outline of this thesis 

More specifically, this work used the PIISAC platform to investigate the effect 

of two within-farm interventions, antibiotic treatments (chapter 2) and improved 

control of sea lice (chapter 3), and to assess the role of between-farm 

dissemination as a potential source of infection for healthy farms (chapter 4). 

After the completion of the PIISAC project, the barriers to the adoption of the 

platform were analysed using a qualitative approach (chapter 5). Finally, taking 

a step back, the use and re-use of data in salmon epidemiological research was 

assessed more generally in a systematic review of published literature (chapter 

6). This dissertation is concluded with a general discussion, summarising the main 

lessons learned during this work and discussing some key overarching topics 

(chapter 7).  
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Abstract 

Salmonid rickettsial septicaemia (SRS) is the most important disease of 

farmed salmonid fish in Chile and the main driver of a high rate of antimicrobial 

use. This study evaluated the effectiveness of antimicrobial treatment of SRS 

outbreaks, using industry-generated data from 8318 cage-level production cycles 

stocked between 2003 and 2018. We defined SRS outbreaks by a specified level of 

SRS-attributed mortality over a 3-week period and calculated the mortality rate 

attributed to SRS and unknown causes during a follow-up period from the start of 

treatment until resolution of the outbreak. The post-treatment mortality rate was 

used as a proxy for assessing the effectiveness of the antimicrobial treatment on 

the magnitude of the SRS outbreak. After developing a causal diagram, we analyzed 

the data with generalized, mixed-effects regression models within an information-

theoretic framework. For producers of Atlantic salmon, our results suggest that 

treatment should be provided to all infected cages on the farm, without 

interruption, as soon as possible after the start of the SRS outbreak. For producers 

of rainbow trout, our results suggest that treatment should be initiated as early as 

possible after the start of the SRS outbreak and with longer treatment durations if 

using in-feed florfenicol treatments. In the rainbow trout model, the large 

proportion of unexplained variance at the company and farm level indicates that 

lessons can be learned from the experience of other companies and farms. This 

study demonstrates the value of integrating aquaculture industry-generated health 

and management data to support applied epidemiological research. 

 

Key words 

Aquaculture; epidemiology; salmonid rickettsial septicaemia; piscirickettsiosis; 

Atlantic salmon; rainbow trout; antimicrobial treatment; Chile 
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1. Introduction 

Salmonid rickettsial septicaemia (SRS) is a severe disease of salmonid fish 

associated with infection with the intracellular bacterium Piscirickettsia salmonis 

(Rozas and Enriquez, 2014). Since the disease was first described in Chile in 1989 

(Bravo and Campos, 1989), SRS has become one of the major production diseases 

of the Chilean salmonid aquaculture industry. The disease has also been detected 

in several other major salmon-producing countries including Norway (Olsen et al., 

1997) and Canada (Brocklebank et al., 1992). In Chile in 2017, SRS accounted for 

approximately 70% of all mortalities in Atlantic salmon attributed to infectious 

causes (Sernapesca, 2018a) and treatment of SRS accounted for almost 95% of the 

antimicrobial medication used in the salmon aquaculture industry (Sernapesca, 

2018b). The rate of antimicrobial use in 2017 – approximately 500 g of 

antimicrobial medication per ton of biomass harvested (Sernapesca, 2018b) – was 

the lowest rate of use in five years but was substantially higher than the rate of use 

(less than one gram per ton) in salmon in Scotland and Norway (Watts et al., 2017). 

The effect of SRS combined with the associated high rate of antimicrobial use is a 

major threat to the profitability and sustainability of the Chilean salmon 

aquaculture industry, with losses from SRS estimated to be as high as 

US$700 million per year (Maisey et al., 2017). Globally, there is growing concern 

about the potential effects of antimicrobial use in aquaculture in terms of 

antimicrobial resistance and associated threats to the health of people, animals and 

the marine environment (Cabello et al., 2013; Watts et al., 2017). In addition, the 

potential presence of antimicrobial residues in food products has major public 

health importance (Cabello, 2006; Okocha et al., 2018). Consequently, the salmon 

industry in Chile is seeking ways to move towards more prudent antimicrobial use 

(Barton and Fløysand, 2010). The rate of antimicrobial use in the Chilean salmonid 

industry reflects the high rate of occurrence of SRS, relatively poor responses to 

antimicrobial treatment (Almendras and Fuentealba, 1997; Price et al., 2016; 

Rozas and Enriquez, 2014) and limited effectiveness of other control measures 

such biosecurity, vaccination, reducing fish stress and early harvest (Evensen, 

2016). Antimicrobial resistance of P. salmonis to florfenicol or oxytetracycline 



12 

 

appears uncommon (Henriquez et al., 2016) and it is critical to identify other 

factors that may explain the limited effectiveness of treatments.  

Studies of antimicrobial effectiveness in aquaculture typically take the form 

of randomized controlled trials or prospective cohort studies (Coyne et al., 2006; 

Martinsen et al., 1993; Namdari et al., 1998; Samuelsen et al., 1998). Although 

randomized controlled trials are considered to provide the highest quality of 

evidence (Dohoo et al., 2003), they are seldom conducted in commercial 

aquaculture settings because of high cost and the reluctance of producers to 

participate in a study in which random allocation to a potentially inferior treatment 

group may result in production losses. Prospective cohort studies are appropriate 

as a form of observational study; however, the costs of recruitment and data 

collection using traditional means often constrain sample size and reduce study 

power and the ability to detect subtle differences in treatment effectiveness. 

Consequently, there are few published studies on the effectiveness of antimicrobial 

treatment to control SRS in farmed salmon (Price et al., 2016; Mardones et al., 

2018), despite the importance of SRS and strong reasons to reduce antimicrobial 

use. Alternatively, retrospective studies of industry-generated data may provide 

insights without the need for resource-intensive data collection (Hutchison et al., 

2018).  

In this study, we used industry-generated data to evaluate the effectiveness 

of antimicrobial treatment of SRS in farmed salmonid fish in commercial 

aquaculture systems in Chile. We aimed to identify and quantify the effect of 

factors related to fish health and susceptibility, treatment, management and 

environment on the effectiveness of specific antimicrobial treatment regimens and 

to recommend antimicrobial treatment strategies that minimize mortality 

associated with SRS outbreaks. 

2. Methods 

2.1. Study design 

This population-based open cohort study investigated the effect of a range of 

potential risk factors on the effectiveness of antimicrobial treatment to reduce 

mortality during SRS outbreaks. A literature review was conducted to identify all 
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factors associated with antimicrobial treatment for SRS, in vitro and in vivo, as well 

as factors associated with SRS incidence and mortality. In parallel, two workshops 

were conducted to elicit these factors and their relationships, in an approach 

similar to a method previously used (Inam et al. 2015) and following good practice 

for stakeholder engagement (Reed, 2008). The workshops gathered 22 and 35 

stakeholders from the Chilean salmonid industry, in March and May 2018, 

respectively. Results from the stakeholder consultation and literature review were 

combined to develop a causal diagram (Greenland et al., 1999) indicating 

postulated causal relationships between explanatory variables and the 

effectiveness of antimicrobial treatment (Figure Suppl 1.1). All potential factors 

influencing post-treatment SRS mortality were extracted from the causal diagram. 

After discarding factors for which no data were available, 20 factors were retained 

for the analysis. We identified biologically plausible hypotheses for each of the 

remaining factors, classified into four groups: (1) hypotheses related to 

antimicrobial treatment, (2) hypotheses related to factors about fish health and 

susceptibility, (3) hypotheses related to management practices, and (4) hypotheses 

related to environmental conditions (Table Suppl 1.1). 

2.2. Setting 

The seawater phase of salmonid production in Chile is located in regions X 

(Los Lagos), XI (Aysén) and XII (Magallanes), ranging from -55° to -40° of latitude. 

As of May 2018, 21 companies were in operation, producing Atlantic salmon 

(Salmo salar), coho salmon (Oncorhynchus kisutch) and rainbow trout 

(Oncorhynchus mykiss). The three regions are divided into management areas 

(also called neighbourhoods) (Sernapesca, 2009), where sea farms are located. 

Within a farm, fish are housed in a variable number of separate cages.  

At the time of this study, 7 companies operating in regions X and XI were 

voluntary participants in a research project that included integration of their health 

and production data in an online platform designed to support epidemiological 

research (‘Plataforma Integrada de Investigación Sanitaria para la Acuicultura 

Chilena’, PIISAC). This research project was part of a larger government-executed 

initiative supported by funding from a Chilean public-private partnership. The 
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study population comprised all farms and cage-level production cycles managed by 

the companies participating in PIISAC during the period August 2003 to May 

2018. During this period, approximately 830 farms reported at least one 

production cycle, with an average of 300 (range 240 – 380) farms in production 

during any given week (Sernapesca, personal communication). 

2.3. Variables 

2.3.1. Unit of analysis 

The unit of analysis was the cage-level SRS outbreak. We defined the start of 

a cage-level SRS outbreak as the first day of a 3-week period during which the 

average weekly cage-level SRS-attributed mortality risk was greater than 0.05%. 

This threshold defining the start on an outbreak was based on inspection of cage-

level epidemic curves, published literature and consultation with producers, with 

consideration to the implications of different thresholds on the sensitivity and 

specificity of the outbreak definition. We defined the end of an SRS outbreak as the 

first day of a 3-week period during which the average weekly cage-level mortality 

risk attributed to both SRS and unknown causes was less than 0.1%. We used SRS-

attributed mortality (rather than all-cause mortality) to define the start of an SRS 

outbreak, assuming that management decisions to control SRS are based on SRS-

attributed mortality.  

During the two workshops, industry personnel highlighted that the majority 

of ‘unknown cause’ mortalities during an SRS outbreak are thought to be 

associated with SRS. External examination of dead fish and even post-mortem 

examination have a relatively low sensitivity given the unspecific nature of external 

signs and the occurrence of subclinical disease (Rozas and Enriquez, 2014). As a 

consequence, we included mortalities attributed to unknown causes in both the 

end-of-outbreak threshold and the outcome measure (next section). This is 

consistent with the approach used in previous studies on SRS, where total 

mortality was used after a diagnosis of SRS was reached on a farm (Jakob et al. 

2014; Price et al., 2016). 
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2.3.2. Outcome: post-treatment mortality 

The outcome of interest was the rate of mortality attributed to either SRS or 

unknown causes during the period from the first day of treatment to the end of the 

outbreak (the post-treatment follow-up period). The outcome is referred to as 

‘post-treatment mortality’ in the remainder of this manuscript and used as a proxy 

for effectiveness of the antimicrobial treatment. Cause of death was based on 

classification by farm personnel based on physical examination, necropsy or (in 

some cases) laboratory test results.  

2.3.3. Primary exposure: antimicrobial treatment type 

The primary exposure was the antimicrobial treatment type administered 

during the first treatment event of each SRS outbreak, with treatment type defined 

by active ingredient (florfenicol, oxytetracycline or first-generation 

fluoroquinolones) and route of administration (in-feed or by injection). Treatment 

events were defined as consecutive days of administration of a specific treatment 

type, with gaps between treatment days no longer than 6 days. Only outbreaks with 

at least one treatment event were used in the analysis. Data on dosage were not 

available in a consistent format and could not be used in this analysis. 

2.3.4. Other exposure variables 

Table 1 describes other exposure variables considered in this study, which 

were identified in relation to each of the hypotheses. These variables are also 

possible confounders of the association between the antimicrobial treatment type 

and post-treatment mortality. Sea lice count data were not available at the time of 

analysis, so lice burden was represented by two variables: the time since the last 

lice treatment and the total number of lice treatments from smolt entry until the 

SRS outbreak. In the absence of a standard measure of smolt quality, this factor 

was represented by the all-cause mortality during the first four weeks at sea and 

the smolt weight at sea entry.  

We calculated area infection pressure using regulatory data (in order to 

include the SRS infection status of all farms that were active in the period prior to 
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each outbreak) and a previously published method (Rees et al., 2014). All farms in 

a radius of 10 km were considered, given that the influence of SRS-infected farms 

appears to not exceed that range (Rees et al., 2014). The seaway distance between 

farms was computed using a least-cost path algorithm implemented in Python and 

the geographical coordinates of sea farms (Sernapesca, personal communication). 

 

Table 1 Definition of exposure variables considered in a study of the effectiveness of 

antimicrobial treatment of SRS, by hypotheses group. 

Variable name Definition (and unit where relevant) 

Hypotheses group 1: antimicrobial treatment factors 

Treatment type Variable comprising the active ingredient (3 levels: florfenicol, 
oxytetracycline and first-generation fluoroquinolones) and the route of 
administration (2 levels: in-feed and injection) 

Treatment duration Duration of treatment, which may include days when the treatment was 
interrupted (days) 

Hypotheses group 2: fish-level factors 

Mortality from other 
diseases 

Mortality rate attributed to infectious causes other than SRS and 
unknown causes over the 21 days preceding the beginning of treatment 
(per fish-day-at-risk). Other diseases include, for example, infectious 
pancreatic necrosis, bacterial kidney disease and fungal diseases. 

Time since lice 
treatment 

Number of days between the last lice treatment and the beginning of 
antimicrobial treatment; proxy for lice burden 

Number of lice 
treatments 

Number of days when a lice treatment was administered between the 
beginning of the cycle and the beginning of treatment; proxy for lice 
burden 

Biomass density Biomass density at the beginning of treatment (kg/m3) 

Time at sea Number of degree-days between the beginning of the cycle and the 
beginning of treatment 

Smolt weight Average fish weight at sea entry (grams) 

Smolt mortality All-cause mortality rate during the first 28 days at sea (per fish-day-at-
risk) 

Time since vaccine  Number of days between the last SRS vaccination and the beginning of 
treatment; proxy for SRS-specific immunity 

Weight variability Coefficient of variation of the fish weight within the cage, estimated at 
one point in time during the production cycle. Included in the post hoc 
analysis due to missing data 

Hypotheses group 3: management factors 

Treatment continuity Proportion of actual treatment days (number of days when the drug was 
effectively administered divided by treatment duration) 

Time to treatment Number of degree-days between the beginning of the outbreak and the 
beginning of treatment 
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Variable name Definition (and unit where relevant) 

Pre-treatment SRS 
mortality  

SRS-attributed mortality rate during the 21 days preceding the 
beginning of treatment (per fish-day-at-risk) 

Pre-treatment 
unknown mortality  

Unknown-cause mortality rate during the 21 days preceding the 
beginning of treatment (per fish-day-at-risk) 

Pre-treatment farm 
coverage 

Proportion of cages within a farm treated with antimicrobials during the 
21 days before the start of treatment 

Post-treatment farm 
coverage 

Proportion of cages within a farm treated with antimicrobials over the 
post-treatment follow-up period 

Hypotheses group 4: environmental factors 

Water temperature Average sea temperature during the follow-up period (degrees Celsius) 

Turbidity Mean water turbidity for the 21 days before the start of treatment. 
Included in the post hoc analysis due to missing data 

Oxygen Mean dissolved oxygen concentration for the 21 days before the start of 
treatment (mg/L). Included in the post hoc analysis due to missing data  

Salinity  Mean salinity for the 21 days before the start of treatment (parts per 
trillion). Included in the post hoc analysis due to missing data 

Area infection 
pressure 

SRS infection pressure arising from nearby farms during the 21 days 
before the start of treatment, calculated as the weighted density average 
of the SRS mortality rate on all farms within a 10 km radius. The 
variable was computed as the product of the SRS mortality rate on each 
neighbor farm and a weight obtained from the seaway distance between 
farms, and a Gaussian kernel density with a bandwidth equal to the 
geometric mean of a random sample of the observed bandwidths, 
divided by the sum of weights. The SRS mortality rates were extracted 
from the regulatory mortality declarations to obtain data from all active 
farms.  

Farm infection 
pressure 

Local SRS infection pressure calculated as SRS mortality rate in other 
cages from the same farm over the 21 days before the start of treatment 
(per fish-day-at-risk). In the absence of data on the spatial location of 
cages with each site, all cages within a site were considered equal when 
calculating the farm infection pressure. 

 

2.3.5. Confounder variables 

In addition to the variables listed in  

Table 1, six variables were included in each of the regression models because 

a priori they were believed to potentially confound the association between the 

explanatory variables and the outcome. These variables were farm location 

(expressed as latitude and longitude of the centroid of the lease), rank of the 

outbreak within the production cycle (outbreaks were ranked by order of 

appearance in each cycle), number of subsequent treatments during the outbreak 

and calendar day of the beginning of the outbreak. The occurrence of harvest 

during outbreaks (harvest before resolution) and the number of subsequent 
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treatments were also included as confounding variables for the same reason: they 

are critical management variables and were therefore included in all models rather 

than as separate hypotheses. Harvest-truncated outbreaks (i.e. where harvest 

occurred before resolution of the outbreak) were included in the analysis because 

harvest to reduce diseases losses is an important management option for 

producers, these outbreaks represented a large proportion (34%) of the data, and 

their exclusion did not substantially affect the model results. 

2.4. Data sources and management 

We extracted daily cage-level records from each company’s database and 

compiled these in an integrated PostgreSQL database within PIISAC. All farms, 

cages and groups of fish included in the data provided by participating companies 

were eligible for analysis. Production cycles were considered valid when the 

duration was six months or more and the initial weight of the smolt was less than 

500 g: these criteria ensured that broodstock farms were not erroneously included 

in the analysis. The PIISAC database also included mortality declarations for all 

active salmonid sea farms in Chile from the regulatory database (Sistema de 

Información para la Fiscalización de Acuicultura) of the Chilean National Fisheries 

and Aquaculture Service (Sernapesca). 

2.5. Statistical methods 

2.5.1. Model building  

Consistent with the information-theoretic approach proposed by Burnham 

and Anderson (2002), we defined a series of statistical models based on the 

hypotheses developed a priori. The modelling adopted a generalized linear mixed 

effect regression framework (Bates et al., 2015), implemented in the R statistical 

environment (R Core Team, 2018). A minimal model was defined that included the 

potential confounders described above and several variables that represented 

clustering of the data: management area, farm and cage were modelled as nested 

random effects, while region and company were included as fixed effects because 

these variables were comprised of a small number of categories.  
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The statistical models considered were either a single variable hypothesis 

model, which added the exposure variable(s) or interaction term corresponding to 

a given hypothesis to the minimal model described above, or a block model that 

included all variables related to a hypothesis group. The four variable blocks, 

corresponding to each of the four hypothesis groups, were added singly, pairwise, 

three at a time and all four together to the minimal model, to define a total of 

15 separate block combinations. The model containing all four blocks of variables 

was termed the maximal model.  

2.5.2. Model fitting  

We used negative binomial models of the post-treatment mortality count 

because initial data exploration showed count overdispersion relative to a Poisson 

distribution. The post-treatment mortality count was offset by the total number of 

fish-days-at-risk during the follow-up period, effectively modelling the outcome as 

a mortality rate (Dohoo et al., 2003). Atlantic salmon and rainbow trout were 

modelled separately. We were unable to develop a robust statistical model for coho 

salmon because of the small number of outbreaks observed in this species. Atlantic 

salmon and rainbow trout are referred to as ‘salmon’ and ‘trout’ in the remainder 

of the manuscript. Each continuous explanatory variable was centered and scaled 

to a z-score. Variables with a high variance inflation factor (> 3) were dropped from 

the models in which they appeared (Zuur et al., 2010): this affected the time since 

lice treatment in the trout models and longitude in the salmon models. Residual 

and fitted value plots were used to assess the model fit and the influence of 

individual data points. 

2.5.3. Model selection 

The 38 resulting models (22 single variable hypothesis models, 15 block 

models and the minimal model) were ranked according to their Akaike weight 

computed from their bias-corrected Akaike information criterion (AICc) (Akaike, 

1974). The Akaike weights reflect the extent to which each model is supported by 

the data and thus provide a ranking of the hypotheses considered. The model-

averaged coefficients presented are an average of the coefficients from each of the 
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models with a non-zero Akaike weight, weighted by the Akaike weights of each 

model. Posterior marginal means were computed from the maximal model (Lenth, 

2018). Where multiple pairwise comparisons were made, standard errors of the 

differences between two means were adjusted according to the Tukey method. 

2.5.4. Post-hoc modelling 

With the information-theoretic approach, all models included in the 

selection process must be fitted to the same dataset. Several variables – coefficient 

of variation in fish weight, dissolved oxygen, salinity and turbidity – had a large 

number of missing values and were excluded from the main dataset to retain the 

largest possible amount of data for model selection. To investigate the role of these 

variables on post-treatment mortality, we added these explanatory variables one at 

a time to the final model for each species.  

3. Results 

3.1. Descriptive results 

The Atlantic salmon dataset comprised 4782 complete production cycles and 

3183 outbreaks of SRS with at least one antimicrobial treatment event. The 

rainbow trout dataset comprised 2755 complete production and 1149 outbreaks of 

SRS with at least one treatment event. Outbreaks of SRS occurred in 174 farms in 

42 management areas, and 62% of salmon cages and 78% of trout cages 

experienced at least one SRS outbreak during the production cycle. In salmon, 

outbreaks lasted on average 66 days in total, including an average of 15 days after 

the end of treatment. The corresponding values in trout were 74 and 29 days, 

respectively. Table 2 shows the distribution of the outcome and selected 

continuous exposure variables for the SRS outbreaks included in the analysis. In 

salmon, the treatment types used during SRS outbreaks were mostly in-feed 

florfenicol (N = 2825, 89%) and in-feed oxytetracycline (N = 289, 9%), with some 

outbreaks being treated with injectable oxytetracycline (N = 47, 1%) or in-feed first-

generation fluoroquinolones (N = 17, <1%). In trout, the treatment types were in-

feed florfenicol (N = 741, 64%), injectable oxytetracycline (N = 140, 12%), 
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injectable florfenicol (N = 130, 11%), in-feed oxytetracycline (N = 110, 9%) and in-

feed first-generation fluoroquinolones (N = 28, 2%). 

 

Table 2 Summary of the outcome and selected exposure variables for the SRS outbreaks 

in salmon (N=3183) and trout (N=1149) included in a study of the effectiveness of 

antimicrobial treatment of SRS. 

 Species Variable Min Q1  Median Mean Q3  Max 

Atlantic 
salmon 

Post-treatment mortality 
(rate per 100,000 fish-days-
at-risk) 

0.0 15 29 49 52 1513 

Time at sea (degree-days) 10 2249 3276 3153 4106 5739 

Treatment duration (days) 1 14 16 17 20 53 

Treatment continuity (%) 38 94 100 95 100 100 

Time to treatment (degree-
days) 

8 162 268 426 454 4791 

Pre-treatment SRS mortality 
(rate per 100,000 fish-days-
at-risk) 

0.0 2.8 6.5 18 15 786 

Total outbreak duration 
(days) 

1.0 31 47 66 74 550 

Post-treatment outbreak 
duration (days) 

<0.0* <0.0* 5.0 15 17 432 

Rainbow 
trout 

Post-treatment mortality rate 
(per 100,000 fish-days-at-
risk) 

0.0 26 53 170 133 7101 

Time at sea (degree-days) 513 1784 2142 2146 2553 8176 

Treatment duration (days) 1 10 15 14 18 39 

Treatment continuity (%) 55 94 100 95 100 100 

Time to treatment (degree-
days) 

10 161 315 406 531 1755 

Pre-treatment SRS mortality 
rate (per 100,000 fish-days-
at-risk) 

0.0 4.5 13 32 34 982 

Total outbreak duration 
(days) 

2.0 34 62 74 99 305 

Post-treatment outbreak 
duration (days) 

<0.0* 1.0 15.0 29 41 253 

* these values were negative, indicating that the outbreak was considered as resolved before the end 

of the treatment. 

Q1: first quartile, Q3: third quartile 
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3.2. Atlantic salmon models 

Two multivariable models were supported by the Atlantic salmon data (Table 

Suppl 2.1), both of which included the block of variables corresponding to 

management and environmental hypotheses. The most supported model 

comprised only the management and environmental blocks of variables (Akaike 

weight 90%), while the other supported model also included the block of variables 

corresponding to fish-level hypotheses. The models ranked third and fourth had a 

12- and 16-point difference in AICc with the first model, indicating a modest 

difference in fit. An AICc difference of 181 points separated these four models from 

the fifth-ranked model, suggesting that the most supported models provide a much 

better fit to the data than any of the other models. 

Table 3 Adjusted incidence rate ratios of SRS-attributed mortality based on model 

averaging of the two supported models for Atlantic salmon (N=3183). 

Variable  Rate 
ratio  

95% CI 
lower 

95% 
CI 
upper 

P-value 

Management variables     

Treatment continuity 0.91a 0.88 0.94 <0.01 

Time to treatment 1.25 1.16 1.34 <0.01 

Pre-treatment SRS mortality 1.52 1.44 1.61 <0.01 

Pre-treatment unknown mortality 1.38 1.31 1.44 <0.01 

Pre-treatment farm coverage 0.87 0.84 0.91 <0.01 

Post-treatment farm coverage 1.10 1.05 1.15 <0.01 

Fish variables     

Biomass density 1.02 0.96 1.09 0.53 

Time at sea 0.98 0.93 1.03 0.42 

Mortality from other diseases 0.99 0.96 1.03 0.67 

Smolt weight 0.97 0.93 1.01 0.13 

Smolt mortality 1.04 1.00 1.07 0.03b 

Time since lice treatment 0.96 0.91 1.03 0.25 

Number of lice treatments 0.92 0.87 0.98 0.01 

Time since vaccine 1.06 1.01 1.12 0.01 

Environment variables     

Area infection pressure 1.00 0.97 1.03 0.94 

Farm infection pressure 1.36 1.29 1.43 <0.01 
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Variable  Rate 
ratio  

95% CI 
lower 

95% 
CI 
upper 

P-value 

Water temperature 1.20 1.14 1.27 <0.01 

Confounding variables     

Calendar day 1.28 1.15 1.42 <0.01 

Calendar day, squared 1.03 0.95 1.11 0.46 

Calendar day, cubed 0.90 0.84 0.96 <0.01 

Latitude 0.85 0.64 1.14 0.23 

Harvest before resolution No 1 (reference category) 

Yes 0.79 0.72 0.87 <0.01 

Outbreak rank 1st outbreak 1 (reference category) 

2nd outbreak 1.07 0.98 1.16 0.10 

3rd outbreak 1.02 0.87 1.19 0.80 

4th outbreak 0.73 0.49 1.10 0.10 

5th outbreak 0.68 0.19 2.38 0.49 

Additional treatments None 1 (reference category) 

1 additional 
treatment 

0.58 0.51 0.65 <0.01 

2 additional 
treatments 

0.42 0.34 0.52 <0.01 

3 additional 
treatments 

0.32 0.21 0.49 <0.01 

4 additional 
treatments 

0.11 0.04 0.27 <0.01 

Region Region 10 1 (reference category) 

Region 11 0.80 0.46 1.39 0.39 

CI = confidence interval; FLO = florfenicol; FLU = first-generation fluoroquinolones; OTC = 

oxytetracycline 

a Parameter estimates of continuous variables are presented for the scaled variables. 

b Apparent small discrepancies with confidence intervals including 1 but P values smaller than 0.05 

are due to the model averaging procedure. They only occurred for variables that were not significant 

in all models, and which were associated with a large standard error estimate in at least one of the 

models. Such estimates were interpreted with caution and did not substantially influence the overall 

results. 

 



24 

 

 

The bars correspond to the 95% prediction intervals of the marginal means. Marginal means 

corresponding to a given intervention with different superscripts were significantly different, based 

on comparison of the adjusted standard errors of the differences between two means. FLO: 

florfenicol; FLU: first-generation fluoroquinolones; OXY: oxytetracycline; inj.: injectable; dd: degree-

days. 

Figure 1  Posterior marginal means and comparisons of the effect of selected 

interventions on the SRS-attributed mortality after treatment in Atlantic 

salmon.  

In-feed oxytetracycline appeared less effective than injectable 

oxytetracycline in salmon when using multiple comparisons based on the maximal 

model (Figure 1). However, the treatment type variable was not retained in the 

averaged model (Table 3), as it did not appear in any of the model components with 

non-zero weight in the model selection procedure.  

All the management factors were statistically significant predictors of 

mortality incidence rate. Reducing treatment interruptions by one standard 

deviation decreased the post-treatment mortality rate by 9% (95% CI 6%–12%). 

Decreasing the time to treatment from the mean to one standard deviation below 

the mean resulted in a 20% (95% CI 14%–25%) decrease in the post-treatment 
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mortality rate. Treatments initiated when SRS mortality was one standard 

deviation lower than the average mortality at the start of treatment were associated 

with a 34% (95% CI 31%–38%) lower post-treatment mortality. Last, increasing 

the pre-treatment farm coverage (proportion of cages treated in the 21 days prior 

to treatment) by one standard deviation from the mean reduced the post-treatment 

mortality by 13% (95% CI 9%–16%). Posterior marginal means associated with 

different management practices are shown in Figure 1. 

Among the other primary exposures, duration of treatment was not retained 

in the averaged model. The number of lice treatments, the time since last SRS 

vaccine and the smolt mortality were significant fish-level factors. The number of 

lice treatments had a negative association with the post-treatment mortality, while 

the time since last SRS vaccine and the smolt mortality had positive associations. 

Significant environmental factors were the farm infection pressure and the water 

temperature. 

Variables included as potential confounders that were significantly 

associated with post-treatment mortality included calendar day of beginning of the 

outbreak, number of subsequent treatments and harvest before resolution. The 

association of calendar day with the outcome via a cubic function indicates a 

seasonal effect, where post-treatment mortality was highest in summer and lowest 

in winter. No hypothesis testing was conducted for turbidity because most of the 

data were missing (turbidity data available for only 1.5% (N = 82) of outbreaks). Of 

the remaining hypotheses, higher levels of dissolved oxygen in the 21-day period 

before treatment were associated with significantly greater effectiveness of 

treatment (incidence rate ratio 0.90, CI 0.86–0.95). Salinity and within-cage 

weight variability were not statistically significantly associated with post-treatment 

mortality (P>0.05).  

3.3. Rainbow trout models 

Only the maximal model was supported by rainbow trout data (Table Suppl 

2.2). The model ranked second had a 24-point difference in AICc with the first 

model, indicating a modest difference in fit. 
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Table 4 Adjusted incidence rate ratios of SRS-attributed mortality based on the maximal 

model (only one model was selected for the model averaging step) for rainbow 

trout (N=1149). 

Variable Rate ratio 95% 
CI 
lower 

95% CI 
upper 

P-value 

Treatment variables 

Treatment typea FLO – in-feed 1 (reference category) 

FLO – injection 0.51 0.34 0.78 <0.01 

OTC – in-feed 1.18 0.70 1.99 0.54 

OTC – injection 0.63 0.37 1.09 0.10 

Treatment duration 0.62b 0.53 0.72 <0.01 

Management variables     

Treatment continuity 0.96 0.88 1.04 0.34 

Time to treatment 1.00 0.86 1.17 0.96 

Pre-treatment SRS mortality 1.68 1.53 1.85 <0.01 

Pre-treatment unknown mortality 1.24 1.11 1.39 <0.01 

Pre-treatment farm coverage 0.99 0.90 1.09 0.81 

Post-treatment farm coverage 0.91 0.83 1.00 0.03 

Fish variables     

Biomass density 0.96 0.89 1.03 0.25 

Time at sea 0.84 0.76 0.93 <0.01 

Mortality from other diseases 0.96 0.89 1.04 0.31 

Smolt weight 1.06 0.96 1.17 0.28 

Smolt mortality 1.06 0.99 1.13 0.11 

Number of lice treatments 2.05 1.67 2.51 <0.01 

Time since vaccine 1.06 0.95 1.18 0.27 

Environment variables     

Area infection pressure 1.10 1.02 1.19 0.01 

Farm infection pressure 1.07 0.97 1.17 0.18 

Water temperature 1.24 1.07 1.44 <0.01 

Confounding variables     

Calendar day 0.56 0.45 0.70 <0.01 

Calendar day, squared 1.05 0.89 1.24 0.54 

Calendar day, cubed 1.32 1.18 1.48 <0.01 

Latitude 0.76 0.32 1.81 0.53 

Longitude 1.08 0.79 1.48 0.63 
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Variable Rate ratio 95% 
CI 
lower 

95% CI 
upper 

P-value 

Harvest before 
resolution 

No 1 (reference category) 

Yes 1.15 0.97 1.37 0.10 

Outbreak rank 1st outbreak 1 (reference category) 

2nd outbreak 0.74 0.62 0.88 0.01 

3rd outbreak 0.51 0.30 0.88 0.02 

4th outbreak 0.92 0.23 3.63 0.91 

Additional 
treatments 

None 1 (reference category) 

1 additional 
treatment 

1.15 0.92 1.44 0.23 

2 additional 
treatments 

0.99 0.67 1.47 0.96 

3 additional 
treatments 

0.40 0.18 0.88 0.02 

4 additional 
treatments 

0.14 0.02 0.84 0.03 

5 additional 
treatments 

0.23 0.04 1.52 0.13 

Region Region 10 1 (reference category) 

Region 11 0.97 0.16 6.00 0.97 

Interaction 
between treatment 
type and treatment 
duration 

FLO – in-feed 1 (reference category) 

FLO – injection 1.94 1.46 2.59 <0.01 

OTC – in-feed 1.23 0.92 1.66 0.16 

OTC – injection 1.44 1.06 1.95 0.02 

Interaction 
between treatment 
type and time to 
treatment 

FLO – in-feed 1 (reference category) 

FLO – injection 1.01 0.64 1.62 0.95 

OTC – in-feed 1.34 0.97 1.87 0.08 

OTC – injection 0.93 0.71 1.22 0.60 

Interaction 
between treatment 
type and time at sea 

FLO – in-feed 1 (reference category) 

FLO – injection 1.17 0.73 1.89 0.51 

OTC – in-feed 0.97 0.67 1.40 0.87 

OTC – injection 1.33 0.97 1.81 0.08 

Interaction 
between treatment 
type and water 
temperature 

FLO – in-feed 1 (reference category) 

FLO – injection 0.64 0.45 0.89 0.01 

OTC – in-feed 0.73 0.45 1.19 0.21 

OTC – injection 0.88 0.68 1.15 0.34 

CI = confidence interval; FLO = florfenicol; OTC = oxytetracycline;  

a The model initially included observations of in-feed first-generation fluoroquinolones. However, the 

small number of observations (N = 28) led to extremely large, unstable standard error estimates. 

Consequently, these observations were dropped from the analysis and are not presented in this table.  
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b Parameter estimates of continuous variables are presented for the scaled variables. 

 

 

The bars correspond to the 95% prediction intervals of the marginal means. Marginal means 

corresponding to a given intervention with different superscripts were significantly different, based 

on comparison of the adjusted standard errors of the differences between two means. FLO: 

florfenicol; OXY: oxytetracycline; inj.: injectable. 

Figure 2  Posterior marginal means and comparisons of the effect of selected 

interventions on the SRS-attributed mortality after treatment in rainbow trout.  

Injectable florfenicol was more effective that in-feed florfenicol in trout 

(Table 4). Outbreaks treated with injectable florfenicol had a post-treatment 

mortality rate 49% (95% CI 22%–66%) lower than those treated with in-feed 

florfenicol. Other treatment types did not perform significantly better or worse 

than in-feed florfenicol. The treatment duration was significantly associated with 

the treatment effectiveness for florfenicol, but not for oxytetracycline. Treatment 

for 15 days rather than 10 days reduced the post-treatment mortality rate by 25% 

for florfenicol (Figure 2). 

Among the management factors, pre-treatment mortality attributed to SRS 

and unknown causes, and the post-treatment farm coverage, had a statistically 
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significant association with the post-treatment mortality. Treating when SRS 

mortality was one standard deviation lower than average was associated with a 

40% (95% CI 35%–46%) lower post-treatment mortality rate. 

Four additional exposures were significant: two fish-level factors (number of 

lice treatments and the time at sea) and two environmental factors (area infection 

pressure and water temperature). For in-feed florfenicol treatment, post-treatment 

mortality was lower in larger fish and in colder water. Time at sea and water 

temperature did not have a significant effect on post-treatment mortality for other 

treatment types. Among the potential confounders, three variables had a 

significant association with the post-treatment mortality: the rank of the outbreak 

within the production cycle, the number of subsequent treatments and the 

calendar day of the beginning of the outbreak. The association of calendar day with 

the outcome indicated a seasonal effect similar to the effect observed in salmon. 

None of the explanatory variables tested in the post-hoc analysis (weight 

variability, dissolved oxygen and salinity) was found to be statistically significant.  

3.4. Explanatory power and variance distribution 

The conditional R2 estimates for the supported models were 59% for salmon 

and 72% for trout. In salmon, the random effects captured only a small part of the 

variance not explained by the fixed effects (2%, 5% and 5% at the management 

area, farm and company levels, respectively). In trout, the company- and farm-

specific effects captured a larger proportion of the unexplained variance (34% and 

22%, respectively). 

4. Discussion 

Insights from this study suggest several practical ways to increase the 

effectiveness of antimicrobial treatment of SRS. For producers of Atlantic salmon, 

our results show that treatment should be provided to all infected cages on the 

farm, without interruption, as soon as possible after the start of an SRS outbreak. 

For producers of rainbow trout, treatment should be initiated as early as possible 

after the start of an SRS outbreak, with longer treatment durations if using in-feed 

florfenicol treatments. In addition, lessons may be learned from the experience of 

other trout companies and farms, as shown by the large proportion of unexplained 
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variance at the company and farm level. The descriptive analysis showed that, 

despite being treated around the same time after the beginning of an SRS outbreak, 

the post-treatment mortality rate in trout was much higher than in salmon (on 

average, 170 and 49 per 100,000 fish-days-at-risk, respectively), suggesting that 

antimicrobial treatments are not very effective in controlling SRS in trout. In 

addition, outbreaks in trout tended to last longer than outbreaks in salmon. Price 

et al. (2018, 2019) showed that trout had higher concentrations of florfenicol in 

tissues than salmon during the course of in-feed treatment. In these studies, the 

variability within cages was also larger for trout, suggesting that a proportion of 

fish may not have therapeutic levels of florfenicol in their tissues. These species 

differences have been partly linked to differences in feeding behaviors, with trout 

feeding more aggressively than salmon (Talbot et al. 1999). Such differences could 

affect both the intake of medicated feed and the transmission of P. salmonis by 

direct contact between fish. 

In this study, we have used the post-treatment mortality during the 

remainder of the outbreak as a proxy for effectiveness of the antimicrobial 

treatment. There is no standard way to measure the effectiveness of antimicrobial 

treatment in fish in commercial settings. In other domains, authors have used time 

periods of up to a year to assess the effectiveness of antibiotic treatment (Bråten et 

al., 2019; Thorlacius-Ussing et al., 2019). In our study, the outcomes were 

measured over a period of two weeks on average for salmon and four weeks for 

trout, although the variability was large (results not shown). The half-lives of 

florfenicol and oxytetracycline were previously estimated at 12 hours at 11°C 

(Martinsen et al., 1993) and 50 hours at 8°C (Elema et al., 1996), respectively. 

Consequently, our measure of treatment effectiveness was taken over a period 

which is longer than the time needed for complete elimination of the drug from the 

treated fish. This outcome was selected because reducing mortality in the medium 

to long term is critical from a production point of view. It is important to note that 

such outcome is influenced by other factors such as the level of reinfection 

occurring after the antimicrobial was eliminated. This is different from a previous 

study of treatment effectiveness for SRS that used the mortality rate three weeks 

after treatment as the outcome (Price et al., 2016).  
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We did not find any significant difference between florfenicol and 

oxytetracycline in-feed treatments in terms of effectiveness for treating SRS 

outbreaks in salmon and in trout. These results are to be contrasted with those 

from a recent study (Price et al., 2016) that found the probability of in-feed 

treatment failure to be higher in cages treated with oxytetracycline than florfenicol 

for small fish with high mortality at the beginning of treatment. However, the 

opposite was true for large fish with low initial mortality, and there was no 

significant difference for the majority of weight–mortality combinations. Later, 

Price et al. (2018) showed that a larger proportion of fish had levels of 

chemotherapeutant above selected thresholds when treated orally with 

oxytetracycline than with florfenicol. 

In our study, injectable administration was more effective than in-feed 

treatment for oxytetracycline in salmon and for florfenicol in trout. Given the small 

number of injectable treatments in the dataset compared to in-feed treatments, 

results regarding injectable treatments must be interpreted with caution. It is likely 

that a larger proportion of fish receive a therapeutic dose of antimicrobials during 

injectable treatments than when administered by medicated feed. In addition, 

injectable treatments are associated with the culling of overtly unhealthy fish. 

These two factors may explain the observed difference in effectiveness between 

injectable and in-feed treatments. A recent study found oxytetracycline to be 

eliminated more slowly when administered by intraperitoneal injection than when 

administered orally (Norambuena-Subiabre et al., 2018). Also, previous work 

showed that the bioavailability of oxytetracycline administered orally in seawater 

was very low due to binding with magnesium and calcium cations (Lunestad and 

Goksøyr, 1990; Smith et al., 1996). This may explain why injectable treatments 

were more effective than in-feed treatment for that chemotherapeutant in salmon. 

The bioavailability of florfenicol administered orally in seawater was very high 

(Martinsen et al., 1993). Given our results, it is likely that other parameters such as 

the variability of medicated feed intake within a cage, the period of time above 

minimum therapeutic levels and drug availability in target sites also have an 

impact of post-treatment mortality, not only for florfenicol, but for all 

chemotherapeutants.  
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In terms of treatment factors, our results also showed that repeated 

treatments during the same outbreak resulted in lower post-treatment mortality in 

salmon, although this was not beneficial in trout. Treatment duration was a 

significant factor, with longer in-feed florfenicol treatment more effective in trout. 

Prudent use of these findings is in order, as the risk of development of 

antimicrobial resistance – a critical issue in Chile (Cabello and Godfrey, 2019) – 

should also be considered when increasing treatment duration or frequency.  

Management factors had a relatively strong influence on the effectiveness of 

antimicrobial treatment of SRS. Initiating treatment as soon as possible after an 

SRS outbreak is detected (when mortality is still low) increased the effectiveness of 

treatment in both species. This finding is consistent with previous studies showing 

that early initiation of treatment is beneficial in treating SRS (Price et al., 2016) 

and other salmonid diseases such as furunculosis (Samuelsen et al., 1998). It may 

also be beneficial for producers to be able to detect outbreaks earlier. Breaks in the 

continuity of treatment, which may occur through logistical constraints or poor 

weather, had a significant negative impact on the effectiveness of treatment in 

salmon but not in trout in this study. In salmon, treatment was less effective with 

increasing infection pressure from other SRS-infected cages at the same farm. 

Cages treated last on a given site (as measured by the variable proportion of cages 

treated in the 21 days prior to the start of treatment) had a better outcome. These 

findings show that simultaneous treatment of all SRS-infected cages on a salmon 

farm might be more effective than targeted treatment of individual cages. In trout, 

the effectiveness of treatment was not affected by farm infection pressure or pre-

treatment farm coverage. The post-treatment coverage was negatively associated 

with the outcome, indicating that simultaneous treatment of cages on a site may be 

a more effective strategy. Such measures may increase the amount of antimicrobial 

used to contain a single outbreak; however, further work is needed to predict the 

effect on the total amount of antimicrobials used during the full production cycle. 

Should treatment fail, early harvest may be justified economically, as has been 

shown for pancreas disease (Pettersen et al., 2015). Here, we included early harvest 

as a confounding factor given that the post-treatment mortality could not be 
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measured over the entire course of the outbreak. Economic analysis would be 

required to assess the impact of this mitigation measure on profitability. 

Fish-level factors had a lesser influence on the effectiveness of treatment. The 

effect of the total number of lice treatments is difficult to interpret as this variable 

reflects both the lice burden experienced during the production cycle and the effect 

of the antiparasitic treatments. There was a small protective effect in salmon, but 

a negative effect in trout. A lesser lice burden may reduce susceptibility to SRS 

(Figueroa et al., 2017; Lhorente et al., 2014), but more frequent antiparasitic bath 

treatments may have a negative effect on immunocompetence (Barton, 2002; 

González et al., 2016). The PIISAC data was used to assess the impact of lice burden 

and treatments on SRS mortality in another study (Meyer, A et al., 2019).  

Biomass density, smolt weight, smolt mortality and presence of other 

infectious diseases were not associated with post-treatment mortality. Some 

authors have suggested that smolt quality influences the occurrence of certain 

diseases that affect fish relatively soon after sea entry (Coyne et al., 2006). 

Conversely, another study did not find an association between smolt quality and 

mortality due to Aeromonas salmonicida, Vibrio sp. and infectious pancreatic 

necrosis virus (Eggset et al., 1997). As SRS outbreaks tend to occur relatively late 

in the production cycle (median time to first outbreak of 2300 and 3300 degree-

days in trout and salmon, respectively) it is possible that smolt quality play a lesser 

role as a determinant of disease when SRS is concerned. The time since smolt entry 

(which is correlated to the weight of the fish at the time of the outbreak) was 

negatively associated with the outcome in trout, with in-feed florfenicol treatment 

more effective in larger fish. The association was not significant for other 

treatments in this species and for salmon. This result differs from previous findings 

(although the species is different) which showed that in-feed florfenicol treatment 

of Atlantic salmon was less effective in larger fish (Price et al., 2016), despite larger 

fish having higher muscle concentration of chemotherapeutant in another study 

(Price et al., 2018, 2019). However, our results are consistent with previous work 

in highlighting that there was no significant effect of fish weight for oxytetracycline 

treatments. 
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Several environmental factors influenced post-treatment mortality. In both 

species, treatment was found to be less effective with higher sea temperatures, 

although the association varied by treatment type. This finding was consistent with 

the concentration of antibiotics in fish tissue being negatively correlated with sea 

temperature for oxytetracycline in a study by Price et al. (2019). Similarly, a 

pharmacokinetic study showed that the elimination of oxytetracycline was both 

temperature- and species- dependent (Namdari et al., 1998). The effectiveness of 

treatment at different temperatures will also be confounded by the influence of the 

sea temperature on the infection itself, as shown in an experimental study where 

SRS mortality in salmon was higher at 14°C than at 8°C (Larenas et al., 1997).  

The SRS infection pressure from other infected farms in the neighbourhood 

was associated with the effectiveness of treatment for SRS outbreaks in trout. This 

is consistent with a previous spatial study that reported a spatial correlation in the 

distribution of SRS within a radius of up to 10 km (Rees et al., 2014). However, 

there was no significant effect of the area infection pressure in the salmon dataset. 

The dynamics of the disease (Jakob et al. 2014; Rees et al., 2014), as well as 

response to treatment (Price et al., 2018; 2019), are different between the two 

species. In addition, it is possible that the variable used to represent the area 

infection pressure (weighted density average of the SRS mortality rate in neighbour 

farms) is not an accurate estimator of the area infection pressure in salmon. A 

different weighting function, a different time window used in the estimation or 

including the size of the infected farms in this variable may have provided a better 

measure of the neighbourhood pressure. It is also worth noting that Rees et al. 

(2014) looked at spatial correlation in SRS mortality among all farms, while our 

study specifically selected farms experiencing an SRS outbreak. It is plausible that 

local infection pressure on a farm during an SRS outbreak is sufficiently high to 

mask any possible influence of infectious pressure arising from other infected 

farms in the neighbourhood. Area-level synchronization has been shown to 

increase the effectiveness of treatment for sea lice in Chile (Arriagada et al., 2017), 

but no studies of area-level synchronization of treatment of SRS have been 

published (nor is there strong evidence to support such a strategy). 
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Models with a single exposure variable were poorly supported compared with 

models that incorporated multiple variables: this highlights the multifactorial 

nature of SRS and the lack of a single predominant risk factor. In the salmon 

models, little variation resided at the farm and company levels, suggesting there 

was relatively little difference in the effectiveness of antimicrobial treatment 

between salmon-producing companies and farms. In contrast, we found that some 

companies and farms producing trout tend to have better results when using 

antimicrobial treatments than others. A better understanding of differences 

between companies and farms may allow risk factors and good management 

practices to be identified, or such better-performing farms could be used as 

demonstration sites to stimulate discussions between producers about their own 

practices. 

Classification of cause of death by farm personal was assumed to be 

imperfect, but we were unable to determine the extent of misclassification or 

whether it was associated with the exposures of interest. Misclassification is likely 

to be non-differential with respect to treatment type and, if so, might reduce the 

power of the study to detect differences between treatment types. It would be useful 

to conduct a validation study to estimate the sensitivity and specificity of clinical 

diagnosis of SRS by farm personnel. In this study, misclassification of fish 

mortality may have affected the unit of analysis (via the outbreak definition), the 

outcome variable (mortality from SRS and unknown causes) and some of the 

exposure variables (mortality from other infectious diseases, pre-treatment 

mortality from SRS and unknown causes). Our definition of SRS outbreaks was 

also limited by the absence of laboratory results of SRS diagnostic tests. This 

information would have been useful to validate the approach and thresholds used 

to identify outbreaks.  

We based our analysis on SRS outbreaks rather than treatment events (Price 

et al., 2016) so we could evaluate the effect of management factors – such as the 

time from the start of the outbreak to initiation of treatment – and use a continuous 

measure of mortality rate over a follow-up period of varying length. As mentioned 

above, it is important to keep in mind that treatment effectiveness was measured 

as the post-treatment mortality until the end of the outbreak, which may have 
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occurred after the antimicrobial drug was eliminated by the fish. Consequently, the 

outcome used here may have been influenced by other, unaccounted factors in 

addition to the effect of the antimicrobial treatment itself.  

Another limitation of the study is the number of assumptions made to define 

the variables, the outcome and the modeling approach. Assumptions which could 

have influenced the results include the thresholds used to define outbreaks and the 

definition of explanatory variables such as treatment continuity, farm coverage, 

farm infection pressure and area infection pressure. In particular, it is important 

to note that several variables were summarized for modelling purposes, and do not 

capture the local dynamics of the disease and management that may have occurred 

during and after the antimicrobial treatment. The results obtained for salmon 

highlight the impact of the choice of analytical procedure on the final results. For 

instance, the posterior marginal mean estimates showed that the post-treatment 

mortality was significantly different between treatment types (although not all 

pairwise comparisons were significant), while the treatment type variable was not 

retained in the model selection and model averaging procedure, as it did not 

improve the overall explanatory value of the model. Lastly, some potential risk 

factors could not be included in this analysis because data were not available. With 

additional data, future studies of antimicrobial treatment effectiveness might 

explore the influence of antimicrobial dose, feed additives, sea lice burden, 

predation and vaccination.  

This study demonstrates the value of integration and analysis of aquaculture 

industry-generated health and management data. The PIISAC platform supports 

detailed epidemiological studies – such as this study of factors influencing the 

effectiveness of antimicrobial treatment during outbreaks of SRS – with data 

covering an extensive time period and a broad range of locations and explanatory 

variables. These studies improve our understanding of disease in aquaculture and 

provide relevant, evidence-based recommendations to fish producers.  

5. Conclusion 

The combined impacts of SRS and a very high level of antimicrobial use pose 

a serious threat to the profitability and sustainability of the Chilean salmonid 



37 

 

aquaculture industry. Our results highlight the multifactorial nature of SRS 

outbreaks in farmed salmonids and the need to consider numerous explanatory 

variables when evaluating the association between antimicrobial treatment and 

post-treatment mortality. However, despite this complexity, it appears that several 

factors significantly influence the effectiveness of antimicrobial treatment of SRS 

during outbreaks. Importantly, key results relate to management decisions or 

practices and indicate practical, actionable ways in which the effectiveness of 

antimicrobial treatment could be improved.  
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9. Supplementary material 

Supplementary material 1 Causal web and list of hypotheses developed during 

the design phase of a study on the effectiveness of antimicrobial treatment of 

salmonid rickettsial septicaemia in commercial salmon and trout farms in Chile. 

 

 

Figure Suppl 1.1 Causal web describing postulated links between explanatory variables and 

the effectiveness of antimicrobial treatment of SRS outbreaks.  
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Table Suppl 1.1 Full description of the hypotheses used in a study of the effectiveness of 

antibiotic treatment of SRS. 

Hypothesis 

Studies having 
directly or 
indirectly 
investigated this 
hypothesis 

Reasoning supporting this hypothesis 

Hypotheses group 1: antimicrobial treatment factors 

Certain antimicrobials 
are more effective than 
others in treating SRS 
outbreaks 

(Price et al. 2016) 

(Henriquez et al. 
2016) 

(Mora 2010) 

Antimicrobials differ in terms of mode of action 
on the pathogen and distribution of resistance 
against them. Flumequine and oxolinic acid are 
relatively old, bactericidal drugs with more 
resistance reported in P. salmonis than 
bacteriostatic drugs such as florfenicol and 
oxytetracycline. A previous study found a higher 
rate of failure of florfenicol over oxytetracycline 
treatments. 

Antimicrobials are 
more effective if given 
by injection than in-
feed. 

(Norambuena-
Subiabre, 
González, and 
Contreras-Lynch 
2018) 

A previous study suggested that oxytetracycline 
is eliminated more slowly when administered by 
intraperitoneal injection. Besides, it is suspected 
that not all fish absorb the effective dose of drug 
when it is administered in-feed (as it depends on 
factors such as the fish appetite, their activity 
level and the feeding hierarchy). 

Oral administration of 
antimicrobials is more 
effective if the duration 
of treatment is greater 

None A longer treatment would increase the 
probability that more fish ingest enough drug to 
reach the effective treatment dose. 

Hypotheses group 2: fish-level factors 

The presence of other 
infectious diseases 
decreases the 
effectiveness of 
antimicrobial 
treatment 

(Gaggero, Castro, 
and Sandino 1995) 

Co-infection with other pathogens has been 
proposed as a risk factor for infection. By 
compromising the immunocompetency of the 
fish, it may also affect the treatment 
effectiveness. 

Antimicrobial 
treatment is less 
effective if the sea lice 
burden is high 

(Lhorente et al. 
2014) 

Previous studies showed that sea lice infestation 
increased the susceptibility of the fish to P. 
salmonis infection. It is suspected that sea lice 
could also decrease the effectiveness of 
treatment. 

Antimicrobial 
treatment is more 
effective in smaller (or 
younger) fish than in 
larger (or older) fish 

(Price et al. 2016) 

 

A previous study showed increased treatment 
failure in larger fish for florfenicol.  

Antimicrobial 
treatment is more 
effective when the 
density is lower 

(Larenas et al. 
1997) 

A study in trout showed that mortality was 
higher when the biomass density was higher. 
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Hypothesis 

Studies having 
directly or 
indirectly 
investigated this 
hypothesis 

Reasoning supporting this hypothesis 

Antimicrobial 
treatment is more 
effective in production 
cycles with higher 
smolt quality 

(Yáñez et al. 2013) 

(Jakob et al. 2014) 

(Eggset et al. 1997) 

Smolt quality is suspected to influence the 
resistance of the fish to disease in the sea water 
phase. Genetics play a role in disease resistance, 
but many other factors may contribute such as 
transportation stress and sea water adaptation. 
A previous study (which did not look at 
antimicrobial treatment but at mortality during 
SRS outbreaks) showed that larger smolt 
(weight is often used a measure of smolt quality) 
had lower SRS mortality. 

Antimicrobial 
treatment is more 
effective when the last 
SRS vaccination is 
more recent 

(Jakob et al. 2014) 

(Leal and 
Woywood 2007) 

(Marshall et al. 
2007) 

(Tobar et al. 2011) 

There is evidence for a waning and variable 
protective effect of vaccination, which can be 
partly overcome by administering a booster at 
sea. No study formally investigated the 
relationship between SRS vaccination and 
treatment so far. 

Hypotheses group 3: management factors 

Antimicrobial 
treatment is more 
effective if treatment 
starts when SRS-
attributed mortality is 
relatively low 

(Price et al. 2016) A previous study showed that treatment was 
more effective when administered while the 
mortality was still low, presumably because it is 
less effective in fish that are already in the 
clinical phase of the disease. 

Antimicrobial 
treatment is more 
effective if treatment 
starts soon after the 
SRS outbreak begins 

None The time to treatment is correlated to the pre-
treatment mortality rate, which was shown to be 
a significant risk factor for treatment success, 
and is thus related to the hypothesis directly 
above. However, the time to treatment may be 
important in its own right and a useful 
additional management factor, as outbreaks 
with different behaviours (milder or more 
severe) may reach critical mortality at different 
times. 

Antimicrobial 
treatment is more 
effective when applied 
simultaneously to all 
cages on a site 

None Treating all the cages on a site may lower the 
overall infection pressure and therefore increase 
the effectiveness of treatment. 

Antimicrobial 
treatment is more 
effective when the 
within-cage variability 
in fish weights is 
smaller 

(Price et al., 2018) Large within-cage variability may interfere with 
drug dosage and feeding patterns, hereby 
reducing the probability that more fish in the 
cage reach therapeutic drug levels for a sufficient 
duration. 

Antimicrobial 
treatment is more 
effective when there 
are fewer days of 
interruption of 

None Treatment interruptions may prevent drug 
concentration to reach therapeutic levels for a 
sufficient duration. Interruptions occur because 
of uncontrolled factors such as storms. However, 
improved management of drug stocks could be 
implemented. 
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Hypothesis 

Studies having 
directly or 
indirectly 
investigated this 
hypothesis 

Reasoning supporting this hypothesis 

antimicrobial 
administration 

Hypotheses group 4: environmental factors 

Antimicrobial 
treatments are less 
effective when sea 
temperature is 
warmer. This effect 
might depend on the 
treatment type. 

(Namdari et al. 
1998) 

(Cusack, Groman, 
and Jones 2002) 

(Larenas et al. 
1997) 

(Lannan and Fryer 
1994) 

(Price et al., 2019) 

Two previous studies suggested that drug 
elimination is faster when sea temperature is 
warmer. Therefore, drug concentration may not 
reach therapeutic levels for a sufficient duration 
in warm water. However, it was also shown that 
the survival of P. salmonis is negatively affected 
by water temperature. Besides, fish may become 
anorexic when the temperature drops to low 
values, and this may affect oral treatment 
effectiveness. Last, fluctuations in water 
temperature have been proposed to be a risk 
factor more than the temperature itself. 
Although temperature may affect treatment 
effectiveness in several ways, it is included as a 
confounder only. 

Oral antimicrobial 
treatments are less 
effective when sea 
turbidity is higher 

(Branson and 
Nieto Díaz-Munoz 
1991) 

An increase in water turbidity may both act as a 
stressor on fish and reduce feed intake, and 
hereby decrease treatment effectiveness. Also, it 
was shown than proliferation of non-toxic algae 
was a risk factor for SRS outbreaks. 

Antimicrobial 
treatment is less 
effective when salinity 
is higher 

(Gaggero, Castro, 
and Sandino 1995) 

(Lannan and Fryer 
1994) 

(Bravo 1994) 

(Lunestad and 
Goksøyr 1990) 

Salinity is suspected to play a role, as outbreaks 
mostly occur in salt water, although infection 
with P. salmonis has been reported in fresh 
water as well. Previous work showed that the 
pathogen is rapidly inactivated in fresh water. A 
previous study also showed reduced 
effectiveness of oxytetracycline is seawater. 

Antimicrobial 
treatment is less 
effective when 
predator-related 
mortality is higher 

None As mentioned for water turbidity, an increase in 
predator attacks may both act as a stressor on 
fish and reduce feed intake, and hereby decrease 
treatment effectiveness. 

Antimicrobial 
treatment is less 
effective in the face of 
higher infection 
pressure from other 
SRS-infected cages at 
the same site 

(Rees et al. 2014) A previous study showed positive spatial 
correlation between SRS mortality on farms up 
to 10 km apart (the study did not look at 
antimicrobial treatment but at reports of SRS 
mortality). By increasing the infection pressure 
on the cage, infection in other cages of the same 
site could decrease treatment effectiveness. 

Antimicrobial 
treatment is less 
effective in the face of 
higher infection 
pressure from SRS-
infected sites within 
20 km 

(Rees et al. 2014) A previous study showed positive spatial 
correlation between SRS mortality on farms up 
to 10 km apart (the study did not look at 
antimicrobial treatment but at reports of SRS 
mortality). By increasing the infection pressure 
on the cage, infection in neighbouring sites 
could decrease treatment effectiveness. 
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Supplementary material 2 Selection and hypothesis support for models of 

antimicrobial effectiveness, using information-theoretic approach 

Table Suppl 2.1 Selection and hypothesis support for models of antimicrobial effectiveness, 

using an information-theoretic approach, for Atlantic salmon production cycles. 

Models which contributed to the final weighted average are highlighted in grey. 

Model specification k AICc ∆AICc Weight 

Hypothesis groups 2 (fish), 3 (management) and 4 
(environment) 

40 43813 0 0.90 

Hypothesis groups 3 (management) and 4 (environment) 32 43818 4 0.10 

Hypothesis groups 1 (treatment), 3 (management) and 4 
(environment) 

49 43825 12 0.00 

Maximal model 61 43830 16 0.00 

Hypothesis groups 1 (treatment) and 3 (management) 42 44011 197 0.00 

Hypothesis groups 1 (treatment), 2 (fish) and 3 
(management) 

54 44013 200 0.00 

Hypothesis groups 2 (fish) and 3 (management) 37 44038 224 0.00 

Hypothesis group 3 (management) 29 44053 240 0.00 

SVH: pre-treatment SRS mortality 24 44319 506 0.00 

Hypothesis groups 1 (treatment), 2 (fish) and 4 
(environment) 

51 44542 729 0.00 

Hypothesis groups 1 (treatment) and 4 (environment) 39 44547 734 0.00 

SVH: pre-treatment unknown mortality 24 44605 792 0.00 

Hypothesis groups 2 (fish) and 4 (environment) 34 44608 794 0.00 

Hypothesis group 4 (environment) 26 44618 805 0.00 

SVH: site infection pressure 24 44640 827 0.00 

SVH: interaction between treatment type and time to 
treatment 

32 44734 921 0.00 

SVH: interaction between treatment type and water 
temperature 

32 44769 955 0.00 

Hypothesis groups 1 (treatment) and 2 (fish) 44 44777 963 0.00 

SVH: interaction between treatment type and treatment 
duration 

32 44790 977 0.00 

Hypothesis group 1 (treatment) 32 44790 977 0.00 

SVH: treatment type 27 44814 1001 0.00 

SVH: time to treatment 24 44831 1018 0.00 

SVH: biomass density 24 44849 1036 0.00 

Hypothesis group 2 (fish) 31 44855 1042 0.00 

SVH: water temperature 24 44864 1051 0.00 

SVH: pre-treatment site coverage 24 44876 1062 0.00 

SVH: time at sea 24 44878 1065 0.00 

SVH: treatment duration 24 44883 1070 0.00 

SVH: treatment continuity 24 44888 1074 0.00 

SVH: number of lice treatments 24 44901 1087 0.00 
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Model specification k AICc ∆AICc Weight 

SVH: time since vaccine 24 44901 1087 0.00 

Minimal model 23 44901 1088 0.00 

SVH: area infection pressure 24 44902 1088 0.00 

SVH: smolt mortality 24 44902 1089 0.00 

SVH: smolt weight 24 44902 1089 0.00 

SVH: post-treatment site coverage 24 44902 1089 0.00 

SVH: time since lice treatment 24 44903 1090 0.00 

SVH: mortality from other diseases 24 44903 1090 0.00 

AICc = bias-corrected AIC; ∆AICc = AICc difference from the model with lowest AICc; k = number of 

adjusted parameters; SVH = single variable hypothesis; weight = Akaike weight. Note: Models with 

non-zero weight are highlighted in grey. 

Table Suppl 2.2 Selection and hypothesis support for models of antimicrobial effectiveness, 

using information-theoretic approach, for rainbow trout production cycles. 

Models which contributed to the final weighted average are highlighted in grey. 

Non-convergent models (N=3) are not included. 

Model specification k AICc 
∆AIC
c 

Weigh
t 

Maximal model 6
0 

17928 0 1.00 

Hypothesis groups 1 (treatment), 2 (fish) and 3 (management) 53 17952 24 0.00 

Hypothesis groups 1 (treatment), 3 (management) and 4 
(environment) 

49 17976 49 0.00 

Hypothesis groups 2 (fish), 3 (management) and 4 
(environment) 

39 1800
3 

75 0.00 

Hypothesis groups 1 (treatment) and 3 (management) 42 1800
8 

80 0.00 

Hypothesis groups 2 (fish) and 3 (management) 36 18023 96 0.00 

Hypothesis groups 3 (management) and 4 (environment) 32 18057 129 0.00 

Hypothesis group 3 (management) 29 1808
5 

157 0.00 

SVH: pre-treatment SRS mortality 24 18106 178 0.00 

Hypothesis groups 1 (treatment), 2 (fish) and 4 (environment) 46 18127 199 0.00 

Hypothesis groups 1 (treatment) and 2 (fish) 43 18186 258 0.00 

Hypothesis groups 1 (treatment) and 4 (environment) 39 18211 284 0.00 

Hypothesis groups 2 (fish) and 4 (environment) 33 1822
0 

292 0.00 

Hypothesis group 2 (fish) 3
0 

18274 346 0.00 

SVH: interaction between treatment type and treatment 
duration 

2
8 

18294 366 0.00 

Hypothesis group 1 (treatment) 2
8 

18294 366 0.00 
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Model specification k AICc 
∆AIC
c 

Weigh
t 

SVH: interaction between treatment type and time to 
treatment 

32 18299 371 0.00 

SVH: time since lice treatment 24 18314 386 0.00 

Hypothesis group 4 (environment) 26 18317 389 0.00 

SVH: interaction between treatment type and water 
temperature 

2
8 

18318 390 0.00 

SVH: treatment type 27 18321 393 0.00 

SVH: site infection pressure 24 18327 399 0.00 

SVH: time to treatment 24 18359 431 0.00 

SVH: treatment duration 24 18362 434 0.00 

SVH: time at sea 24 18365 437 0.00 

SVH: time since vaccine 24 18371 443 0.00 

SVH: pre-treatment unknown mortality 24 18385 457 0.00 

SVH: area infection pressure 24 1838
8 

460 0.00 

SVH: smolt mortality 24 18391 463 0.00 

SVH: water temperature 24 18393 465 0.00 

SVH: smolt weight 24 18394 466 0.00 

Minimal model 23 18399 471 0.00 

SVH: post-treatment site coverage 24 18399 472 0.00 

SVH: mortality from other diseases 24 18401 473 0.00 

SVH: biomass density 24 18401 473 0.00 

AICc = bias-corrected AIC; ∆AICc = AICc difference from the model with lowest AICc; k = number of 

adjusted parameters; SVH = single variable hypothesis; weight = Akaike weight. Note: Models with 

non-zero weight are highlighted in grey. 



54 

 

CHAPTER 3 

 

Quantifying the effects of sea lice burden and 

lice bathing treatments on salmonid 

rickettsial septicaemia in commercial salmon 

and trout farms in Chile 

Anne Meyera, Amy Burroughsa, Rohan Sadlera,b, Jonathan Happolda, Brendan 

Cowleda, Catriona Mackenziea, Alicia L. Gallardo Lagnoc, Angus Camerona 

 

a Ausvet, 34 Thynne St, Bruce ACT 2617, Australia 

b M089 School of Agriculture and Environment, The University of Western 

Australia, 35 Stirling Hwy, Crawley, WA 6008, Australia 

c Servicio Nacional de Pesca y Acuicultura, Victoria 2832, Valparaíso, Chile 

 

Aquaculture 513 (2019) 734411 

 

https://doi.org/10.1016/j.aquaculture.2019.734411 

  



55 

 

Abstract 

Salmonid rickettsial septicaemia (SRS) has caused significant losses in the 

Chilean salmonid aquaculture industry in the last two decades. While evidence 

suggests a strong association between sea lice burden and SRS severity, research 

to date has been conducted in tanks under controlled environmental conditions. 

Further, existing work does not account for the effect of the treatments used to 

control sea lice on SRS severity. This study measures the effect of lice burden, lice 

bathing treatments and the interaction between these two factors on SRS severity 

in salmonid aquaculture systems in Chile. Health and management data from nine 

commercial companies were combined with regulatory data to conduct a 

retrospective cage-level cohort study. Eight biologically plausible hypotheses were 

defined and investigated using an information-theoretic approach. The modelling 

approach was based on mixed-effect, negative binomial models of SRS-attributed 

mortality counts. A total of 6638 valid production cycles were included in the study, 

ranging from 01 January 2012 to 28 September 2018. A total of 35,864 cage-level 

observations were defined in two species: 28,529 in Atlantic salmon and 7335 in 

rainbow trout. Lice burden and rate of bath treatments were found individually to 

be risk factors for increased SRS-attributed mortality in both species. For Atlantic 

salmon, there was also a significant interaction between the levels of lice burden 

and rate of bath treatments so that increasing levels of one risk factor results in a 

dampening of the effect of the other factor. While these two factors were found to 

increase SRS mortality, much of the variability in mortality remained unexplained. 

Based on these findings, implications for lice management are discussed. The 

development of firm recommendations about optimal lice control programs should 

consider the findings of this study in conjunction with economic analysis. This 

study contributes to improved understanding of the complex epidemiology of SRS 

in the Chilean salmonid production system.  

 

Key words 

Aquaculture; epidemiology; salmonid rickettsial septicaemia; Atlantic salmon; 

rainbow trout; sea lice; retrospective study; Chile  
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1. Introduction 

Piscirickettsiosis, also called salmonid rickettsial septicaemia (SRS), is 

responsible for 95% of antimicrobial use at the seawater production stage in Chile 

(Sernapesca, 2017; Burridge et al., 2010). This endemic, bacterial disease does not 

respond well to either antibiotic treatment or vaccination (Jakob et al., 2014; Price 

et al., 2016; Rozas and Enriquez, 2014). Losses are heavily influenced by many 

factors, not all of which have been identified. Mounting evidence suggests that co-

infection of salmonids with sea lice increases the severity of infection with 

Piscirickettsia salmonis, resulting in greater SRS mortality (Figueroa et al., 2017; 

Lhorente et al., 2014). Sea lice were previously shown to play a role in the 

epidemiology of other salmon diseases such as amoebic gill disease (Nowak et al., 

2010) and infectious salmonid anaemia (Barker et al., 2019). Under controlled 

conditions, SRS mortality rates in Atlantic salmon (Salmo salar) co-infected with 

P. salmonis and the sea louse Caligus rogercresseyi were shown to be significantly 

higher than rates observed for fish without lice infestation (Figueroa et al., 2017; 

Lhorente et al., 2014). The detrimental effects of lice on fish physiology and skin 

integrity are thought to increase fish susceptibility to initial infection by P. 

salmonis, or if already infected, enhance disease progression and worsen disease 

outcomes (González et al., 2015; Tadiso et al., 2011).  

Antiparasitic drugs administered in feed or drugs administered via 

immersion (i.e., bath) are two of the methods used to control lice in commercial 

aquaculture (González et al., 2016). The effectiveness of pharmacological 

treatments for sea lice may vary according to factors such as lice sensitivity to the 

chemical, and risk of re-infestation from neighbouring farms (Arriagada et al., 

2017). The Chilean regulatory body for fisheries and aquaculture (Servicio 

Nacional de Pesca y Acuicultura, Sernapesca) implements health monitoring and 

control programs for C. rogercresseyi designed to maintain counts under a farm-

level average of three gravid female lice per fish (Sernapesca, 2015). Bath 

treatments usually involve concentrating fish in a smaller volume of water 

(Jimenez et al., 2018), which may stress the fish and increase pathogen 

transmission. Jakob et al. (2014) found a significant association between the 

number of sea lice treatments and SRS severity for rainbow trout. As the method 
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of sea lice treatments was not specified in this work, and the analysis did not 

account for the magnitude of lice burden, the specific effects of bathing on SRS 

severity remain unknown.  

In order to design integrated health management programs, both the 

benefits of reducing lice burden through bathing and the potential negative 

impacts of such treatment on the incidence and severity of other diseases should 

be accounted for. Ideally, such analysis should be conducted in commercial 

production settings, in order to account for the variability of conditions affecting 

salmon production that may not be observed in experimental studies. To this end, 

an integrated platform (Plataforma Integrada de Investigación Sanitaria para la 

Acuicultura Chilena, PIISAC) was developed to support epidemiological research 

of relevance to the Chilean aquaculture industry. The PIISAC platform provides an 

unprecedented capability to undertake research on risk factors for SRS at a scale 

that is not possible with traditional, resource-intensive methods of data collection 

(Hutchison et al., 2018). This paper presents a retrospective cohort study based on 

industry-generated data that aimed to i) measure the effect of lice burden on SRS-

attributed mortality in commercial aquaculture in Chile; and ii) investigate 

whether bathing treatments applied to reduce sea lice infestation increase SRS-

attributed mortality.  

2. Methods 

2.1. Study design  

This retrospective cohort study investigated the role of sea lice infestation 

and bath treatments applied to control lice infestation as risk factors for SRS 

mortality in commercial salmonid production. Three biologically plausible 

hypotheses representing the nature of the association between lice burden, rate of 

bath treatments and SRS mortality risk during the observation period were 

identified based on discussion with stakeholders and existing literature: 

• Fish with more lice have a greater risk of SRS mortality due to the negative 

physiological changes associated with infestation or the skin lesions caused by 

parasitism allowing a route of entry for P. salmonis. 
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• Fish exposed to a higher rate of bath treatments for lice control have a greater 

risk of SRS mortality due to stress or increased opportunity for pathogen 

transmission caused by bathing conditions. 

• The level of lice burden and the rate of bath treatments interact to influence the 

risk of SRS mortality. The interaction is likely to be complex due to biological 

and non-biological (e.g., regulatory requirements) factors. For this reason, no 

prior assumptions are made about the direction and nature of this interaction. 

These biological hypotheses were represented by eight working hypotheses 

that were used in the analysis to measure the support for the biological hypotheses 

(Table 5). 

 

Table 5 Description of the working hypotheses used in the analysis. 

Hypothesis 
identifier 

Hypothesis 

Presence and nature of 
the association between 
parameters and SRS 
mortality 

Interaction 
between lice 
burden and 
rate of bath 
treatments Lice 

burden 
Rate of bath 
treatments 

1 

Lice burden and the rate of 
bath treatments for lice are 
not associated with SRS 
mortality 

None None No 

2 
Lice burden is linearly 
associated with SRS 
mortality 

Linear None 
No 

3 

The rate of bath treatments 
for lice is linearly 
associated with SRS 
mortality 

None Linear 

No 

4 

The rate of bath treatments 
for lice is non-linearly 
associated with SRS 
mortality 

None Non-linear 

No 

5 

Both the lice burden and 
the rate of bath treatments 
for lice are linearly 
associated with SRS 
mortality 

Linear Linear 

No 

6 
Lice burden is linearly 
associated with SRS 

Linear Non-linear 
No 
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mortality and the rate of 
bath treatments for lice is 
non-linearly associated 
with SRS mortality 

7 

Both the lice burden and 
the rate of bath treatments 
for lice are linearly 
associated with SRS 
mortality and there is an 
interaction between both 
these exposures 

Linear Linear Yes 

8 

The lice burden is linearly 
associated with SRS 
mortality, the rate of bath 
treatments for lice is non-
linearly associated with 
SRS mortality and there is 
an interaction between 
both these exposures 

Linear Non-linear Yes 

 

2.2. Setting 

In this study, only the seawater phase of salmonid production was considered 

as sea lice do not thrive in freshwater (González and Carvajal, 2003). In Chile, 

seawater production is performed in three regions: X (Los Lagos), XI (Aysén) and 

XII (Magallanes). Five salmonid species are produced: Atlantic salmon (Salmo 

salar), coho salmon (Oncorhynchus kisutch), rainbow trout (Oncorhynchus 

mykiss), King salmon (Oncorhynchus tshawytscha) and Pink salmon 

(Oncorhynchus gorbuscha), although the production of the two latter species is 

anecdotal. At the time of this study, 21 companies were operating in the country. 

The production is strongly clustered with fish stocked in seawater cages that are 

grouped within farms. Regulations define management areas within which farms 

are grouped based on their location (Sernapesca, 2009). Management areas may 

contain farms operated by different companies. Around 830 farms have produced 

at least one fish group since the deployment of the Information System for 

Aquaculture Management (Sistema de Información para la Fiscalización de 

Acuicultura, SIFA) database managed by Sernapesca, with an average of 300 farms 

active at any one time. 

 

 



60 

 

2.3. Study population and data sources 

Daily cage-level data were obtained from nine commercial aquaculture 

companies operating in the three regions where seawater production is performed. 

The data covered all seawater cages stocked with Atlantic salmon or rainbow trout 

between 01 January 2012 and 28 September 2018. These species are simply 

referred to as ‘salmon’ and ‘trout’ in the remainder of this manuscript. Additionally, 

sea lice counts were obtained from the SIFA database for these cages. All mentions 

of lice in this manuscript refer to C. rogercresseyi (Boxshall and Bravo, 2000).  

The data in PIISAC were provided voluntarily by participating companies, 

directly from the companies’ routine management software systems. A full backup 

copy of each database was uploaded to secure cloud storage, leaving very little 

opportunity for manual interference with the original data. The data from each 

company were extracted from the relevant tables of their management software 

and compiled in a relational database, together with the SIFA data. Numeric values 

were inspected for biologically improbable values, and the measurement units 

were harmonised between data sources. 

The epidemiological unit of interest was the cage-level production cycle, from 

stocking in a given seawater cage to harvest. For the purpose of this paper, the term 

‘production cycle’ refers to a cage-level group of fish. The cage was the level at 

which sea lice counts and treatments were performed, and was the lowest level at 

which many variables were recorded. In addition, initial exploratory data analysis 

showed that the between-cage variance of sea lice counts was high, with about 40% 

of the counts being significantly different between cages, thus limiting the validity 

of using a farm-level average. The statistical unit for the analysis was a cage-level 

observation. A cage-level observation was initiated each time a sea lice count was 

performed on a seawater cage. 

2.4. Variables 

2.4.1. Outcome variable 

The outcome of interest was the cage-level SRS mortality count during a 30-

day period following the sea lice count (hereafter, ‘the observation period’). The 
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observation period was set at 30 days, corresponding to approximately twice the 

hypothesized incubation period of SRS (Rozas and Enriquez, 2014; Smith et al., 

2004). Also, it was consistent with the time required to observe a measurable 

difference in SRS mortality between lice-infested and lice-free fish (Figueroa et al., 

2017; Lhorente et al., 2014). 

During a production cycle, a single cage may have been selected for lice 

counting more than once. If the 30-day observation period for a given count event 

overlapped with subsequent count event(s), only the first cage-level observation 

was included in the analysis to avoid double counting (pseudo-counting) of the 

statistical units. To obtain complete 30-day cage-level observations and so avoid 

right-censoring of the data, observations that occurred less than 30 days before 

harvest were removed. 

2.4.2. Primary exposures 

The primary exposures of interest were the sea lice burden and the rate of 

bath treatments. The sea lice burden was defined as the mean number of lice per 

fish at the beginning of the observation period. The sea lice monitoring scheme of 

Sernapesca imposes regular sea lice counts in seawater cages. The frequency of 

counts was weekly for salmon and trout farms in high risk areas and monthly for 

all other farms. For each sampling, 10 fish were sampled from each of four cages 

(or all cages if the farm had less than four cages stocked). The cages were chosen 

at random at each sampling. The sea lice samplings began at a maximum of 30 days 

after the stocking of the first cage on the farm had been completed. Lice were 

counted by mutually exclusive life stages: juveniles (non-mobile chalimus), gravid 

females and other mobile adults (non-gravid adult females and adult males) 

(González and Carvajal, 2003). Exploratory data analysis was used to ascertain 

which lice stages to include in the lice burden exposure variable.  

The rate of bath treatments was defined as the daily rate of bath treatments 

used to control lice. This value was calculated as the total number of bathing days 

divided by the duration in days from sea entry to the cage-level observation. Bath 

treatments used to control other infections and infestations were not considered in 

this study, as their occurrence during the seawater phase of the production is rare 
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compared to the use of bath treatments to control sea lice. This variable gave a 

measure of the cumulative effect of bathing up until the time of the observation 

period. Based on the findings of Jakob et al. (2014), the possible non-linear 

association between the outcome and the rate of bath treatments was considered 

by including this exposure as linear and quadratic terms in the corresponding 

models.  

2.4.3. Other explanatory variables 

A number of risk factors susceptible to influence SRS mortality were 

identified from the scientific literature, through consultation with experts and from 

the results of previous studies conducted within the same project (Happold et al., 

2020ba, 2020b; Hillman et al., 2020; Zalcman et al., 2021). These variables were 

included in the models as they may act as confounders: number of days since sea 

entry, average water temperature during the observation period (in degrees 

Celsius), average dissolved oxygen concentration during the observation period (in 

mg/L), latitude of the farm (in decimal degrees), calendar year at the start of 

observation period and neighbourhood infection pressure. The average 

temperature and oxygen values were calculated from daily records obtained for 

standardized values of water depth and time of day. The neighbourhood infection 

pressure was calculated as the weighted density average of the SRS mortality 

incidence at the beginning of the observation period in neighbouring farms. These 

calculations were based on a previously published methodology (Rees et al., 2014), 

where the weighting was inversely related to the seaway distances between farms. 

Farms were considered as neighbours when located within a 20-km radius of the 

farm of interest, consistently with distances of pathogen dispersal considered in 

previous work (Rees et al., 2014; Salama and Murray, 2013, 2011). The seaway 

distance between farms was computed using a least-cost path algorithm 

implemented in Python by the scikit-image package1. 

 

 

1 http://scikit-image.org/docs/0.7.0/api/skimage.graph.mcp.html 
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2.5. Statistical methods 

A negative binomial model of the SRS-attributed mortality count measured 

during the observation period was used. The modelling adopted a generalised 

linear mixed effect regression framework using the lme4 package (Bates et al., 

2015), implemented in the R statistical environment, version 3.5.1 (R Core Team, 

2018). The SRS-attributed mortality count was offset by the natural logarithm of 

the population size at the beginning of the observation period, effectively modelling 

the outcome as a mortality risk (Cameron and Trivedi, 2013). Explanatory 

variables were centred and scaled where appropriate. Salmon and trout data were 

modelled separately due to important differences in management as well as 

susceptibility to disease and ectoparasitism. Variables with a variance inflation 

factor larger than three indicating high collinearity should be removed to improve 

the coefficient estimation (Zuur et al., 2010). Adjustment for collinearity was not 

required in this study as all calculated variance inflation factors were lower than 

three. Model diagnostics included inspection of the residuals, fitted values and 

autocorrelation. Two and eight observations were associated with very large fitted 

and residual values in salmon and trout, respectively. The models were re-fitted 

without these data points to assess their influence. The resulting coefficient 

estimates and their standard errors did not noticeably vary. Consequently, the 

outlier data points were retained in the dataset. 

Cage-level production cycle, farm and management area were included as 

nested random effects to control for clustering in the data given the hierarchical 

structure of farms and management factors. As data were available for only nine 

companies, a company factor was included as a fixed effect. An intercept-only and 

a minimal model were defined. The intercept-only model included only the random 

effects and the company fixed effect, while the minimal model included both the 

random effects and the potential confounders discussed above. 

Consistent with an information-theoretic approach (Burnham and 

Anderson, 2002), eight statistical models were developed based on the working 

hypotheses. These models were obtained by adding the explanatory variable(s) 

corresponding to each hypothesis to the minimal model. The model for hypothesis 

1 was effectively the minimal model, without primary exposures. The models were 
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ranked according to their Akaike weight computed from their bias-corrected 

Akaike information criterion (AICc) (Akaike, 1974). The Akaike weights were then 

applied in a weighted average of the models, generating the final model from which 

model inferences were drawn. As models were weighted by their Akaike weight in 

the estimation of the final model, only models with a non-zero Akaike weight were 

effectively contributing to the final model’s coefficients. Posterior marginal means 

and their respective confidence intervals were calculated from the model including 

all exposures, corresponding to hypothesis 8, using the emmeans package in R 

(Lenth, 2018). 

The final models showed a weak, order-1 autocorrelation within production 

cycles. The small number of observations per cycle (six on average) did not justify 

the use of an autocorrelation-specific model such as time series analysis. Few 

methods are available to fit generalized mixed effect models with an 

autocorrelation structure. The R functions glmmPQL and glmmTMB (Brooks et 

al., 2017; Venables and Ripley, 2002) were trialled but failed to produce 

interpretable results. Other methods were at the development stage and could not 

be considered reliable, such as the lme4ord package. Finally, including the 

mortality during the previous week as a model parameter did not reduce the 

remaining autocorrelation in the residuals and led to relatively similar parameter 

estimates. Further, it removed the first observation for all cycles, which amounts 

to 16% of the entire dataset. Consequently, within-cycle clustering of the 

observation was only accounted for by the random effect for production cycle. 

3. Results 

3.1. General description of the data 

The dataset available for this study ranged from 01 January 2012 to 

28 September 2018 and included 4638 and 2000 valid cage-level production 

cycles in salmon and trout, respectively. Production cycles were distributed across 

160 farms in 53 management areas. One company did not have any matching SIFA 

lice counts and was therefore excluded from the analysis. Of the eight remaining 

companies, all were growing trout and seven were growing salmon. A total of 

35,864 cage-level observations were included in the analysis (28,529 in salmon and 
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7335 in trout). For salmon, the maximum number of observations for a single cage 

within a production cycle was 18, with a median of 6. For trout, the maximum 

number of observations for a single cage within a production cycle was 11, with a 

median of 4. The distribution of the outcome and primary exposure variables is 

shown in Table 2. 

Table 6 Descriptive summary of the outcome and primary exposure variables in the 

dataset used for the analysis (N = 35,864) 

Species Variable Min. Q1 Median Mean Q3 Max. 
% of 
zeroes 

Atlantic 
salmon 

mean lice count per fish 
(all stages) 

0.0 0.7 2.5 4.5 6.0 173.1 9 

rate of bath treatments 
(%) 

0.0 0.0 0.0 1.4 1.9 19.3 55 

SRS mortality risk 
during the observation 
period (%) 

0.0 0.0 0.005 0.1 0.05 26.0 38 

Rainbow 
trout 

mean lice count per fish 
(all stages) 

0.0 0.0 1.4 3.3 4.4 150.8 28 

rate of bath treatments 
(%) 

0.0 0.0 0.0 0.7 0.6 21.5 74 

SRS mortality risk 
during the observation 
period (%) 

0.0 0.0 0.007 0.5 0.2 39.1 42 

Q1: first quartile, Q3: third quartile 

 

There was a statistically significant, strong correlation within each pair of lice 

stages (juvenile, gravid females and mobile adults). Consequently, the three 

variables could not be included in the models at the same time. The univariate 

correlations between different lice stages and the SRS mortality risk were relatively 

similar (results not shown, Spearman’s rank correlation coefficients between 0.22 

and 0.32 depending on stage and species, P < 0.01). As the association between 

SRS mortality risk in the observation period and mean lice count appeared slightly 

stronger when accounting for all lice stages in the mean lice count, a variable 

indicating lice burden due to all lice stages was used in the multivariable models. 

3.2. Mixed effects model of SRS mortality risk in Atlantic salmon 

Only one model was supported by the data in salmon (Table Suppl 1.1): the 

full multivariable model including mean lice count, rate of bath treatments as a 
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quadratic predictor and an interaction between mean lice count and rate of bath 

treatments (hypothesis 8). There was an AICc difference of at least 16 points 

between this model and any of the other models included in the analysis, 

suggesting that the best model provided a significantly better fit to the data. The 

distribution of the outcome variable showed that there was no SRS-attributable 

mortality in many of the cage-level observations (38% and 42% of observations in 

salmon and trout, respectively). However, the AICc of an equivalent zero-inflated 

negative binomial model was not different from the AICc of the negative binomial 

model. As a rule of model parsimony, the model with the least number of 

parameters (negative binomial) was selected as the preferred model. The high 

number of observations with zero SRS mortality was well accounted for by the 

negative binomial model of over-dispersion. 

Table 7 Adjusted risk ratios of SRS-attributed mortality based on model averaging for 

the Atlantic salmon observations (N = 28,529).  

Variable Risk ratio 
95% CI 
lower 
bound 

95% CI 
upper 
bound 

P-
value 

mean lice count per fish 1.17b 1.13 1.21 <0.01 

rate of bath treatments (linear term) 1.92 1.72 2.15 <0.01 

rate of bath treatments (quadratic term) 0.60 0.55 0.66 <0.01 

mean lice count per fish x rate of bath treatments  0.93 0.90 0.96 <0.01 

latitude of the farm a 2.30 1.66 3.19 <0.01 

average water temperature a 158.74 112.75 223.50 <0.01 

average dissolved oxygen concentration a 0.90 0.87 0.94 <0.01 

neighbourhood infection pressure a 1.26 1.21 1.32 <0.01 

number of days since sea entry a 2.94 2.82 3.06 <0.01 

calendar year 

2012 reference  

2013 1.60 1.34 1.91 <0.01 

2014 1.75 1.44 2.13 <0.01 

2015 5.54 4.56 6.74 <0.01 

2016 2.41 1.95 2.96 <0.01 

2017 2.78 2.26 3.42 <0.01 

2018 5.35 4.20 6.81 <0.01 
a Parameter estimates of continuous variables are presented for the scaled variables.  
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b The parameter estimates presented in this table were obtained through an average of the component 

model estimates, weighted by the respective Akaike weights of each model. Due to distribution of the 

Akaike weight in this species, the average model effectively corresponds to the best model. 

CI = confidence interval. 

 

All the primary exposures, interaction term and confounding variables 

included in the most supported model had a statistically significant association 

with the outcome. In particular, the mean lice count per fish had a statistically 

significant, positive association with the SRS mortality risk during the observation 

period (Table 3). There was a statistically significant quadratic relationship 

between the rate of bath treatments for lice and the SRS mortality risk during the 

observation period. There was a positive association for the linear term and a 

negative association for the quadratic term. These associations indicate that as the 

rate of bath treatments increases, the SRS mortality risk during the observation 

period initially increases. For higher rates of bath treatments, this is associated 

with a reduction in the rate of increase in SRS mortality risk and eventually a 

decrease in the SRS mortality risk. 

The SRS mortality risk during the observation period increased with an 

increase in latitude, an increase in seawater temperature, a decrease in oxygen 

levels, an increase of the neighbourhood infection pressure and an increased 

duration at sea (Table 3).  

The conditional R2 estimate for fixed terms in the most supported model was 

17%. The residual variance was reduced by 12% when moving from the intercept-

only model including the random effects to the most supported model. The 

variance partition coefficients showed that the primary exposures captured some 

of the variance observed at management area-level compared to the minimal 

model without primary exposures (hypothesis 1). A third of the unexplained 

variance in the most supported model was captured by the farm random effect. The 

management area random effect captured 20% of the unexplained variance, and 

the company and cage random effects captured around 14% of the variance each, 

indicating substantial clustering of the variance within the management structure. 

The coefficient estimates for each management area are presented as Figure Suppl 

2.1.  
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3.3. Mixed effects model of SRS mortality risk in rainbow trout 

All models including the rate of bath treatments had some support from the 

data for trout (Table Suppl 1.2). Among these, the models also including the mean 

lice count (hypotheses 5, 6, 7 and 8) were more supported than those which did not 

(hypotheses 3 and 4). The AICc differences between these models were relatively 

small (up to 6 points). 

Table 8 Adjusted risk ratios of SRS-attributed mortality based on model averaging for 

the rainbow trout observations (N=7335).  

Variable Risk ratio 

95% 
CI 
lower 
bound 

95% 
CI 
upper 
bound 

P 

mean lice count per fish c 1.16b 1.03 1.31 0.01 

rate of bath treatments (linear term) c 1.51 1.19 1.93 <0.01 

rate of bath treatments (quadratic term) 0.95 0.78 1.16 0.62 

mean lice count per fish x rate of bath treatments  0.99 0.94 1.03 0.50 

latitude of the farm a 0.83 0.40 1.71 0.61 

average water temperature a,c 140.14 70.44 278.82 <0.01 

average dissolved oxygen concentration a,c 0.74 0.68 0.82 <0.01 

neighbourhood infection pressure a,c 1.39 1.24 1.56 <0.01 

number of days since sea entry a,c 18.63 17.01 20.40 <0.01 

calendar year c 

2012 reference  

2013 0.64 0.45 0.91 0.01 

2014 1.50 1.05 2.15 0.03 

2015 0.43 0.30 0.63 <0.01 

2016 1.10 0.72 1.68 0.66 

2017 0.77 0.49 1.23 0.27 

2018 1.62 0.85 3.08 0.14 

a Parameter estimates of continuous variables are presented for the scaled variables.  

b The parameter estimates presented in this table were obtained through an average of the component 

model estimates, weighted by the respective Akaike weights of each model. 

c Variables that had a statistically significant P value (P < 0.05). 

CI = confidence interval. 

 

There was a statistically significant association between the mean lice count 

and the SRS mortality risk in the averaged model (Table 8). There was a positive, 
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linear relationship between the rate of bath treatments and the SRS mortality risk 

during the observation period. Neither the quadratic effect for the rate of bath 

treatments nor the interaction term between mean lice count and rate of bath 

treatments were statistically significant.  

The effects of all the confounding variables besides the farm latitude were 

statistically significant. The SRS mortality risk increased with an increase in 

seawater temperature, a decrease in oxygen levels, an increase in the 

neighbourhood infection pressure and an increased duration at sea (Table 8). 

The conditional R2 estimate for the supported models was around 32%. The 

net reduction in residual variance was 26% when moving from the intercept-only 

model including the random effects to the most supported model. The inclusion of 

the fixed effects captured all the management area-level variability. In the most 

supported model, most of the variance resided at company level (80%), while 15% 

was captured by the farm-level random effect. 

3.4. Posterior marginal means 

In cages that were not bathed, or cages that were bathed at a rate of up to 3% 

of production days, an increase in mean lice count was associated with a small but 

significant increase in SRS mortality risk in both species (Figure 3). For instance, 

the SRS mortality risk during the observation period increased between 5% and 

10% in relative terms when increasing the average number of lice per fish from zero 

to three, and between 4% and 7% when increasing the average number of lice per 

fish from three to five. In cages bathed at a rate of 5% of the production days or 

more, the differences between SRS mortality values for different mean lice counts 

were no longer significant. 
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Figure 3 Posterior marginal means and comparisons of the effect of lice burden on the 

observed SRS mortality risk during the observation period for different rates of 

bath treatments in Atlantic salmon (upper panel) and rainbow trout (lower 

panel). Different superscripts assigned to the lice burden values indicate 

significantly different SRS mortality risks during observation periods for a given 

rate of bath treatments (multiple comparisons with Tukey adjustment). 

An increase in the rate of bath treatments was associated with a significant 

increase in SRS mortality risk in both species (Figure 4). However, this association 

was no longer significant for rates of bath treatments of 5% and higher in salmon. 

Cages never treated by baths had 18% to 22% lower SRS mortality risk during the 

observation period than cages treated every 3 months (rate of bath treatments 
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around 1%). Cages treated every 3 months had a 30% to 37% lower SRS mortality 

than cages treated monthly (rate of bath treatments around 3%). 

 

Figure 4 Posterior marginal means and comparisons of the effect of the rate of bath 

treatments on the observed SRS mortality risk during the observation period for 

different values of lice burden in Atlantic salmon (upper panel) and rainbow trout 

(lower panel). Different superscripts assigned to the values of rate of bath 

treatments indicate significantly different SRS mortality risks during 

observation periods for a given lice burden (multiple comparisons with Tukey 

adjustment).  
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4. Discussion 

Knowing the extent to which co-morbid conditions and management 

practices influence SRS severity is critical to the design of an integrated health 

strategy that minimises loss and antimicrobial use associated with SRS. Research 

to date has assessed the influence of lice burden on SRS severity separately to the 

influence of lice treatments (Figueroa et al., 2017; Lhorente et al., 2014). In this 

study, it was considered that these two exposures need to be accounted for 

simultaneously, given the complex relationship whereby lice burden influences the 

amount of lice treatments and vice versa. The effect of lice burden and lice bathing 

treatments on SRS severity was estimated in two species, Atlantic salmon and 

rainbow trout, using routinely generated industry data. Results showed that cages 

with higher mean lice counts or more frequent bath treatments had a significantly 

higher SRS mortality risk in the 30 days following the lice count.  

These results support those of controlled tank trials that found higher SRS 

mortality rates in salmon infested with lice compared to lice-free fish (Figueroa et 

al., 2017; Lhorente et al., 2014). The lice burden in these controlled experiments 

was much greater than the mean lice counts observed under commercial 

conditions in our study population. These experimental studies showed a 

significant effect of lice burden on SRS mortality rate for lice counts ranging from 

44 to 88 copepodites per fish. Our results indicate that relatively small lice burdens 

may also have a negative effect on fish survival when infected with P. salmonis. In 

our study, the majority (75%) of cage-observations had a cage average of 6 lice per 

fish or lower, which was identified as the threshold above which fish physiology 

was adversely affected by González et al. (2015). Note that lice burden was 

measured as a cage-level average; there will be fish in the cage with higher and 

lower lice counts. 

Higher rates of bath treatments were associated with a greater SRS mortality 

risk during the observation period in both species. In Atlantic salmon, the 

differences were not significant for cages bathed 5% of production days or more 

often. In rainbow trout, the differences were significant for all rates of bath 

treatments. These results support those of Jakob et al. (2014) who found a 

quadratic relationship between the number of lice treatments and the average SRS 
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mortality risk during outbreaks in trout. However, the association was not 

significant for salmon production cycles. In their study, the authors used a smaller 

dataset for salmon (252 cages compared to 4,638 cages in our study) and the 

method of lice treatment was not specified. It is likely that our study provided a 

greater power to detect the association between lice treatments (specifically 

bathing) and SRS mortality risk. A previous study using the same data source 

(Happold et al., 2020a) found a significant negative association between number 

of lice treatments and SRS mortality risk during outbreaks in salmon and a 

significant positive association in trout. Importantly, the method of lice treatment 

was not specified in that earlier work and the predictor used was the number of 

treatments. The results of the current study suggest that SRS mortality risk 

increases with the proportion of production days where treatment was 

administered before the observation period rather than with the total number of 

treatment days. Previous work has showed that stress had significant physiological 

effects on fish that may affect immunocompetency (Barton, 2002). Bathing may 

increase stress levels in fish and, consequently, increase the fish susceptibility to 

infectious diseases. González et al. (2016) detected a similar association between 

bath treatments and mortality for two other main salmonid diseases (amoebic gill 

disease and infectious salmonid anaemia). In addition, increased fish density has 

been associated with increased SRS mortality in experimental conditions (Larenas 

et al., 1997). By temporarily increasing the fish density, it would be plausible that 

bathing may also increase pathogen transmission through more frequent fish 

contact. 

The interaction between mean lice count and rate of bath treatments 

influenced the effect of each exposure on SRS mortality risk in salmon (but not in 

trout). The risk ratio was 0.9, indicating that as one of the exposures (lice burden 

or rate of bath treatments) increases, the effect of the other exposure decreases. 

For instance, when the lice burden increases, the increase in SRS mortality 

associated with higher rates of bath treatments slowly decreases. For higher lice 

burdens, the negative effects of bath treatments may be overcome by the positive 

effects associated with the reduction in lice burden. It is worth noting that results 

for high rates of bath treatments (>3%) had a greater degree of uncertainty due to 
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the limited amount of data for these values in both species and should be 

interpreted with caution. Also, the time since bathing to the period of SRS mortality 

measurement may have been a confounding factor in this complex relationship.  

For both salmon and trout, the results show that lice bathing treatments may 

adversely affect fish survival during SRS mortality episodes. Lice control is 

important in the context of P. salmonis coinfection, but it is also essential to 

maintain animal welfare, reduce losses directly attributable to sea lice infestation 

and also to reduce the prevalence of other coinfections associated with C. 

rogercresseyi (Figueroa et al., 2017). Therefore, considering a reduction of the rate 

of bath treatments to that required to manage lice burden is recommended based 

on the results presented here. Alternative strategies should be explored to manage 

the trade-off between the reduction in SRS severity associated with maintaining 

lice counts below a defined threshold and the increase in SRS severity associated 

with increasing the rate of bath treatments to a level necessary to achieve this 

desired threshold. A threshold for lice counts may be based on physiological 

thresholds (González et al., 2015), optimal thresholds calculated using bio-

economic modelling, or regulatory requirements. Such threshold should ideally 

consider both the short-term effect of lice burden and bath treatments, as shown 

in this study, but also integrate these effects across the entire production cycle to 

provide producers with economically relevant measures. Consideration is also due 

to the potential circulation of sea lice between native wild fish and farmed salmon 

and its impacts. This is an important issue in some salmon farming systems (Marty 

et al., 2010) but is less studied in Chile (Sepúlveda et al., 2004), probably in relation 

with the absence of native salmonids in the study area (Pascual and Ciancio, 2007). 

In addition to adjusting the bathing frequency, it is important to optimize the 

efficiency of bath treatments. This may involve ensuring the correct therapeutic 

dose is administered and employing strategies such as synchronisation of bathing 

with neighbouring farms (Arriagada et al., 2017). Where possible, bathing 

conditions may be altered to reduce potential stress and enhanced pathogen 

transmission (e.g. minimise density of fish). However, maximum bathing 

efficiency should be maintained, for instance by ensuring a sufficient treatment 

duration (Jimenez et al., 2018). Lice control via bathing may be minimised by 
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supplementing or replacing with non-immersive options such as long acting in-

feed treatments (Poley et al., 2018), targeted fallowing, and innovative methods 

that minimize or avoid exposure to parasites (e.g., growing fish in closed floating 

cages (Nilsen et al., 2017)). Last, recent research providing producers with a tool 

to predict the abundance of sea lice is also of importance in this context (St-Hilaire 

et al., 2018). Such a tool may support decision-making concerning fish stocking 

and sea lice treatments, in order to minimize both the sea lice burden and the 

intensity of treatments. 

This study has provided further evidence to support the following variables 

as factors reducing fish survival during episodes of SRS: higher latitudes, higher 

daily mean seawater temperature, lower daily mean oxygen levels, higher 

neighbourhood infection pressure and longer duration at sea. The year 2012 was 

set as the reference year for this study, and all other years were associated with 

higher SRS mortality in salmon. On the other hand, years 2013 to 2017 were 

associated with lower SRS mortality in trout, while the mortality was exceptionally 

high in 2018. Some variables such as temperature were associated with very large 

risk ratios (140 and 158 for trout and salmon, respectively). This may be because 

SRS mortality at low daily mean temperatures is minimal, and therefore the linear 

association is associated with a very large slope. It would be useful to explore these 

associations in a non-linear regression framework, to better describe the impact of 

these factors on the outcome and overcome the limitations of linear models. In the 

case of temperature, the association might involve a sharp slope for low to medium 

temperatures followed by a plateau where there is no further additional effect of 

increasing temperature. 

It is important to note that the inclusion of the lice burden and rate of bath 

treatments did not increase the explanatory power of the models, compared to the 

minimal model. Sea lice burdens vary spatially, while rates of bath treatments are 

strongly dependent on company and farm practices. Therefore, it is possible that 

these two variables captured some of the variability that was previously associated 

to one or more of the random effects. This is supported by the reduction in the 

variance at management area level observed between hypotheses 1 and 8 in 

salmon. Although the conditional R2 did not change overall, the inclusions of these 
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primary exposures modified the distribution of the variance between random and 

fixed effects. In addition, the variables included in the minimal model (describing 

potential confounders as well as variables related to hierarchical clustering in the 

data) only explained about 17 and 32% of the total variability in the SRS mortality 

outcome, in salmon and trout, respectively. This finding is consistent with the 

findings of our previous study (Happold et al., 2020a), which showed that although 

several variables were associated with mortality after treatment for SRS, the effect 

of each was relatively small. This highlights the large variability in SRS incidence, 

and perhaps the existence of other factors with a major influence on SRS mortality 

that are as yet unaccounted for. The statistically significant coefficient estimate for 

latitude in salmon suggests that such factors are likely to be spatially distributed. 

In addition, some management areas performed significantly better or worse than 

average for salmon (Figure Suppl 2.1), while management area was not a 

significant predictor for trout. It would be useful to investigate the characteristics 

of management areas which may explain the observed variations in SRS mortality. 

Although important confounders were accounted for to the best of our 

knowledge and data availability, it is possible that unaccounted-for variables could 

influence the relationships between lice burden, bath treatments and SRS 

mortality risk in ways that were not considered in this study. Also, this study was 

conducted soon after the PIISAC research platform was developed. At this time, 

only nine of the 21 companies operating in Chile were participants in this platform, 

and these companies may not be representative of the industry as a whole. For this 

reason, the results cannot readily be extrapolated to the entire industry. Last, the 

results presented here are related to two of the major salmonid species farmed in 

Chile, but do not cover either coho salmon or less common species such as Chinook 

salmon. Exploratory data analysis showed that coho salmon cages overall had 

small numbers of lice, with little variability, and were not subjected to bathing 

treatments. In addition, previous studies have demonstrated the low susceptibility 

of coho salmon to C. rogercresseyi infestation (Bravo, 2003; Hamilton-West et al., 

2012; Yatabe et al., 2011). Consequently, coho salmon production cycles were not 

analysed in this study. 
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This study did not enable us to identify which of the individual lice stages 

(juvenile, gravid females or mobile adults) most affected SRS mortality. 

Exploratory analysis showed high correlation between different lice stages, 

precluding their simultaneous inclusion in the models (Zuur et al., 2010). After 

obtaining the final model, the variable for total lice count was replaced by variables 

for each of the individual lice stage counts. A comparison of the four resulting 

models using their AICc showed overwhelming data support for the model 

including the total lice count over the models including individual lice stages. This 

was observed for both salmon and trout. A comparison of the three models 

containing the juvenile, gravid females and mobile adult counts, respectively, 

showed more or less equal Akaike weights among them. This suggests that none of 

the individual lice stages provides a better explanation of SRS-attributed mortality. 

Previous research showed that adult stages had the largest impact on fish 

physiology (González et al., 2015) and would be the most likely stages to transmit 

disease (Oelckers et al., 2014). Due to the high correlation between the counts of 

different lice stages, the statistical model framework used in this study did not 

allow identification of the lice stage that has most influence on SRS mortality. 

Further research should investigate this question using different methods. 

However, it is likely that retrospective studies will not allow unequivocal 

identification of causal links between any of the individual life stages and SRS-

attributed mortality. In addition, the accuracy of sea lice counts and classification 

of life stages are likely to be observer-dependent (Elmoslemany et al., 2013) and 

may be a source of error in such studies.  

Potential sources of error in this study include misclassification of SRS-

attributed mortality, bias associated with selection of cages for lice counting, and 

bias associated with using regulatory datasets for lice counts. Misclassification may 

occur as fish dying from SRS may not present any visible clinical signs, or only 

present non-specific signs (Rozas and Enriquez, 2014). The available data did not 

allow determination of the level of misclassification of mortality categories. It is 

also possible that misclassification of mortality may be associated with the primary 

exposures, introducing differential bias in the results. Although random selection 

of cages of lice counting was specified, the methods of selection used on-farm are 
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unknown and may be subject to selection bias. Last, regulatory consequences of 

high lice burdens may have provided a disincentive to report the full extent of lice 

counts. Underreporting could have biased our results towards the null hypothesis. 

5. Conclusion 

This study confirmed that the presence of sea lice affects survival of 

salmonids infected with P. salmonis and demonstrated that the bath treatments 

used to control lice may themselves contribute to greater SRS severity. 

Importantly, these results relate to management decisions or practices and 

indicate practical, actionable ways in which the losses associated with SRS could 

be minimised. Thus, this study contributes to demonstrating the value of making 

use of company production data and data sharing between stakeholders. Firm 

recommendations about optimal lice control programs should consider the 

findings of this study in conjunction with economic analysis. Future work may 

focus on the evaluation of economic outcomes, and the development of decision 

support tools based on the economically optimal ways to control sea lice 

infestation.  
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9. Supplementary material 

Supplementary material 1 Selection and hypothesis support for models of SRS 

mortality, using an information-theoretic approach. 

Table Suppl 1.1 Atlantic salmon models 

Corresponding working hypothesis k AICc ∆AICc Weight 

Hypothesis 8 26 197733 0 1.00 

Hypothesis 6 25 197750 16 0.00 

Hypothesis 4 24 197799 66 0.00 

Hypothesis 7 25 197812 79 0.00 

Hypothesis 5 24 197827 93 0.00 

Hypothesis 2 23 197830 97 0.00 

Hypothesis 3 23 197880 147 0.00 

Hypothesis 1 22 197884 151 0.00 

k: number of adjusted parameters; AICc: bias-corrected Akaike information criterion; ∆AICc: AICc 

difference with the model with lowest AICc 

 

Table Suppl 1.2 Rainbow trout models 

Corresponding working hypothesis k AICc ∆AICc Weight 

Hypothesis 5 25 60709 0 0.32 

Hypothesis 7 26 60710 1 0.28 

Hypothesis 6 26 60710 1 0.20 

Hypothesis 8 27 60711 2 0.16 

Hypothesis 3 24 60714 5 0.02 

Hypothesis 4 25 60715 6 0.02 

Hypothesis 2 24 60726 17 0.00 

Hypothesis 1 23 60734 25 0.00 

k: number of adjusted parameters; AICc: bias-corrected Akaike information criterion; ∆AICc: AICc 

difference with the model with lowest AICc 
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Supplementary material 2 Random effect coefficients for the barrio variable in 

Atlantic salmon observations. 

 

Figure Suppl 2.1 Random effect coefficients for the barrio variable in Atlantic salmon 

observations: most-likely estimate and 95% confidence interval 
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Abstract 

Although the bacterium Piscirickettsia salmonis has been detected in many 

salmon-producing countries around the world, losses caused by salmonid 

rickettsial septicaemia (SRS) are mostly occurring in the Chilean aquaculture 

industry. Horizontal transmission of SRS between salmonid farms was suggested, 

based on the existence of spatiotemporal correlation in the level of disease between 

neighbouring sea farms. However, it remains unclear to which extent between-

farm water-borne pathogen dissemination is important in the epidemiology of SRS 

in Chile. Such information is critical to assess the level of risk of transmission of 

SRS from one farm to another at different mortality incidence levels and to apply 

appropriate and cost-effective mitigation measures. In this study, we used weekly 

SRS mortality data from all salmonid farms in the Los Lagos region between 

January 2012 and September 2018 to model the spatiotemporal autocorrelation in 

the SRS-attributed mortality in the study area. A generalized additive regression 

modelling framework was adopted, using a linear functional component to model 

the influence of other farms on the target farm. Several nested statistical models 

were built to compare the significance of different covariates. Predicted values of 

SRS mortality on the target farm, conditional on different distance, time lag and 

mortality values from the source farms were estimated from the best model. The 

results showed that there was a statistically significant association between the 

weekly mortality incidence at source farms and the mortality incidence at target 

farms during the same week and during the previous weeks. This study did not 

provide evidence that the spatiotemporal correlation observed in SRS mortality 

may be due to water-borne pathogen dissemination between farms and alternative 

explanatory mechanisms should be investigated. It remains possible that the 

patterns of lagged correlation observed between source and target farm mortality 

may be due to a model artefact. In addition, there was no evidence of a threshold 

effect above which farms pose a substantially larger health risk to their neighbours. 

Stronger evidence for or against between-farm transmission of P. salmonis may be 

obtained by different methods. 

 



90 

 

Key words 

Salmonid rickettsial septicaemia; Atlantic salmon; rainbow trout; retrospective 

study; spatial correlation 

  



91 

 

1. Introduction 

Salmonid rickettsial septicaemia (SRS) is an infectious disease caused by the 

bacterium Piscirickettsia salmonis. The disease was first identified in Chile in coho 

salmon farms in 1989 (Bravo and Campos 1989), and has since caused substantial 

losses to the industry in all salmonid species. Although smolt stocks are disease-

free at sea entry, a previous study of regulatory data showed that about 80% of 

production batches will be diagnosed with SRS during the sea production phase 

(Hillman et al. 2020). The occurrence of horizontal transmission between farms 

has been suggested in Chile for SRS and other pathogens, as well as for 

ectoparasites such as sea lice (Rees et al. 2014; Kristoffersen et al. 2013; Price et al. 

2017; Arriagada et al. 2017). These suggestions were based on detecting 

spatiotemporal correlation in the level of disease or infestation between 

neighbouring sea farms, a phenomenon also called ‘infection pressure’ by some 

authors. However, the distances between sites and the site densities for which this 

correlation poses a substantial health risk have not been characterized. In addition, 

it remains unclear whether the available evidence of spatiotemporal correlation 

between farms is due to direct horizontal transmission between farms or to 

infection by a common environmental reservoir of P. salmonis. In the latter case, 

the SRS mortality on neighbouring farms would be correlated due to such farms 

sharing similar environmental and spatial characteristics. Under the hypothesis of 

horizontal transmission between farms, the pathogen circulation could be 

mediated by a vector or occur via bacteria suspended in the flowing saltwater 

column. The latter would be possible given the extended survival time of P. 

salmonis in salt water, which can be up to 50 days (Olivares and Marshall 2010). 

In addition, the role of wildlife reservoirs is unclear as P. salmonis has been 

identified in native fish species in Chile (Contreras-Lynch et al. 2015). 

Comprehensive management of SRS outbreaks requires direct application of 

control measures in affected farms to limit the local transmission of SRS and hence 

reduce mortality within a farm. Moreover, control measures should effectively 

mitigate the risk of SRS spreading from one farm to other farms. The Chilean 

National Fisheries and Aquaculture Service (Servicio Nacional de Pesca y 

Acuicultura, Sernapesca) sets regulatory thresholds for SRS mortality incidence 
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rates that, if exceeded, trigger mandatory responses to control outbreaks of SRS 

and hence reduce the risk of transmission to nearby farms. These regulations rely 

on the assumption that the infectivity of a farm for neighbouring farms is 

correlated with the mortality incidence on the infected farm. However, the level of 

risk of transmission of SRS from one farm to another at different mortality 

incidence thresholds is yet to be characterised for the Chilean salmon farming 

industry. 

This study was the fifth in a series of epidemiological studies to examine risk 

factors for SRS and evaluate the effectiveness of interventions to control the 

disease (Happold, Meyer, et al. 2020; Happold, Sadler, et al. 2020; Hillman et al. 

2020; Meyer et al. 2019). This work aimed to generate information that supports 

Sernapesca in evaluating the current regulatory threshold for on-farm 

interventions (Sernapesca 2012). Our specific objective in this work was to 

examine the plausibility of the hypothesis that spatiotemporal correlation of SRS 

mortality between farms in Chile is caused by water-borne pathogen dissemination 

between farms.  

2. Material and methods 

2.1. Study population 

The study population comprised all seawater farms and farm-level 

production cycles included in the data provided by Sernapesca between January 

2012 and September 2018, in the Los Lagos region of Chile where a large 

proportion of the saltwater rearing of salmonids occurs (Sernapesca, personal 

communication). The unit of analysis was the farm-level weekly observation, 

hereafter referred to as ‘farm-week’. 

2.2. Data sources 

Weekly, farm-level mortality reports were obtained from the Sistema de 

Información para la Fiscalización de Acuicultura (SIFA) database. The SIFA 

database was deployed at the end of 2010 and contains complete data since 

January 2012 based on mandatory mortality reporting by all salmonid production 

companies. The mortality data used in this study were based on mortality 
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categories as reported in the SIFA database, rather than laboratory-confirmed 

disease cases. 

2.3. Statistical regression model  

2.3.1. Primary outcome 

The outcome variable was the SRS-attributed mortality count for each farm-

week observation in the study area. Here we considered the mortality incidence in 

a given region as a single variable. The spatiotemporal autocorrelation of this 

variable was considered as the primary exposure. More specifically, we included 

two separate model terms to account for autocorrelation: the SRS-attributed 

mortality incidence on other farms at different distances and time lags (primary 

exposure) and the temporal autocorrelation at the same farm. 

2.3.2. Primary exposure variable 

The primary exposure variable was the SRS-attributed mortality incidence 

on the 50 closest active farms (‘source farms’) around the farm on which the 

mortality was measured (‘target farm’), during a window of time prior to the week 

of interest. This variable effectively modelled the spatially and temporally lagged 

autocorrelation of the outcome variable. 

In a previous study on SRS in Chile where authors investigated several 

between-farm distances up to 20 km, the model with the lowest Akaike information 

criterion (AIC) included spatial influence between farms distant by up to 10 km 

(Rees et al. 2014). Here, the source farms were located at distances up to 150 km, 

allowing the model to reveal any spatiotemporal autocorrelation, regardless of the 

underlying mechanism of such correlation. The source farms were limited to the 

50 closest farms for computational reasons.  

In this work, we used a varying coefficient model (Hastie and Tibshirani 

1993) that allowed mortality on a given farm to vary as a smooth function of 

mortality located at different distances and temporal lags from this farm. The 

influence of the source farms on the SRS-attributed mortality count at target farm 

i during week t was modelled using a linear functional (Ramsay and Silverman 

2006; Wood 2017) of the following form: 
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∑ 𝐹(𝑑𝑖,𝑗 , 𝑘,𝑚𝑜𝑟𝑡𝑗,𝑡−𝑘)

𝑗≠𝑖,𝑘

 

with j the indices of the active farms within a 300-km radius of farm i, di,j the 

sea-way distance between farms i and j, k between 0 and 10 weeks, mortj,t-k the 

mortality at farm j during week t-k, and F a spline function estimated from the 

data. The mortality at farm j during week t-k was measured as an incidence rate in 

the full model, i.e., as the mortality incidence count during that week divided by 

the number of fish present at the beginning of the week. In an alternative model 

(see explanations below), the mortality at farm j during week t-k was measured as 

an incidence count. In addition to the linear functional term, the model was risk-

adjusted for the other risk factors observed at each farm and within-farm 

autocorrelation, as described below. 

2.3.3. Other explanatory variables 

The autocorrelation model was adjusted for other risk factors, given the large 

variability between different farms and different production cycles, and in order to 

account for possible confounding. Seven risk factors identified as important from 

previous studies conducted by the authors or published results from other research 

groups were included in the models. 

The fish-level factors included in the model were the fish species, the time 

since sea entry in degree-days, and the mortality from other infectious causes 

during the week of observation. Two predictors were included to capture temporal 

trends: the number of days since the first observation in the dataset (January 2nd, 

2012) to account for broad scale temporal trends such as variations between years, 

and the day of the year was included to account for potential seasonal trends. 

Lastly, we included the average sea water temperature during the week of 

observation, which was the only available variable related to environmental 

conditions with low rates of missing data. The farm latitude was included to 

account for other unmeasured environmental and spatial variations. 
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2.3.4. Statistical methods 

The weekly SRS-attributed mortality incidence count data was treated as a 

negative binomial response to account for overdispersion in the counts. These 

counts were offset by the natural logarithm of the number of fish present at the 

beginning of the week. A generalized additive regression modelling framework was 

adopted, and implemented through the mgcv package (Wood 2017) available 

within the R statistical computing environment (R Core Team 2019). 

The linear functional component of the model that included time lag, 

distance and SRS-attributed mortality incidence observed at other farms was 

modelled via a tensor product smooth (Wood 2017). Other explanatory variables 

were included either as linear effects or as spline smooth effects (thin plate 

regression splines) (Wood 2017), based on initial data exploration. Continuously 

valued explanatory variables were centred and scaled. 

Clustering of the farm-week records within company, farm and production 

cycle was considered when building the models. Different methods for including 

random effects for company, farm and production cycle, and a stricter temporal 

within-farm autoregression structure, were trialled but were not computationally 

feasible to implement given the large size of the dataset (≈ 49,000 farm-week 

records). Ultimately, the random effects were included in the model as spline 

smooth effects, which are treated as penalized regression terms, an estimation 

method equivalent to that of conventional random effects (Wood 2004). In short, 

the coefficients associated with the model matrix component are assumed i.i.d. 

normal, with unknown variance to be estimated. The within-farm autocorrelation 

terms of lag order 1 and 2 were modelled as linear regression terms, again for ease 

of implementation. These terms correspond to the mortality on the same farm 

during the last and before-last weeks before the observation week. Exploratory 

analysis showed that the within-farm autocorrelation for larger temporal lags (> 2) 

was not significant. 
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2.3.5. Model selection 

Consistent with the information theoretic approach (Burnham and Anderson 

2002), eight nested statistical models were built to compare the significance of 

different covariates. The full model included all the covariates described in the 

above sections. In three other models, some variables were not included, namely 

the spatiotemporal autocorrelation term, the latitude effect and the farm and 

company effects. The maximum lag of the spatiotemporal correlation was changed 

from 10 to 4 and 15 weeks in two other models, respectively. Last, a model based 

on the Euclidean distances rather than the seaway distances was also built, as well 

as a model using the mortality incidence count on source farms rather than the 

incidence rate (Table 1). 

Once fitted to the observed data, the eight statistical models were ranked 

according to their AIC and Akaike weights (Akaike 1974). Models with an AIC 

difference greater than ten points from the model with the lowest AIC were 

considered to be substantially less supported by the data than the highest-ranking 

model (Burnham and Anderson 2002; Wagenmakers and Farrell 2004). 

Table 1. Characteristics of each statistical model 

Statistical model identifier Model characteristics 

1 (null model) No spatiotemporal autocorrelation terms. 

2 (full model) 
Spatiotemporal autocorrelation estimated with 
a lag between 0 and 10 weeks. 

3 Farm and company effects not included. 

4 
Spatiotemporal autocorrelation estimated with 
a lag up to 15 weeks rather than 10 weeks. 

5 
Spatiotemporal autocorrelation estimated with 
a lag up to 4 weeks rather than 10 weeks. 

6 
Spatiotemporal autocorrelation estimated 
using Euclidean distances rather than sea-way 
distances. 

7 Latitude effect not included. 

8 
Mortality on source farms estimated as an 
incidence count rather than an incidence rate. 
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2.4. Distance calculations 

The sea-way distance between farms was computed using a least-cost path 

algorithm implemented in Python by the scikit-image package2. A raster map of 

the region of interest, with a cell resolution of 0.003°, was used. Resistance values 

of one for seawater pixels and of one million for land pixels were selected to prevent 

the optimal route from crossing land pixels. The routing algorithm was applied to 

each pair of farms available in the dataset. Both the sea-way distance and the 

Euclidean (straight-line) distance were recorded for each pair. 

2.5. Interpretation of the results 

Partial effects were obtained from the most supported model for a range of 

time lag, distance and source farm mortality values. We obtained the partial effects 

for the influence of a single source farm on the target farm, although the models 

were fitted by considering the influence of the 50 closest source farms. In addition, 

the concepts of source and target farms are used here for clarity, but it is important 

to note that the linear functional term considers an undirected spatiotemporal 

correlation. The partial effects displayed in Figures 2a and 2b indicate the direction 

and intensity of the correlation between the mortality on source and target farms, 

at different values of time lag, distance and source farm mortality. 

Then, predicted values of SRS mortality on the source farm were obtained 

considering the influence of SRS mortality on the 50 closest source farms, 

distributed as per the average neighbourhood configuration in the dataset. 

Continuous and categorical fixed effect values were set to the dataset mean or 

reference category, respectively. The within-farm autocorrelation terms were set to 

0. This allowed us to compare the changes attributable to the spatiotemporal 

correlation in time and space, all other factors remaining equal (Figure 3). 

3. Results 

Sea farms in the Los Lagos region reported a total of 49,724 farm-week 

records between January 2nd, 2012 and September 24th, 2018. Species farmed 

 

2 http://scikit-image.org/docs/0.7.0/api/skimage.graph.mcp.html 
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during that period were rainbow trout, Atlantic salmon, coho salmon, King salmon 

and pink salmon. There were only very few records for the two latter species, and 

they were removed before analysis. The number of fish present each week on the 

farm and the average sea temperature were missing from 1.2% and 25% of the 

records, respectively. These values were approximated using the previous and 

following weekly records where possible. A total of 48,791 complete farm-week 

records (1,010 production cycles) were retained for this analysis. These records 

originated from 334 farms (Figure 1). 

 

Figure 1. Location of the 334 farms for which data were available, in the Los Lagos region of 

Chile. 

 

The best-fitting statistical model according to the Akaike weight was model 

7, which was the model based on mortality incidence rates on source farms during 

the previous 10 weeks, without the latitude effect (Table 2). There was only a small 

difference with the full model (model 2). These 2 models performed better than the 

model based on Euclidean distances (model 6), the model including lags up to 15 

weeks (model 4) and the model based on SRS mortality incidence counts on source 

farms (model 8), with AIC differences larger than 200 points. The models 

including no spatiotemporal correlation and only 4 weeks of lagged mortalities 
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(models 1 and 5) had the highest AIC values. The spatiotemporal correlation in SRS 

mortality was statistically significant in all models where it appeared (Table 3). 

Table 2. Statistical model ranking based on the observed data. 

Statistical model identifier No. of parameters AIC ΔAIC Akaike weight 

7 1,007 394,303 0 0.97 

2 1,007 394,310 7 0.03 

3 997 394,351 48 0.00 

6 997 394,520 217 0.00 

4 993 394,572 269 0.00 

8 1,004 394,673 370 0.00 

5 1,003 394,820 517 0.00 

1 967 396,295 1,992 0.00 

 

However, the partial effect of a single source farm on SRS mortality was small 

in all models (see estimates from best model in Figure 2a). There were small 

variations of this effect with distance, time lag and mortality on the source farm, 

which are described below for the best fitting model (model 7) but were similar for 

model 2. There was no correlation between the mortality on source and target 

farms for a wide range of parameters. Within a small time lag (≤3 weeks), there 

was a negative correlation for very high values of mortality (above 1%) when the 

distance between the source and target farms was small (up to 10 km). There was 

also a negative correlation for very high values of mortality for farms located at 

long distances (≥80 km), with medium time lags between 2 and 8 weeks. For farms 

located at medium distances (20 to 50 km), there was a positive correlation for very 

high values of mortality. For longer time lags (≥8 weeks), there was a positive 

correlation across the range of mortality levels at short and medium distances (up 

to 25 km). At long time lags, there was also a strong positive correlation for very 

high values of mortality (above 1%) at very long distances (above 100 km). 

Although model 4 only ranked 5th in our study, the partial effect plots from this 

model are presented in Figure 2b to illustrate the effect of considering time lags up 

to 15 weeks. In model 4, the large correlation values mentioned above for long and 

time lags distances were not observed. Other correlation patterns were similar 

between models 4 and 7. 
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Yellow tones correspond to the lowest values while purple tones correspond to the highest values. 

The y-axis corresponds to increasing levels of mortality on the source farm. The x-axis corresponds 

to an increasing time lag between the mortality observations on the source and target farms. The 

panels correspond to increasing distances between the source and target farms, as indicated by the 

numbers (in km) in the white boxes. 

Figure 2a. Partial effect of the SRS mortality of the source farm on the SRS mortality on the 

target farm, conditional on different distance and time lag values, obtained from 

model 7.  
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Yellow tones correspond to the lowest values while purple tones correspond to the highest values. 

The y-axis corresponds to increasing levels of mortality on the source farm. The x-axis corresponds 

to an increasing time lag between the mortality observations on the source and target farms. The 

panels correspond to increasing distances between the source and target farms, as indicated by the 

numbers (in km) in the white boxes. 

Figure 2b. Partial effect of the SRS mortality of the source farm on the SRS mortality on the 

target farm, conditional on different distance and time lag values, obtained from 

model 4.  

 

While the partial effects showed significant spatiotemporal autocorrelation, 

the influence of a single infected source farm on predicted values of mortality on 

the target farm was negligible regardless of the time lag and source farm mortality 

considered (Figure 3). The mortality on the target farm remained lower than 

0.0001% after 3 weeks and increased to 0.0002% after 9 weeks. Predicted values 

were higher when 10 to 20 of the source farms were infected, remaining under 

0.005%. When all neighbour farms were infected for 9 weeks, the mortality on the 

target farm increased to up to 0.2%. The standard errors for all predicted values 
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were large and the confidence intervals included 0. The effect of the level of 

mortality on infected source farms was not statistically significant. 

 

Distances were set to represent the average neighbourhood configuration in the region. The different 

line colours represent the cumulative time lag of SRS mortality on the source farms (for example, 3 

indicates that we considered the mortality on the target farm after 3 weeks of SRS mortality on the 

source farms). The panels represent the number of source farms which declare SRS mortality at the 

level indicated on the x-axis. The error bars represent the standard error of the predicted values. The 

predicted values were obtained from model 7 and are plotted on a log scale. 

Figure 3. Predicted values of SRS mortality of the target farm according to the SRS mortality 

on the neighbour source farms.  

 

In the most supported model, SRS mortality was positively associated with 

the mortality on the same farm during the previous week and two weeks before the 

observation (Table 3). Weekly SRS mortality was also positively associated with 

time since sea entry, sea temperature, mortality from other infectious causes. 

There were significant long- and short-term temporal trends (Supplementary 
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material, Figures 1 and 2). Mortality in coho salmon was significantly lower than 

in Atlantic salmon, and there was no difference between Atlantic salmon and 

rainbow trout. 

Table 3. Coefficient estimates from the best statistical model. edf: estimated degrees of 

freedom. Estimates for continuous variables are provided for the scaled 

variables. 

Parametric coefficients Estimate Standard error t-value p-value 

Intercept -12.61 0.19 -65.42 < 0.01 

Autocorrelation with lag 1 4.15 0.06 73.99 < 0.01 

Autocorrelation with lag 2 0.30 0.05 6.21 < 0.01 

Time since sea entry <0.01 <0.01 56.10 < 0.01 

Sea temperature 0.18 0.03 6.75 < 0.01 

Mortality from other infectious causes 0.55 0.07 7.68 < 0.01 

Species (reference: Atlantic salmon) 1 (reference) 

coho salmon -1.75 0.20 -8.84 < 0.01 

Rainbow trout -0.03 0.23 -0.14 0.89 

Smooth terms edf F-
value 

p-value 

Linear functional term 42.86 88.01 < 0.01 

Long term temporal trend 3.00 145.68 < 0.01 

Seasonal trend 1.98 718.74 < 0.01 

 

4. Discussion 

This study considered the spatiotemporal correlation of SRS mortality in 

commercial salmonid farms in southern Chile. The results showed that there was 

a statistically significant association between the weekly mortality incidence at 

source farms and the mortality incidence at target farms during the same week and 

during the previous weeks. The ranking of different model formulae provided 

additional information on this spatiotemporal correlation in SRS mortality. First, 

including the spatiotemporal correlation term for time lags of up to 10 weeks 

substantially improved the model fit compared to the model excluding this term, 

or including only 4 weeks of lagged mortalities. Extending the correlation term to 

longer time lags (up to 15 weeks rather than 10) did not provide additional benefits 

in terms of model fit. The time lag considered between mortality on source and 

target farms is an important factor to consider when interpreting the model results 
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(see more detailed interpretation below). Under the hypothesis of water-borne 

pathogen dissemination of P. salmonis from a source farm, a substantial time lag 

is expected before observing an increase in SRS mortality on the target farm. This 

period can be divided in two: a period of dissemination of bacteria from the source 

to the target farm and the period before substantial SRS mortality is observed on 

the target farm. These durations may be affected by many factors, such as the level 

of shedding of bacteria on the source farm, hydrodynamic parameters, the 

incubation period of SRS and within-farm disease dynamics. 

The exclusion of the latitude effect (model 7) did not substantially modify the 

fit to the data (small AIC difference with model 2), nor did it modify the 

spatiotemporal patterns of predicted values (data not shown). Consequently, we 

considered that the latitude effect was not unduly capturing the variability due to 

spatiotemporal autocorrelation in the response in the full model. Previous analyses 

showed that SRS mortality was influenced by the site latitude in Atlantic salmon 

(Happold, Meyer, et al. 2020). The present results suggest that the association with 

latitude may be due to local correlation in mortality between sites. It is also 

plausible that our results differ because the model was fitted for the Los Lagos 

region only. Within the region, there was a smaller range of variations along the 

North-South direction. 

Interpretation of the partial effects showed local, positive correlation 

between the mortality on source and target farms within a radius of 20 to 50 km, 

instantaneously and for time lags of up to 2 weeks. As the incubation period of SRS 

is assumed to be at least 2 weeks (Rozas and Enriquez 2014; Smith et al. 2004), 

such spatial correlation with time lags inferior or equal to the incubation period is 

unlikely to be explained by water-borne pathogen dissemination between the 

source and target farms. Alternative mechanisms such as infection by a common 

(e.g., environmental) reservoir of P. salmonis or sharing similar local 

environmental characteristics that trigger the expression of SRS mortality on 

already-infected farms may explain the observed correlation in neighbouring 

farms for small time lags. Local, positive correlation, on sites up to 25 km apart, 

also occurred for longer time lags, from 7 to 8 weeks onwards. This pattern could 

be consistent with water-borne pathogen dissemination having occurred between 
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the source and target farms. The longer time lags observed in this case are 

biologically plausible, as they could reflect a combination of the incubation period 

of the disease at fish-level and the time for the disease to result in observable levels 

of fish mortality on a newly infected farm. Published descriptive parameters of the 

within-farm transmission of SRS were not available at the time of writing. Finally, 

the positive correlation observed over long distances (≥100 km) may be associated 

with multiple disease foci, distributed over the entire study area. These foci of SRS 

mortality may appear correlated, while actually occurring in parallel without any 

epidemiological link between them. In addition to between-farm correlation, 

model results showed temporal, within-farm autocorrelation in mortality, with 

positive coefficients for 1-week and 2-week lags. These terms represented the 

within-farm dynamics of the disease, including transmission both between fish and 

between pens. 

In this paper, we used a spline-based model. Others have studied 

spatiotemporal correlation of animal diseases using kernel-based methods (e.g. 

Boender et al. 2007; Gubbins et al. 2018; Ypma et al. 2013). Both methods are 

based on arbitrary values for the 'smoothing' parameter (i.e., bandwidth or degrees 

of freedom). The spline-based method was chosen in this work as it better allowed 

for the inclusion of multiple risk factors within the GAM framework, such as 

seasonality with a cyclic spline. No readily usable framework for kernel-based 

multivariate GAM estimation was found at the time of this study. In addition, the 

spline-based GAM framework allowed for the use of continuous mortality data 

rather than dichotomizing the data according to arbitrary rules. The choice of 

kernel type is a critical step in kernel-based methods, and may have a significant 

impact on the outcome, as shown in Gubbins et al. (2018). Other methods used to 

study spatial correlation of infectious animal disease outbreaks include the space-

time K function (Vergne, Gogin, and Pfeiffer 2017). It is worth noting that any such 

method may only be used to assess whether spatiotemporal correlation has a 

substantial effect on the distribution of the cases, and that these studies do not 

assess whether farm-to-farm transmission is the main cause of such correlation. 

A potential caveat of the spline-based method is harmonic behaviour. Higher 

values observed at the upper extremity of the range of time lags may be due to a 
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model artefact rather than representing biological processes. Such oscillations may 

have occurred for large time lags in model 7 and did not appear in the model using 

longer time lags (model 4). Harmonic behaviour may also explain the negative 

correlations observed for some of the parameter combinations, which are unlikely 

to be biologically plausible. Oscillations in the spline functions may be a 

consequence of the harmonic behaviour of the smoothing process, as 

demonstrated by previous authors (Bowman and Azzalini 1997; Wüst et al. 2017). 

In addition, it is worth noting that the uncertainty associated with the smooth 

effect was large, which leads to the necessity of interpreting the shape of the 

surfaces carefully.  

An important limitation of this study is the use of on-farm mortality 

classification data as the only form of SRS diagnosis. We were unable to determine 

the sensitivity and specificity of the classification process of fish mortalities. These 

indicators may depend on the qualifications and experience of farm personnel as 

well as previous SRS laboratory diagnoses for the fish group. Classification 

inaccuracies may have affected our results, by misestimating the level of SRS 

mortality on the source or target farms. The data used in this study could be 

improved by including results from farm-level or area-level laboratory diagnosis of 

SRS. 

Our model results suggest a small dose-response effect where increasing SRS 

mortality on the source farms (up to 0.05%) resulted in increasing mortality 

predicted values on target farms. However, this response was not statistically 

significant and only appeared when a very large proportion of the neighbouring 

farms were affected. The infection pressure from a few farms in the 

neighbourhood, even with very high SRS mortality and at short distances did not 

increase the mortality on the target farm. Overall, the mortality on source farms 

did not explain a substantial proportion of the variance in the SRS mortality on the 

farms included in our dataset. Hence, this study does not provide evidence that the 

spatiotemporal correlation observed in SRS mortality could be due to water-borne 

pathogen dissemination between farms. Although the pathogen may abundantly 

disperse in the sea environment of infected farms, our models do not support a 

substantial effect of this dissemination in causing mortality in neighbour farms. 
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Overall, the models provide evidence in favour of alternative explanations of the 

mechanisms behind spatiotemporal correlations. Confounding effects due to 

unaccounted-for factors that influence SRS mortality on neighbouring farms 

simultaneously or with a certain time lag include various biotic and abiotic factors. 

The results presented here highlight the complex epidemiology of P. salmonis 

infection in salmonid farms.  

Previous modelling work showed that larger sea farms were at higher risk of 

transmitting disease to their neighbours, due to the higher intensity of pathogen 

shedding (Salama and Murray 2011). Our full model based on SRS mortality rates 

on source farms (model 2) provided a significantly better fit to the data than the 

alternative model using mortality counts instead (model 8), with a large AIC 

difference. This result is surprising, as it was expected that the number of fish dying 

from SRS (representing a combination of the level of mortality on the source farm 

and the farm size) would provide a better estimation of the farm-level infectivity 

and pathogen shedding. Other variables which could be of interest are the stocking 

density, the number and size of cages and the production stage on the source farms. 

However, the effect of these variables could not be studied here, as the models did 

not converge when including more than three variables in the linear functional 

terms (time lag, distance and source farm mortality). The importance of SRS 

mortality rates is consistent with Chilean regulatory thresholds for intervention, 

which are based on weekly mortality rates rather than counts. However, there was 

no evidence in our study of a threshold effect above which farms poses a 

substantially larger health risk to their neighbours. 

It is important to note that models based on seaway distances performed 

better than the model based on Euclidean distances. A spatial study of pancreas 

disease using a hydrodynamic model in Norway showed that the infection pressure 

for this disease was best modelled by a variable based on water contact and the fish 

biomass on infectious sites (Viljugrein et al. 2009). An infection pressure variable 

based on seaway distances and including the number of fish at infectious sites was 

an acceptable alternative. Stronger evidence for or against between-farm 

transmission of P. salmonis may be obtained by building and assessing the 

predictive power of mathematical models of pathogen spread. A large range of 
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methods are available, depending on the spatiotemporal scale of interest for 

instance (Parry, Sadler, and Kriticos 2013). Existing models of pathogen spread in 

aquaculture demonstrated the importance of including hydrodynamic features of 

the study area (Salama and Murray 2013, 2011; Viljugrein et al. 2009). Little 

published work on hydrodynamic features is currently available to support such 

modelling work in our study area. Local parameters for currents and tidal 

amplitude were reported in a few studies in the Los Lagos and Aysén regions 

(Atkinson et al. 2002; Aiken 2008; Shaffer et al. 1999; Figueroa and Moffat 2000; 

Sobarzo et al. 2018). Although the Peru-Chile current system affects the general 

area (Karstensen and Ulloa 2019), sea farms in the Los Lagos region are located in 

protected channels, fjords and bays rather than in open water. These farms are less 

likely to be affected by large-scale oceanic conditions than by local water flows. 

Such water flows follow complex patterns created by tidal movements, residual 

currents, freshwater inputs, oceanographic features and local topography (Sobarzo 

et al. 2018). The development of a mathematical model of SRS spread including 

hydrodynamic parameters would be expected to provide a substantial contribution 

to explaining spatiotemporal patterns of SRS mortality in Chile (Steven et al. 2019). 

Such work could build on previous hydrodynamic modelling for other diseases, 

such as the work on infectious salmon anaemia presented by Olivares et al. (2015), 

which was based on the Regional Oceanic Modelling System (Shchepetkin and 

McWilliams 2005).  

In addition, whole-genome sequencing has proven useful in identifying 

disease transmission patterns in various situations where traditional contact 

tracing was not conclusive (Crispell et al. 2017; Kao et al. 2014; Walker et al. 2014; 

Gardy et al. 2011). Molecular techniques could contribute to clarifying SRS 

transmission routes in Chilean salmon farms, by characterising the P. salmonis 

isolates identified on different farms and assessing the genetic distance between 

them. Further research on these topics would contribute to close some important 

knowledge gaps related to SRS (Mardones et al. 2018) and support the 

development of more evidence-based policy. In the meantime, the evidence 

currently available is not strong enough to base all regulatory disease management 

efforts on the hypothesis of water-borne between-farm transmission. A broader 
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approach to risk management is recommended, with different mitigation measures 

addressing the potential spread mechanisms. 
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8. Supplementary material 

Supplementary material 1. Additional results obtained from the most supported 

statistical model of weekly SRS mortality on target farms. 

 

Figure Suppl 1. Partial effect of the time since the first observation on the SRS mortality on 

the target farm, equivalent to the long-term temporal trend in SRS mortality.  

  

Figure Suppl 2. Partial effect of the day of the year on the SRS mortality on the target farm, 

equivalent to the seasonal trend in SRS mortality. 
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Abstract 

The fish production, health and management data routinely collected on 

aquaculture farms represent a significant resource that could better support 

epidemiological research than traditional surveys and other studies. To this aim, a 

collaborative data integration platform was developed in late 2017 with the Chilean 

salmon and trout production industry (an initiative named 'Plataforma Integrada 

de Investigación Sanitaria para la Acuicultura', PIISAC). Initially supported 

through a joint government-industry program, it was planned that the PIISAC 

initiative would transition towards ongoing industry ownership and governance in 

2019. However, this transition did not occur, due to lack of industry support. In 

this qualitative study, we used semi-structured key informant interviews to explore 

the perspective of stakeholders on the implementation of PIISAC and identify 

barriers to sustained adoption. An inductive, semantic thematic analysis was 

conducted. While informants reported that the platform was valuable for the 

industry, they also identified many concerns and barriers. These elements were 

grouped under two main themes, i.e., factors related to the environment for the 

data integration platform, and issues linked to the project implementation. Within 

the first main theme, sub-themes included competitive advantages, privacy 

concerns, and lack of trust between stakeholders and towards third parties. 

Regarding the project implementation, the identified factors included project 

attributes such as relative advantage, complexity and observability, as well as 

participation-related factors such as the critical mass. These factors were 

consistent with established theory on diffusion of innovations. Additional findings 

include that in-country presence is critical to support and maintain participation, 

and that effective communication is equally important as robust design principles 

to overcome existing perceptions and barriers to participation. The findings of this 

study can inform the design of future successful and sustainable partnerships. Our 

work emphasizes the need to conduct targeted consultations during the design 

stage of such initiatives, to identify context-specific challenges related to the 

environment and the stakeholders. These consultations are critical to inform the 

implementation plan and better address the needs of the participants. 
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1. Introduction 

Chile was the fourth largest finfish producer worldwide in 2016, with a 

production of over 700 thousand tonnes (FAO 2018), most of which being salmon 

and trout. Most salmonid farms in Chile are operated by large companies operating 

farms in different regions or multinational companies. Collectively, the routine fish 

production, health and management data gathered on farms (e.g., records 

concerning movements of fish groups, weight gain and variability, mortality, 

veterinary treatments, feed distribution) form a comprehensive and complex 

picture of what is happening day-to-day on these farms. Such data also includes 

much of the variability in management systems adopted and environmental 

conditions encountered by salmonid producers in the country. Collaborative 

efforts are required to create national information systems to support health 

research in both public and animal health. However, most of animal health 

initiatives to date were developed at the instigation of non-industry stakeholders 

such as authorities or research institutes. Examples abound, from early systems 

such as the National Swedish animal disease recording system (Emanuelson 1988), 

surveillance systems for companion animal health (O’Neill 2012; McGreevy et al. 

2017), to cloud-based systems such as Indonesia’s integrated animal health 

information system (Hutchison et al. 2018). A few initiatives of collaborative data 

integration and analysis have been described within the agriculture sector, for 

instance in the United States (Shekhar et al. 2017; Stubb 2016) and in Switzerland 

(Faverjon et al. 2019). In the aquaculture sector, two initiatives were identified in 

Norway, the AquaCloud platform for improving sea lice management (Hoel 2018) 

and the fish health module in BarentsWatch (https://www.barentswatch.no). 

These types of initiatives are likely to become more common in agriculture and 

aquaculture with (i) the increasing availability of real-time data from precision 

farming technologies, both in terrestrial animal production (Berckmans 2014) and 

aquaculture (Føre et al. 2018; O’Donncha and Grant 2019), and (ii) the increasing 

recognition of the value of public-private partnerships in the veterinary domain 

(OIE 2019). 

A collaborative platform where producers regularly contribute routine data 

would support ongoing research in fish health in Chile and could facilitate the 
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provision of data to third parties such as the Chilean regulatory body for fisheries 

and aquaculture (Servicio Nacional de Pesca y Acuicultura, Sernapesca) and the 

Chilean salmon farming association (SalmonChile). In late 2017, a project was 

commissioned by Chilean stakeholders to build an integrated platform for 

epidemiological research in the Chilean aquaculture industry ('Plataforma 

Integrada de Investigación Sanitaria para la Acuicultura', PIISAC). This approach 

was complementary to another approach commissioned by the Chilean 

government in the aquaculture sector, the ‘Sistema Integrado de Manejo para la 

Acuicultura Austral de Chile’ (SIMA), a recently deployed information and 

modelling platform (Steven et al. 2019). The SIMA platform uses regulatory 

databases as well as publicly available data (e.g., climate, weather, remote sensing) 

to support better policy and management decisions. At the time when the 

development of PIISAC started, 21 aquaculture companies were operating 

commercial salmon and trout sea farms in Chile. Consultations with the industry 

to develop the PIISAC collaborative platform started in January 2018, with the first 

companies providing data in April 2018. By the end of the government-executed 

project in December 2018, 10 companies were participating and three 

epidemiological risk factor studies based on the PIISAC data had been completed 

(Happold, Meyer, et al. 2020; Happold, Sadler, et al. 2020; Meyer et al. 2019). The 

PIISAC initiative showed that an operational platform could be set-up and 

populated during the project duration (December 2017 – December 2018). During 

that period, the development and maintenance of the platform as well as the 

recruitment of companies was entirely funded by the government, through a joint 

government-industry program (‘Programa para la gestión sanitaria en la 

Acuicultura’, PGSA). However, after the end of the project, the proposed transition 

towards industry ownership, governance and funding of the platform has proven 

difficult and PIISAC was discontinued in September 2019. The research question 

investigated in this study can be formulated as follows: how can a public-private 

data integration initiative transition into a sustainable industry program? We 

analysed the case of PIISAC to identify factors which may affect the sustainability 

of such initiatives and inform the design of successful future partnerships. 
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2. Methods 

A qualitative study was designed to explore the perspective of stakeholders 

on the implementation of PIISAC. Data were collected via semi-structured 

individual interviews of informants selected from relevant stakeholder groups. In 

this section, we first present key features of the platform that are useful to interpret 

the results of this study, then report the study methodology according to the 

COREQ guidelines (Tong, Sainsbury, and Craig 2007). 

2.1. Key features of the platform 

The PIISAC initiative was based on a people-centred approach to animal 

health surveillance previously presented in a discussion paper (Hutchison et al. 

2018). The purpose of the platform was to integrate data across multiple 

companies in order to answer research questions that could not be answered by 

examining a single company’s data alone. The platform was based on data 

integration in a secure environment, with controlled access to the data by 

authorized participants, rather than data sharing between companies. Thus, 

companies could not access data from other companies but could visualize data 

summaries and de-identified results from the analyses conducted for specific 

purposes, maintaining each individual company’s commercial privacy and 

respecting antitrust legislation (Decree Law no. 211 from 1973 and subsequent 

amendments and rulings). The platform was designed as a flexible and 

comprehensive data source that could be used to conduct observational 

epidemiological studies to answer fish health questions prioritized by the industry. 

In addition to this long-term goal, the short-term goal of the platform was to 

provide rapid access to their own data to companies, via an online interface. Data 

from production databases were integrated using automated algorithms. This 

process was designed to avoid the need for manual data extraction by company 

personnel, in contrast with current systems for reporting to government 

authorities and existing data service providers. 
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2.2. Research team 

The research team jointly developed the semi-structured interview guide 

(Supplementary material), while the interviews were conducted by a native Chilean 

Spanish speaker (NR). Some of the authors had previously worked with the 

informants during the implementation of PIISAC, while NR had not been involved 

in the implementation.  

2.3. Study design 

2.3.1. Informant selection 

Veterinary staff or technical managers (fish health and production) were 

selected from the following groups, using a purposive sampling strategy (Robinson 

2014; Gentles et al. 2015): salmon producing companies who actively participated 

in PIISAC (‘participating companies’), salmon producing companies who did not 

actively participate in PIISAC, and third-party stakeholders (Sernapesca and 

SalmonChile). To increase the validity of the results across the industry, we aimed 

at interviewing one informant from each company as well as one informant from 

Sernapesca and one from SalmonChile. The informants were approached by email 

and telephone to arrange for an interview. As four companies did not reply to our 

requests, and on two occasions we interviewed two informants from the same 

company, we conducted a total of 20 interviews. All informants except one were 

men, and they had between 10 and 30 years of experience in the aquaculture 

industry or regulatory area. 

2.3.2. Data collection 

Roger's diffusion theory, initially published in 1962, proposed a framework 

to understand the diffusion process of new ideas and innovations in a social system 

(Rogers 2003). We used the five stages of the diffusion theory (knowledge, 

persuasion, decision, implementation, confirmation) to develop and structure the 

semi-structured interview guide used in the present study. The interview guide was 

slightly refined after the first two interviews. The interviews were conducted 

between January and April 2020, either in person (n = 13) or using a teleconference 
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tool (n = 7). The interviews were conducted at the workplace, in a location that 

prevented the conversation being overheard, and were audio recorded.  

2.4. Data analysis 

The interview records were transcribed and translated into English by NR 

before being imported in RQDA (Huang 2018), a package in the R environment (R 

Core Team 2019) for analysis. An inductive, semantic thematic analysis was 

conducted by the first author, following the approach described by (Braun and 

Clarke 2006, 2014). In the coding stage, the interview materials were read 

carefully, and each individual idea in relation to the research question was 

identified and marked (‘code’). Then, themes and sub-themes were derived from 

the data itself, via an iterative and systematic process of reviewing, summarizing 

and cross-checking the codes previously identified. The sub-themes described in 

this work cover the ideas identified in the interview materials in an exhaustive 

manner, while the narrative provides indications of the differences and similarities 

between the informants. 

2.5. Ethics 

A study information sheet was provided to each informant prior to the start 

of the interview as well as a short video explaining the reasons for conducting the 

interviews. Then, they were informed that they were free to withdraw consent at 

any time and given an opportunity to ask questions regarding the study or their 

participation. Finally, consent to participate was obtained and documented via 

signing a written consent form. This study was approved by the Science-

Geosciences Ethics Review Board of Utrecht University under the reference 

number DGK L-19302. 

3. Results 

Two main themes were identified in the interview materials when exploring 

the research question. These two themes were divided into 19 sub-themes (Table 

9) which are presented in more details in the sections below. 
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Table 9. Set of themes and sub-themes identified in semi-structured interviews of key 

informants in the Chilean salmonid production industry (N=20). 

A difficult environment for a data 
integration platform 

Issues linked to the project 
implementation 

• Existing data management systems 
are considered good 

• Crowded market for data services 

• Role of the antitrust laws 

• Generic climate of distrust 

• Concerns related to data privacy 

• Collaboration within the industry is 
difficult 

• Importance of competitive advantages 

• Complex industry-government 
relationship 

• Competing priorities in 2018  

• Results did not meet expectations 

• Quality of the data and analyses  

• Cost of ongoing support for PIISAC 

• PIISAC as a foreign initiative 

• Insufficient knowledge of the 
industry 

• Lack of understanding regarding 
privacy and security 

• Project timeline was too short 

• Project participation as a critical 
factor 

• Considering internal company 
dynamics 

• Data integration requires joint efforts 

 

3.1. A difficult environment for a data integration platform 

The first theme gathers a number of issues related to the Chilean aquaculture 

industry and its operating environment that were discussed by the informants as 

obstacles to the initial uptake of PIISAC. 

3.1.1. Existing data management systems are considered good 

Decision-makers in the surveyed companies inform their fish health related 

decisions with a combination of results from internal analyses, expertise and 

historical knowledge from technical personnel and outputs obtained from external 

data service providers. Most companies’ information management systems (IMS) 

in terms of fish health data are based on a combination of tools. These tools include 

commercial production software, spreadsheets and other tools storing fish health 

data. Substantial improvements in data management and analysis over the years 

were reported during the interviews, leading to improved support for decision 

making. Most informants felt that their company's IMS meets their information 

needs for fish health management: “I really do not see any area that we need that 

the tool does not comply with” (interview 03). However, several informants 

reported that there was room for improvement, such as a lack of data analysis tools 
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in existing IMS. Some reported that they would benefit from a more user-friendly 

access to and better visualization of company production and health data, with 

fewer manual inputs and more integration. Several informants felt that more 

consolidation of existing data is needed to better support decision making: “this 

industry has way too much data, but very little information” (interview 16). 

3.1.2. Crowded market for data services 

A few organizations (private companies and the industry association) 

currently provide data consolidation services as well as benchmarking tools to 

producers, leading to a crowded market for data services available to the industry. 

In this context, several informants saw PIISAC as a service in competition with 

existing data service providers. Some informants highlighted that the results from 

PIISAC studies were similar to those obtained from other data service providers. 

Those providers were generally deemed as delivering good value and concrete 

outputs in terms of information to assist with fish health management, 

complementing information available in-house via the company’s IMS. Some of 

these data service providers have been working with the industry for a long time, 

gaining substantial experience with the industry’s data and expectations. In this 

context, PIISAC was seen as a new player providing competing services, without 

the advantage of local contextual experience. Talking about an existing data service 

provider, one informant said that it “is like a competitor for [PIISAC], has more 

years of experience and knows the work better and does similar things” (interview 

02). 

3.1.3. Role of the antitrust laws 

Antitrust regulation was repeatedly highlighted as one of the major obstacles 

to the integration of fish health data within the industry. Restrictions on the 

amount and variety of data that can be shared by producers affect existing data 

service providers and most projects involving some form of data exchange. One of 

the options to maintain compliance with these regulations is to delay the 

publication of consolidated reports containing results related to production. This 

strategy, used by some providers, reduces the value of the information for ongoing 
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decision making. The informants raised the lack of clarity of antitrust regulations 

and existing jurisprudence regarding the exchange of data related to fish health as 

an important issue. Informants reported receiving competing advice from lawyers, 

who recommend a more conservative attitude, and from other services or 

individuals, who advise that fish health data does not fall under antitrust 

restrictions. This lack of clarity around legal boundaries and interpretation of the 

law, as well as past accusations of collusion against some industry players, created 

a climate of fear around the subject of exchanging fish health data. Informants 

evoked the risk of being accused of collusion as an important reason for the 

producers’ reluctance to participate in PIISAC in particular, and for the cautious 

attitude of the industry to publicly discuss practices in general. 

3.1.4. Generic climate of distrust 

One informant said about Chileans that “it is in our nature not to trust” 

(interview 01). Many informants described a general atmosphere of distrust within 

the Chilean industry, affecting all stakeholders for different reasons: between 

companies, with government services and with third parties. Third parties, 

academic bodies, government and NGOs were sometimes perceived as potential 

adversaries due to past use of industry data resulting in negative consequences for 

producers. Such past events seem to have anchored the climate of distrust faced by 

PIISAC and other related projects: “one never knows how this will be used against 

you” (interview 01). One informant said that in the wake of these events, “today the 

attitude towards information [sharing] is not so open” (interview 14) than it was 

previously. Several informants reported that obtaining the participation of 

companies in research projects was notoriously difficult in Chile. The issue of 

distrust regarding sharing fish health data with a third party appeared to have been 

a critical factor for deciding whether to participate in PIISAC.  

3.1.5. Concerns related to data privacy 

The element of distrust described above appeared particularly focussed on 

the issue of data privacy. Although this issue has affected many industry-level 

projects in the past, most informants reported that the industry is increasingly 
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favourable to data integration initiatives. Despite these changes, most informants 

reported a cautious attitude of companies where their production and health data 

are concerned. Perceived or potential issues around data confidentiality and 

privacy were reported as one of the major obstacles to data exchange across the 

industry. Distrust that strict confidentiality would be adequately maintained 

during the project was a key reason for companies not participating in PIISAC. For 

example, one informant mentioned that they had a strong interest in the project 

but preferred to observe its implementation from the outside for this reason. 

Another one expressed that they knew from the start that the project could not 

succeed for the very reason that companies would need to share data. A few 

informants felt that automatically copying the fish production and health data from 

source was less acceptable that manually sharing a subset of these data. However, 

attitudes toward data sharing were varied among the informants. One informant 

challenged the need for fish production and health data to be kept confidential and 

that these data are “the heart of the company” (interview 10). Another contrasted 

the claim of companies to have “nothing to hide” (interview 15) with the strong 

reluctance to share information. In their opinion, some companies “believe [they] 

have the latest technology, the latest secrets, but that is not so” (interview 13).  

3.1.6. Collaboration within the industry is difficult 

Informants expressed diverse views on attitudes to collaboration within the 

industry. Most agreed that it was a complex issue, with views ranging from the 

Chilean industry “is one of the most collaborative in the world in the area of 

aquaculture” (interview 09) to “the Chilean industry isn’t as open [towards 

collaboration] as one would think” (interview 01). In general, it appeared that the 

companies were historically not very transparent about their data and practices 

and reluctant to collaborate. These attitudes were reported to have changed over 

time, in particular since the infectious salmon anaemia crisis starting in 2007. This 

crisis triggered an evolution in practices, as companies realized the need for more 

collective actions. Although data privacy remains critical, as discussed above, the 

industry became more open to sharing information. The decreasing number of 

companies operating in the country (from 21 in 2018 to 18 in 2019) was suggested 
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as a facilitating factor in the collaborative process. Another factor is the increasing 

recognition of the value of research and development activities. While investing in 

such activities may not be accessible individually for small companies, it may be 

more cost-effective collectively. Last, companies are increasingly recognizing that 

they are “carrying out [their] activities on a shared national good” (interview 08) 

and that the long-term sustainability of these activities depend on industry-wide 

collaboration. 

The extent and impact of these changes to date differed according to different 

informants. Issues that may remain relevant to date include a general lack of 

communication and dialogue within the industry and a reluctance to change and 

innovate. Several informants considered that there is still insufficient collaboration 

within the industry and that this negatively affects areas such as disease 

preparedness and early warning. Some mentioned that participation in 

collaborative projects is a critical issue in Chile but that this issue is not openly 

discussed within the industry. Others highlighted that there are some recent 

examples of successful collaborative initiatives in Chile as well as informal 

collaboration, which demonstrate the improvements achieved over the past few 

years. The attitudes reported by the informants were very diverse. While some 

companies appear more likely to choose to work independently only, others are 

very supportive of collaborative initiatives, with intermediary attitudes being also 

widespread.  

3.1.7. Importance of competitive advantages 

The reluctance towards collaborative initiatives discussed in the previous 

section also appeared to relate to the competitiveness within the industry: “there 

is an issue of competitiveness, of how we do things versus how the rest does them” 

(interview 15). One informant noted that advancing together as an industry may 

result in levelling up the competitive advantages of some of the participating 

companies. The gains from a collaborative initiative benefit the industry as a whole 

and participating companies individually, but these individual benefits may vary 

by company. In such situations, the cost-benefit analysis of participating in a 

collaborative initiative is not necessarily positive. Such balance depends on the 
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respective weight given to individual company interests versus interests for the 

industry as a whole. In this regard, a condition for participation is that the project’s 

objectives are “in alignment with [the company’s] interests” (interview 04). A few 

informants thought that even in the absence of direct individual company benefits, 

companies should show the example by participating. In their opinion, all 

companies would ultimately benefit, and a long-term vision should prevail.  

Some informants strongly associated the concept of analysing integrated 

data with the loss of the specificity of individual farm sites, in terms of local 

management, personnel and environmental conditions. The availability of tailored 

information was highly valued, as it allowed “taking into account [their] own 

realities at each sea site and its environment” (interview 12) in the decision-making 

process. In a few cases, this attitude was linked to the company being different from 

the rest of the industry, in terms of practices, the geographical distribution of sites 

or the choice of salmonid species, for instance. The benefits of data integration 

appeared smaller for these companies due to these distinguishing characteristics, 

influencing their decision to participate. 

Informants largely agreed that most initiatives in the Chilean industry, 

including PIISAC, face similar problems when it comes to securing participation. 

The absence of an industry body representing the entire industry was cited as an 

issue for such industry-wide initiatives. As there is currently no pathway for 

collective decision making, transversal projects must secure participation 

individually, a difficult process as discussed in these two sections. Consequently, 

some informants reported that they felt their companies were disconnected from 

the rest of the industry. 

3.1.8. Complex industry-government relationship 

Many informants reported an underlying distrust in industry-government 

relationships. Some government measures were deemed as not science-based, and 

others as harmful to businesses. In addition, informants argued that government 

initiatives tend to lag behind situations of concern, and not address current 

problems in a timely manner. As such, industry-led initiatives were judged more 

useful and appropriate than government ones. Several informants considered that 



131 

 

the government did not consult the producers enough when developing policy or 

that government policies were too repressive. As a result, the current relationship 

between government and industry appeared tense and complex. This climate of 

suspicion and distrust was deemed to affect participation in government-

supported initiatives such as the program to which PIISAC belonged. This may 

have created distrust in the project, due to the concern that government may obtain 

access to the data provided by participating companies. Even if confidentiality were 

maintained, one informant expressed suspicions that the project outputs may be 

used to develop additional regulations that would burden the industry. 

By contrast, several informants reported that the industry-government 

relationship had vastly improved over time. As mentioned previously regarding 

within-industry dynamics, the infectious salmon anaemia crisis had fostered 

improvements in the government-industry working relationship as well. While 

past government initiatives had not been highly valued by industry, the recent 

industry-government partnership, including PIISAC, had shown significant 

improvement in that area. Voluntary government initiatives using incentives were 

deemed more successful than compulsory programs associated with sanctions. In 

this context, several possible effects of the industry-government relationship on 

participation in PIISAC were reported by informants. Some reported that the 

participation of government services can make initiatives more robust and give 

them additional credit, especially in the public opinion, while others thought it was 

an obstacle. Two informants reported that they “felt forced to participate at first” 

(interview 19) due to the involvement of the government. Another informant 

considered that Chilean companies tend to participate only when obliged to, 

contrasting it to the attitude in some other countries were companies “act on [their] 

own responsibility” (interview 18). 

3.1.9. Competing priorities in 2018  

Several informants from companies which did not participate in PIISAC 

reported that this was mainly due to competing priorities at the time. At the 

individual level, company employees are solicited by many internal and external 

demands, such as internal IMS enhancements and projects such as PIISAC, which 
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they prioritize for action. At the company level, several merging and selling 

operations were under negotiation or implementation in 2018. These activities 

were cited by several informants as preventing participation in PIISAC, either due 

to unclear strategies at the time or to the ongoing transfers of decision-making 

power. Last, at the industry level, adjustments in practices and management 

required to meet regulatory changes around the time of PIISAC implementation 

were also mentioned as a competing priority. 

The topics covered in this theme summarize the obstacles faced by the project 

that were related to the context and environment of its implementation. The 

second theme gathers issues reported by informants related to the PIISAC project 

itself that affected its long-term sustainability. 

3.2. Issues linked to the project implementation 

Most informants reported supporting the project at the beginning of its 

implementation but felt that their interest faded over time. Reasons for initial 

support included the potential of PIISAC to provide additional benefits over 

existing tools, hope that the industry coverage would be higher than that of existing 

services, interest in gaining new knowledge regarding the management of P. 

salmonis and sea lice on farms, assurances provided about data security aspects as 

well as an approach that appeared different from previous initiatives. In this 

section, we analysed the possible issues which may have led to this drop in the 

initial level of support. 

3.2.1. Results did not meet expectations 

Although informants reported high initial expectations from PIISAC, most 

considered that the epidemiological risk factor studies based on the PIISAC data 

(hereafter referred to as ‘studies’) obtained by the end of 2018 had not met those 

expectations. Two different reasons were suggested by informants: some thought 

that there were inconsistencies between the studies’ results and existing knowledge 

within their companies or the industry in general. On the other hand, the majority 

of informants thought that the results were not novel and that they did not 

contribute additional information to what was already known in the industry: “the 
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answers that we got were obvious answers. We already knew that” (interview 11). 

Most informants reported frustration with the results, as they felt that these results 

did not provide applicable solutions to the industry for the main issue at hand (P. 

salmonis). However, a few informants considered that the studies’ results were 

interesting as they provided evidence to support existing informal knowledge. This 

disappointment with the studies was reported as the key reason for companies 

discontinuing their support to PIISAC. The staff from participating companies 

were not convinced that this tool would help them improve their own fish health 

management and therefore that it justified further support and investment. One 

informant summarized their concern as “there was no benefit in the future use of 

the platform” (interview 17). Several informants said that the participating 

companies did not perceive additional benefits from using PIISAC compared with 

existing data service providers, resulting in drop-out at the end of 2018. 

3.2.2. Quality of the data and analyses 

Many informants expressed doubts regarding the quality and accuracy of the 

study results because they felt that the data verification and cleaning process had 

not been adequate. Consequently, they did not trust the validity of the input data 

used in the studies. “Without fixing these data, we aren’t going anywhere” 

(interview 04). Some informants were confident that there was potential in PIISAC 

to provide more robust results in a following phase, given that the first studies were 

conducted over a short time frame. The lack of data standardisation existing across 

the industry was cited as a key issue affecting the data verification and cleaning 

process. This may have affected the nomenclature of veterinary products such as 

vaccines for example. Some informants considered that the complexity of the data 

and the diversity in data recording practices had not been sufficiently taken into 

account in the studies. In addition, some informants did not fully understand or 

agree with the analytical methodology used in PIISAC’s studies. Last, some 

informants reported that including economic aspects in the analyses would have 

substantially increased the usefulness of the results for decision making. 
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3.2.3. Cost of ongoing support for PIISAC 

A couple of informants reported that they did not “consider [costs] as a 

barrier” (interview 11) or that “maybe this cost was worth it” (interview 19). 

However, several others mentioned the cost of participation in PIISAC from 2019 

onwards as a reason for the drop-off of participating companies. They considered 

that the cost-benefit analysis was not in favour of ongoing support due to the low 

perceived benefits once participation became associated with a fee. One informant 

felt that scientists in general tend to present research outputs in terms of their 

scientific value, with a lesser emphasis on presenting the expected “impact 

translated into numbers” showing the economic benefits (interview 13). 

3.2.4. PIISAC as a foreign initiative 

Several informants reported that language and geographic distance had 

acted as barriers during the implementation of PIISAC. They felt that the use of 

translation services was insufficient to develop effective communication and 

understanding by all stakeholders involved. The concerns related to sharing data 

with a third party (see above) were amplified by the facts that this third party was 

not a Chilean company and that the data would be stored outside of Chile. This was 

deemed by informants to have raised too much uncertainty regarding data security 

and confidentiality. One informant felt that such a project “has to have presence, 

office, servers here, based in Chile” (interview 16).  

The project team being based abroad, some informants reported that there 

were insufficient in-person interactions to allow for solid trust building and 

obtaining full industry support. One informant said that “there was lacking a little 

promotion and initiative from their side to promote the platform more” (interview 

14). Some informants raised the importance of a previous working relationship 

with the team proposing such an initiative as well as a solid track record of 

implementing such initiatives. 
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3.2.5. Insufficient knowledge of the industry 

Some informants considered that the project team did not spend enough 

time understanding the industry’s dynamics and analysing the needs of the 

companies before developing PIISAC. One informant felt that this was a common 

feature of government-initiated efforts, which should be “a little more inclusive” 

(interview 07) instead. Another informant reported that the platform collated lots 

of data but “lack[ed] direction in getting the best value out of it” (interview 15). 

They suggested that a more active participation of companies in the analyses would 

have provided such direction.  

While informants reported that the project team had expertise in terms of 

epidemiology and statistical analysis, several informants considered that the 

project team lacked local expertise in terms of practices and products to assist with 

the data verification and cleaning process as well as the interpretation of results. 

Close interaction between the producers and the data service providers was 

reported as key to support and improve the data integration process. For instance, 

the company’s technicians and veterinarians can provide additional key 

information that is not recorded in the fish health and production database and 

can substantially affect the interpretation of these records. 

3.2.6. Lack of understanding regarding privacy and security 

As detailed under the first theme, data security and confidentiality were a key 

concern among the companies. It appeared that some of the informants did not 

trust that the data transfer and analysis process used in PIISAC would meet these 

objectives. A few informants also mentioned a lack of understanding around the 

proposed security and privacy-related aspects of the project. One informant was 

concerned about the uncertainty around the future use of the datasets. Another 

informant said that the industry needed more clarity on what would happen to 

PIISAC after the project, its future objectives and also what would potentially be 

made public in time. Overall, these elements may have amplified the initial distrust 

around sharing data with a third party, as reported by this informant: “when you 
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don’t understand the mechanism very well […], there will always be a certain 

amount of doubt” (interview 05). 

3.2.7. Project timeline was too short 

An informant referred to a previous large collaborative initiative on sea lice 

in Norway, which lasted more than six years, to highlight that such initiatives 

require long-term efforts. Many informants mentioned the project timeline as one 

of the key challenges for PIISAC. They reported that data integration, 

standardization, validation and epidemiological analysis were time-consuming 

tasks, and that, consequently, the 12-month funding of PIISAC was too short. One 

informant said that PIISAC was still at an early stage by December 2018, “it was 

too new” (interview 06). For this reason, the potential of the platform to provide 

industry benefits had not been realized yet by the time that financial commitment 

was sought from the companies: “given the time it took for the companies to start 

participating, we were not able to obtain all of the information and to analyse all of 

the information” (interview 13). Some informants regretted that the project had 

not delivered a fully functional online user interface by the end of 2018. One 

informant said that this interface could have helped people to demonstrate the 

usefulness of PIISAC within their own companies to stimulate ongoing 

participation. 

Given more time, several informants thought that PIISAC would have been 

able to integrate a broader range of data, produce more and better analytical 

results, as well as become integrated as a new tool in the companies’ existing 

processes. In addition, one informant mentioned that the participating companies 

“did not know how to organize themselves in establishing guidance for a platform 

like this” (interview 17). Several informants suggested that the government should 

have provided support for a second phase to enable these issues to be resolved. 

They considered that once PIISAC would have had demonstrated the benefits that 

it can provide, the industry would have been much more likely to endorse the 

ongoing costs. 



137 

 

3.2.8. Project participation as a critical factor 

The recruitment of companies was also a time-consuming activity. Some of 

the informants reported that their companies had not been able to join, as by the 

time they had dealt with other priorities or obtained high-level authorizations, the 

project was closing: “we were left at the stage of trying to join and transfer our 

information” (interview 15). One informant considered that the participation in 

PIISAC increased at too slow a pace, generating doubts for the remaining 

companies and causing the initiative to significantly lose momentum. Informants 

felt that participation had influenced the success of the platform in two ways. First, 

the quality, robustness and validity of the results were influenced by the number of 

companies which data were included. A higher level of participation would have 

allowed the results to better represent the industry reality. Second, informants felt 

that a high level of participation would have decreased the perceived risks related 

to confidentiality of the shared information. 

Overall, the level of participation in PIISAC was mentioned by many 

informants as a key factor. Several informants initially expected that this level 

would be rather high, given that it was free for the duration of the project: “it was 

another opportunity of integrating data in the industry where there was more 

participation than what [existing data service providers] had” (interview 02). An 

initiative which would gather the entire industry would have much higher chances 

of being sustainable according to the informants. Such an initiative would have a 

distinct advantage over existing data service providers and other initiatives, which 

lack complete coverage: “these tools are the correct ones, or they contribute a lot. 

What happens is that the representativity is not what you want” (interview 12). 

3.2.9. Considering internal company dynamics 

Several informants mentioned that while veterinarians and fish health 

managers are generally aware of the value of industry-wide information to support 

decision making, general managers give more weight to data privacy concerns and 

economic benefits of participation than technical employees. While technical staff 

can champion the project within their own team and contribute to the decision 
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outcome, some informants believed that the efforts of the project team to convince 

the decision-makers directly had not been sufficient: “it needed a little more 

convincing” (interview 10). Last, some informants reported that a company’s 

decision to participate might rely on only one person who would be strongly 

supporting or rejecting participation. 

3.2.10. Data integration requires joint efforts 

Finally, several informants considered that the success of data integration 

initiatives requires joint efforts from all parties, and that participation does not 

only rely on providing data but also contributing substantial staff time to the 

initiative. One informant felt that this time (in workshops, for instance) would have 

helped to design the studies and outputs that the companies really wanted. Another 

informant said that many participating companies “didn’t take the project 

seriously” (interview 13). Others reported some unrealistic expectations on the 

industry side, “they believe that science solves problems immediately, but these are 

very different timelines” (interview 10). The expectations of quick results were 

deemed as damaging for the platform, as they did not allow for the research to 

occur and created impatience. Last, a few informants thought that the project 

lacked a strong in-country leader (or leaders) to drive the implementation of the 

platform: “you have to have someone behind it to make things happen” (interview 

20). It was suggested that the appointment of a spokesperson by the industry 

would have facilitated the communication between the stakeholders, including 

platform implementer, industry and others such as government, and coordinate 

their involvement. 

4. Discussion  

This study analysed the possible reasons why an industry-based data 

integration platform to support epidemiological research in farmed salmonids in 

Chile was not sustainable. The interviews, conducted after the end of the project, 

provided valuable insights into the perspectives and decision-making processes of 

key stakeholders. Informants generally saw data integration as a worthwhile 

activity, expressed the need for more data analysis to support decision making, and 
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considered that working collectively as an industry would make the production 

more sustainable in time. However, they also highlighted many issues and 

concerns, which were categorized under two broad themes during the analysis. The 

first theme gathered aspects related to the industry context, while the second dealt 

with issues identified by the informants in relation to the project itself. It is 

important that the lessons learned from this study can be considered when 

designing future data integration initiatives, to increase the likelihood of long-term 

adoption and support of these initiatives by stakeholders. 

Although industry collaboration in Chile started as early as the late 1980s 

with the creation of SalmonChile, none of the initiatives to date has gathered all 

the producers at once. The industry association gathered 11 producers as of 2020 

(SalmonChile 2020), suggesting the difficulty to foster industry-wide collaboration 

in Chile. Thus, the platform appeared to have been implemented in a difficult 

environment, which may have explained the moderate uptake of the platform 

during the first year (50% of the companies). Many of the barriers to data 

integration identified in our study were similar to those previously identified in the 

public health sector (van Panhuis et al. 2014), suggesting that these barriers are 

not specific to the aquaculture sector. Commercial interests, privacy concerns and 

general lack of trust between stakeholders and towards third parties are critical 

challenges to overcome for collaborative efforts. Unfair competition and misuse or 

monetization of data are recognized as potential risks from data integration 

initiatives, for instance, in agriculture (Maru et al. 2018). In addition, the 

complexity of data governance in commercial settings was identified as one of the 

major challenges for big data in agriculture (Weersink et al. 2018).  

While informants generally reported that the platform was valuable for the 

industry, many felt that it needed further work to be considered as a tool with long-

term potential. The concerns of the informants in relation to the results from 

PIISAC studies were diverse. Some valued the results as they provided evidence to 

confirm or dispute existing knowledge, but many felt that the results did not meet 

their expectations. This is critical, as new initiatives such as PIISAC need to 

compete for attention and resources with existing data service providers. In 

addition to the longer-term research outputs, PIISAC also intended to provide 
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companies with user-friendly access to and visualization of their own data, in near-

real time, via an online interface. Although existing information management 

systems provide some analytical capacity to support everyday decision-making, 

informants expressed the need for improved use of data for health management on 

a routine basis within companies. Further development of the interface would have 

likely been beneficial, as it would have provided more immediate benefits in 

comparison with the perhaps less tangible benefits of larger-scale epidemiological 

studies for company staff concerned by everyday challenges. The present study 

highlights the opportunity for targeted solutions which would complement existing 

information management systems in processing data into information. In 

summary, most of the informants in this study were not convinced that the 

expected benefits justified the costs involved by participation by the end of the first 

year. This view is likely to have been important in the decision of participating 

companies not to continue their support to PIISAC in 2019.  

Many of the findings presented in this study demonstrated a gap between the 

way in which the platform was designed to address known challenges and 

stakeholder concerns and informants’ perceptions of these concerns. For instance, 

all communication materials were translated in Spanish, while a simultaneous 

translation service was used during workshops. Despite these efforts, participants 

reported that language was a barrier in the project. Other areas where a mismatch 

between design principles and participant perceptions was noted include respect 

of the antitrust laws and data security, access and confidentiality. We were not able 

to determine whether the measures to address these issues in PIISAC were 

inadequate in their design or implementation, whether the measures taken were 

not effectively communicated, or whether the project duration was not sufficient 

to build the required trust. This is a key lesson for future initiatives, as efforts 

towards project design alone are not sufficient, and communication efforts and the 

development of trust are equally important to counterbalance existing perceptions 

and cultural values. 

The constraints and limitations of the ‘project’ framework and 

implementation schedule have been long recognized in the domain of international 

development (Chambers 1995; Craig and Porter 1997). A key lesson from 
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international development which can be extended to the present commercial 

settings is the need to create space for the ideas of stakeholders to allow for 

sustainable participation. There is a large body of literature relating to best 

practices for stakeholder engagement in fields other than international 

development, for instance in relation to animal health (Allepuz et al. 2017) and 

environmental management (Reed 2008). In our study, stakeholder engagement 

appeared to have been the most important factor influencing the outcome of the 

initiative. Challenges associated with participation in PIISAC were similar to 

challenges identified for stakeholder participation in an evaluation of strategies for 

improving the management of fisheries in the US (Goethel et al. 2019). Some of the 

challenges identified by these authors are establishing and maintaining trust, 

unfamiliarity with analytical approaches and translation of results to workable 

solutions. Our study emphasizes the need for in-country presence in such projects 

to help overcome these challenges and lead the participant recruitment process. 

Such a key, labour-intensive role is critical for maintaining continuity in 

participation and should be a core component of the project plan.  

Research in the diffusion process of interactive media in the late 1980s 

proposed the concept of “critical mass” (Markus 1987). The adoption of an 

innovation related to communication is slow until the number of users exceeds this 

critical mass, after which the adoption process becomes self-sustaining. This 

property was used by Markus (1987) to explain the increased vulnerability of new 

systems in the early stages of implementation. In the case of PIISAC, this self-

sustaining process can be linked to two features. First, the benefits of collaboration 

were perceived as more likely to be realized once broad participation in the 

initiative was secured. Second, the perceived risks, for instance related to data 

privacy, were perceived as inversely correlated to the number of participants. For 

these reasons, the broad adoption of such an initiative starts with the early 

participation of some companies, called “innovators” in diffusion theory (Rogers 

2003), who are less risk-averse than their peers. Roger's diffusion theory has been 

widely used in many disciplines (Haider and Kreps 2004), for instance in the 

medical research literature to help understand the adoption of telehealth (Helitzer 

et al. 2003; Spaulding et al. 2005; Walker and Whetton 2002; Brooks et al. 2012). 
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The theory identifies four main areas which interact in influencing the adoption of 

an innovation (Rogers 2003): the social system in which it is deployed, the 

attributes of the innovation itself, time and communication. In our study, the 

industry environment was explored in the first theme, while the attributes of the 

project were explored in the second theme. The effects of time and communication 

were closely linked to the project implementation itself and were therefore grouped 

with the project attributes when structuring the results. Within each theme, 

identifying the sub-themes from the data itself allowed us to better represent the 

similarities and differences between the codes identified in our dataset. The 

specific elements discussed by Rogers (2003) regarding the social system, the 

stages of the diffusion process and communication networks were not well adapted 

to analyse and interpret the PIISAC data, given that the participants were 

companies rather than individuals. This difference substantially affected the 

adoption process and the way decisions were made. However, the issues linked to 

the project implementation (see above) appear to closely reflect the attributes 

required for successful diffusion of innovations, i.e., relative advantage, 

compatibility, complexity, trialability and observability, as well as the critical mass 

factor. In addition, the stages of the diffusion process provided a useful framework 

for structuring the interviews. 

Lessons learned from this study can improve the design of future data 

integration initiatives in the field of fish production as well as other commercial 

animal production where digital information management systems are used (i.e., 

poultry, pigs and dairy). As this study was conducted in one particular country and 

industry, it is expected that the importance of these challenges may vary in other 

settings. While collaborative initiatives appear to be welcomed by the industry, 

high-quality outputs should be delivered rapidly to maintain interest, such as 

practical solutions that may be directly used to improve fish health on farms. 

Substantial in-country presence is recommended to build and maintain trust with 

the stakeholders. Clarity regarding data management, privacy and ownership is 

key to establish this trust. The time to obtain formal agreement and set up the data 

integration process should not be under-estimated. To this effect, key executive 
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staff in charge of decision-making must be targeted in addition to technical, 

veterinary and research staff.  

For future initiatives, context-specific challenges related to the environment 

and the stakeholders may be identified by conducting targeted consultations 

during the design stage of the partnership. These consultations allow the design of 

a suitable implementation plan to better overcome barriers and address the needs 

of the participants. Such consultations are critical to ensure the long-term 

participation of the stakeholders and the sustainability of the initiative, as shown 

by the results of this study. 
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8. Supplementary material 

Supplementary material 1: interview guide 

 

Study title: Adoption of a novel data integration tool within the Chilean salmon 

industry 

 

Lead researcher: Anne Meyer 

 

Interviewer: Nancy Rose 

 

Suggested questions and comments are in normal font font while 

instructions for the interviewer are in italic font. 

 

Introduction 

 

Thank you for agreeing to participate in this interview. We are interested in finding 

out your views on what might have influenced the adoption of an integrated 

industry data platform which was developed in 2018 through the PGSA program. 

You may or may not remember about the PIISAC Research Platform. Some in the 

industry were more involved than others, so, first, I am going to show you a short 

video and an information sheet about the work to help you remember it. Then I 

would like to get your formal consent to participate in the interview. 

 

Play the introductory video to the participant. Hand out the information 

sheet. Once the interviewee has read it, ask whether they have any questions 

about the study or the interview. Answer any questions they may have.  

For specific questions about the PIISAC Research Platform that you cannot 

directly answer (e.g., why was PIISAC shut down or what is Ausvet’s future 

role?), please note these down. Then, send the questions to us as soon as possible 

(with details of who asked them and any contextual information you think useful) 

and assure the participant that we will respond to them promptly. 
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I would like to assure you again that the privacy of your responses will always be 

maintained. If you agree with this, let us both sign the consent form. 

Sign the two copies of the consent forms (pages 2 and 3) and have the 

participant do the same. Leave Pages 1 and 2 with them and keep Page 3 for our 

records. 

 

I would like to clarify my role in the study. I have been involved in workshops as 

an interpreter, and now I am talking with you. However, I did not have any role in 

the design or implementation of PIISAC. Now, let us start the interview.  Are you 

still OK if I record this interview? 

Make sure that the conversation cannot be overheard by other people. Turn 

on the voice recording device. 

 

Interview topics 

This guide only represents the main themes to be discussed with the 

interviewee. Example prompts are provided as examples. Non-leading and 

general prompts may also be used, such as “Can you please tell me a little bit more 

about that?” or “What else do you remember?”  

 

Interview topic 1: Need for a platform 

 

First, I want to talk about fish health-related data and how it is managed, analysed 

and used. How does your company manage and use its fish health data? 

 

What do you think of your current data management system in terms of how well 

it is able to help you and others with health-related decision making? 

Prompts: how helpful is the system when making decision about treatments 

or understanding disease patterns for example? 

 

How could the current data management system be improved to allow you to use 

and analyse data better? 
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What specific issues and challenges have you or your company encountered with 

existing tools? 

 

What needs in terms of fish health data management are not currently met by 

existing tools? 

 

Interview topic 2: Initiatives in the industry 

 

According to you, what is the general attitude in the Chilean industry towards 

collaborative initiatives?   

 

What do you think is the general attitude in the Chilean industry towards initiatives 

from the government?  

 

In your view, what is the general attitude in the Chilean industry towards research 

initiatives? 

 

Interview topic 3: Data integration 

 

What do you understand by the term ‘data integration’? 

 

What tools or programs related to integrating fish health data within the industry 

are you aware of? 

 

What do you think are the benefits of integration of fish-health data? 

 

What do you think are the obstacles and barriers to integration of fish-health data? 

 

What issues and challenges have you or your organization encountered with 

existing tools or systems which integrate fish-health data? 
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Interview topic 4: Deployment of PIISAC 

 

Before we look at more specific aspects, can you tell me about what involvement 

you had with PIISAC? 

 

How did you first become aware of the PIISAC Research Platform?  

 

How did you feel about the availability and quality of information provided by 

Ausvet and others about the Research Platform? 

 

What did you think of the PIISAC project at the beginning of the implementation 

(early 2018)? 

 

How did your impressions and opinions change by the end of the project (early 

2019)?  

 

What did you think of the way that Ausvet introduced the Research Platform 

during the workshops? 

 

What did you think of the way that Ausvet informed you about the Platform via 

emails, Whatsapp and website posts? 

 

Which mode of communication used to keep in touch with you was most effective? 

 

How responsive was Ausvet to queries about the Research Platform? 

 

Interview topic 5: Initial adoption of PIISAC 

 

In this section, I am going to ask you questions about the initial participation in 

PIISAC, during 2018, when it was funded by the PGSA program. 

 

In your opinion, were there benefits of using the PIISAC Research Platform?  
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If ‘yes’: can you tell more about these benefits? 

Prompts: Think of both private and public good benefits. 

 

Were there benefits that you expected from the platform but did not feel were 

realized by it? 

If ‘yes’: can you tell more about these? 

 

Companies only: Which reasons were taken into consideration by your company 

to participate or not participate in PIISAC?  

 

In your opinion, were there any challenges or disadvantages of using the PIISAC 

Research Platform?  

If ‘yes’: can you tell more about these? 

 

Companies only: Were there any constraints or challenges not related to PIISAC 

itself that influenced the decision of your company to participate or not 

participate?  

 

Non-company interviewee: According to you, which other constraints or 

challenges influenced the decision of the companies to participate or not 

participate in PIISAC? 

 

Interview topic 6: Transition to industry ownership 

In this section, we will talk about the attempts to transition PIISAC to an ongoing, 

industry-led and funded research platform after the PGSA funding ended. 

 

Did your company support the continued use of PIISAC in the industry after 

December 2018?  

 

According to you, what were the reasons that influenced this decision? 

 

What did you think about your company’s decision? 
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In your opinion, what were the reasons that the platform did not get more buy-in 

from the rest of the industry at the end of the PGSA funding?  

 

What other business or management models could have been tried to support the 

continued use of the Research Platform? 

 

Conclusion 

 

Do you have any additional comments or impressions you would like to share with 

me?  

 

Thank you very much for your time and the information you shared today. 

Now, turn off the voice recording device. 
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Abstract 

The FAIR principles proposed in 2016 have set the path towards reusability 

of research data objects. In this work, we present a systematic review of the 

FAIRness of datasets associated with peer-reviewed articles in veterinary 

epidemiology research, specifically looking at salmonids and dairy cattle. In this 

study, we considered the differences in practices between molecular epidemiology, 

the branch of epidemiology using genetic sequences of pathogens and hosts to 

describe disease patterns, and non-molecular epidemiology. A total of 152 articles 

were included in the assessment. Consistent with previous assessments conducted 

in other disciplines, our results showed that most datasets used in non-molecular 

epidemiological studies were not available (i.e., neither findable nor accessible). 

Data availability was much higher for molecular epidemiology papers, in line with 

a strong repository base available to scientists in this discipline. The available data 

objects generally scored favourably for Findable, Accessible and Reusable 

indicators, but Interoperability was more problematic. The latter may require 

specific skills in data management which are not yet broadly available in the 

epidemiology community. 

Key words 

Veterinary epidemiology, FAIR, data access, salmonids, dairy cattle  
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1. Introduction 

The FAIR (Findable, Accessible, Interoperable, Reusable) guiding principles 

were first published in 2016, providing a foundation to support increased of 

scientific data (Wilkinson et al., 2016). Mons et al. (2017) highlighted that FAIR is 

a continuum, which they represented with six levels, from “re-useless data” to 

“FAIR data with open access and functionally linked”. The ultimate goal of this set 

of principles is for research objects (such as datasets) to be rendered reusable and 

increasingly reused. A number of articles on the topic of FAIR principles, from the 

original group of authors and others have been published since 2017. Jacobsen et 

al. (2019) described some of the challenges and opportunities for implementation 

of each of the FAIR principles, while Thompson et al. (2019) outlined the tools and 

technologies that are already available to support the adoption of FAIR data 

management, as well as the functionalities which are still lacking in that respect. 

Such resources enable scientific communities to identify existing solutions before 

considering developing their own.  

There is however little visibility on the progress achieved by researchers in 

specific disciplines since the publication of the FAIR foundational paper. At the 

time of writing, very few published evaluations of FAIRness in publications and 

datasets were found in the literature. Van Reisen et al. (2020) reviewed the 

implementation of the FAIR principles reported in 100 randomly selected 

academic journal articles citing the foundational FAIR paper. They point out that 

life sciences represent the vast majority of the implementation, with 95 of the 

selected papers related to this discipline and a very limited representation (5 

papers) of the other disciplines such as social science, humanities and other 

sciences. As supplementary materials to their publication on FAIR metric 

development, Wilkinson et al. (2018) also provided evaluation results for ten 

digital resources, as example application of these metrics. In addition, two reviews 

on application of FAIR principles, in Europe and Africa respectively, have been 

published recently, gathering large scale initiatives which are representing 

important steps to optimise data management and stewardship, and therefore, 

strive towards more FAIRness (van Reisen et al., 2019; Wittenburg et al., 2019). 

These reviews highlighted initiatives in humanities, environmental science, 
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materials science and digital health, but none in many other sectors, such as 

veterinary research.  

The importance of veterinary research in general, and especially veterinary 

epidemiology, has been better acknowledged since the beginning of the COVID-19 

pandemic. Managing and improving animal health is not only critical to provide a 

secure access to safe animal-sourced foods, but also as a key component of the 

global health ecosystem. The purpose of the work presented in this manuscript is 

to fill the current gap of knowledge about the adoption of FAIR principles in this 

discipline. Our study is based on a systematic review of the FAIRness of datasets 

associated with peer-reviewed articles relating veterinary epidemiology research 

and published since 2017. The objectives are (i) to assess the state of FAIRness in 

this discipline, currently and over the past few years, and (ii) to explore how 

veterinary epidemiology research could move towards more re-usability, in line 

with the goal of the FAIR principles.  

Many tools for evaluating the FAIRness of digital resources are available, in 

the form of questionnaires. Some of these tools were reviewed in peer-reviewed 

publications (de Miranda Azevedo and Dumontier, 2019; Thompson et al., 2019), 

while others are referenced in online repositories such as the FAIRassist (2019) 

and Research Data Alliance (2019) repositories. Wilkinson et al. (2018) in 

particular have proposed a framework and a first set of metrics developed for the 

evaluation of FAIRness. The authors subsequently proposed a second set of 

metrics, called maturity indicators, after including community feedback regarding 

the first set and gaining a better understanding on how data generators, managers 

and users were addressing FAIR principles (Wilkinson et al., 2019). These maturity 

indicators are registered by FAIRsharing (www.fairsharing.org), an online register 

of metadata standards to allow scientists to use frameworks which have been 

thoroughly documented. In the present manuscript, we applied the maturity 

indicators and tools proposed by these authors to conduct our evaluations. This 

framework intends to evaluate the overall maturity of an approach by assessing the 

FAIR maturity indicators separately and identifying specific points that can be 

improved, rather than evaluating the resource with a summary score of FAIRness: 

“FAIRness is not a competition, rather, FAIRness refers to a maturation process 

http://www.fairsharing.org/
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where digital objects are rendered increasingly self-descriptive to the machine” 

(Wilkinson et al., 2019). 

Given the diversity found in the animal production sector in terms of species, 

further definition of the scope of this study is required. Aquaculture is an 

increasingly important provider of animal protein worldwide (FAO, 2018). There 

are dozens of diseases which affect the economic sustainability of aquaculture 

enterprises (Lafferty et al., 2015) and may be of concern regarding public health 

(Sapkota et al., 2008). In this context, epidemiological studies provide key tools to 

better understand the complex systems in which fish and other aquatic species are 

produced (Stentiford et al., 2017), by looking at the variations in disease risk in 

populations and considering the interplay between host, pathogen and 

environment factors. Epidemiological research to improve aquatic health 

management, and salmonid health in particular, emerged as a discipline in the 

early 2000s and is still growing (Brun, 2019; Subasinghe, 2005). Salmonids 

(including several salmon and trout species) are an important group in seawater 

fish production globally, with over 3 million tons produced in 2016 (FAO, 2018), 

and also an interesting group for the present work given the increasingly common 

use of data routinely generated by commercial producers for research. Such data 

are likely to be considered as confidential information, due to animal health and 

production data revealing production practices, adding another layer of complexity 

in terms of FAIRness. Given the growing importance of this sector, this study 

focuses on the current state of FAIRness in salmonid epidemiology.  

In contrast, milk and dairy products are contributing to a much larger 

proportion of food produced from animals worldwide than fish (Speedy, 2003), 

making dairy cattle one of the major livestock production systems. However, there 

are increasing concerns about the impact of terrestrial livestock production 

systems on the environment and on climate change. It is estimated that 15% of 

human-induced emissions of greenhouse gases worldwide are attributable to 

livestock production, with a large proportion of these emissions due to ruminants 

(Gerber et al., 2013). Nonetheless, ruminants, and dairy cattle in particular, remain 

critical in many ecosystems given their unique ability to convert feedstuffs with 

little nutritional value for humans into high-quality protein (Broderick, 2018). In 
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this context, epidemiological research in dairy cattle is a long-established 

discipline, as improving animal health is key to optimise yields and thus make the 

most of available resources. Given the importance of dairy cattle in epidemiological 

research, we chose to compare our snapshot of the state of FAIRness in salmonid 

epidemiological research with a similar snapshot in this species to address the two 

study objectives stated above. In this work, molecular epidemiology research, the 

branch of epidemiology using genetic sequences of pathogens or hosts to describe 

disease patterns, was considered separately from other branches of epidemiology, 

given the differences in the types of data that are collected and analysed in these 

disciplines. 

2. Methods 

The methods used for this systematic review are reported in accordance with 

the PRISMA statement (Moher et al., 2009). A literature search was conducted to 

identify all peer-reviewed publications related to epidemiological research in 

salmonid production published between January 1st, 2017 to October 18th, 2020. 

We searched scientific literature referenced in three electronic databases: Scopus, 

Web of Science and PubMed. For the salmonid dataset, we used the following 

keywords: (epidemiology) AND (salmon OR trout) AND (aquaculture). The 

documents retrieved were imported into a desktop reference management system 

for screening, eligibility assessment and further analysis. All titles, abstracts and 

key words were screened to select the results relevant to our study, i.e., articles 

related to epidemiological research in salmonid production. All farmed salmonid 

species were included (e.g., Atlantic salmon, coho salmon, rainbow trout). We 

excluded (i) studies in other disciplines (clinical reports, molecular biology, 

proteomics, bacteriology, microbiology, parasitology3, phylogenetics, physiology, 

food safety, economics, welfare), (ii) studies not conducted in farmed salmonids 

(wild salmonids, other species) and (iii) documents other than peer-reviewed 

publications (e.g., conference papers). Three additional articles were removed at 

 

3 papers looking at epidemiology-related aspects of sea lice were retained due to high relevance of this 

species for the aquaculture sector. 
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the full-text review stage (see below) as they were discussion papers and therefore 

not based on any formal dataset.  

A similar literature search was conducted for epidemiological research in 

dairy cattle, with the same parameters. Given the large number of database results, 

only titles and key words were screened to select the relevant results. Abstracts 

were reviewed only when the title and key words did not provide sufficient 

information. The same exclusion criteria (i) to (iii) were used, except that (ii) were 

studies not conducted in dairy cattle (e.g., dairy goats). Additional exclusion 

criteria were (iv) articles which were not available in English and (v) molecular 

epidemiology papers. The latter were not considered for inclusion, as the 

comparison between salmonids and dairy cattle focused on studies in non-

molecular epidemiology. Given the large number of eligible results for dairy (739 

articles), we used random sampling to select full-text articles which were reviewed 

for data availability. The sampling was stratified by publication year (2017 to 

2020), with the number of dairy papers selected each year matching the number 

of available salmonid papers for that year. A pseudo-random number generation 

function in Microsoft Excel was used for this purpose. 

The full text of all articles selected for inclusion was then reviewed and 

assessed, along with any supplementary materials and information available on the 

publisher’s Web page for the article. Relevant information for our study (DOI, 

publication year, species, country, title, type of work and information regarding 

nature and availability of datasets) was extracted and tabulated. The nature of the 

data used in the study was classified as commercial (i.e., data collected and 

managed by commercial producers for their own purposes) or non-commercial 

data (i.e., data provided by public agencies and industry bodies, data collected from 

the literature and data collected on purpose for the study such as experimental data 

or farm survey data). For salmonids, given the very different nature of datasets 

between disciplines, molecular epidemiology papers were assessed separately from 

non-molecular epidemiology papers. 

Raw data were considered ‘available’ when they were provided in the 

manuscript’s main text, as supplementary materials or in an online repository. 

Data available upon request to the authors were not considered as available in this 
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study. Data considered as raw data in this assessment were non-aggregated data, 

provided at the level to which they were collected (i.e., excluding any summary 

data). For mathematical modelling studies (simulation studies), the model inputs 

and parameter values were considered as the raw data for the purpose of this 

assessment, not the model outputs such as simulation results for example. The 

rationale for identifying ‘available’ datasets in this first stage was that these data 

are potentially findable and accessible outside of the research team which 

produced them. In some cases, all the data required to reproduce the results may 

have been provided in the manuscript itself (either in the text or as tables in the 

article). Such data could not be evaluated for FAIRness as they did not form a 

distinct digital resource from the article itself. Therefore, they were excluded from 

the next stage of the assessment described in the next paragraph. 

The information required to assess FAIRness was then extracted for each 

digital resource identified as available. Furthermore, information about the online 

repositories used to deposit datasets by the articles’ authors was obtained from the 

Registry of Research Data Repositories (www.re3data.org). A list of 13 FAIR 

maturity indicators relevant for our work was compiled based on the indicators 

proposed by Wilkinson et al. (2019, 2018) (Table 1). Maturity indicators should be 

applied to a single digital resource, and therefore the target resource must be 

defined clearly, as some of the principles apply to both the data and the associated 

metadata (Wilkinson et al., 2016). Here, the resources we evaluated were the 

datasets associated with each paper and identified during the first steps of the 

work. For molecular epidemiology papers, the datasets of interest were those 

containing genetic data rather than the sample or isolate data. While the authors 

of this framework have used a binary scoring system (pass or fail) in their maturity 

indicator tests (w3id.org/AmIFAIR), we felt that some resources presented some 

maturity regarding a certain indicator while not entirely meeting the requirement. 

Therefore, resources were assessed with a 3-level scoring system, according to 

whether they fully met, partially met or did not meet the requirements for each 

indicator. 

The assessment of articles and datasets described above was conducted by 

the first author (AM), while a parallel assessment of 10% of the items included in 

http://www.re3data.org/
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the study was conducted by one of the co-authors (CF). Results were compared and 

assessment criteria adjusted and re-evaluated in light of the identified points of 

discordance. 

Table 1 List of 13 FAIRness maturity indicators evaluated in this study, based on the 

framework proposed by Wilkinson et al. (2019, 2018). The indicator identifiers are 

the same as the corresponding guiding principle identifiers for simplicity. For 

ease of reference, the colours in maturity levels are the same used in the Results 

section. 

Indicator identifier1 
Indicator 
name 

Indicator description 
Maturity 
levels 

F1.1 
Identifier 
uniqueness 

Whether there is a scheme to 
uniquely identify the digital 
resource 

Indicator is not 
met 

Indicator is met 

F1.2 
Identifier 
persistence 

Whether there is a policy or 
scheme which ensures the 
persistence of the digital 
resource identifier 

Indicator is not 
met 

Indicator is met 

F2 
Data are 
described with 
metadata 

Whether metadata 
corresponding to the digital 
resource are available 

Indicator is not 
met 

Indicator is met 

F3 
Resource 
identifier in 
metadata 

Whether the metadata contains 
the unique identifier for the 
digital resource 

Indicator is not 
met 

Indicator is met 

F4 
Indexed in a 
searchable 
resource 

Whether the digital resource can 
be found by web-based search 
engines using search terms such 
as title, author or key words. 
Google Search was used in this 
assessment 

Indicator is not 
met 

Indicator is met 

A1 
Access 
protocol 

Whether there is an open and 
free access protocol to retrieve 
the digital resource, and if not, 
whether the specifications to 
access restricted content are 
provided 

Indicator is not 
met 

Indicator is met 

A2 
Metadata 
longevity 

Whether there is a policy to 
guarantee the persistence of 
metadata even in the case of 
absence or removal of the digital 
resource itself 

Indicator is not 
met 

Indicator is met 

I1 
Use a 
knowledge 

Whether a formal language for 
knowledge representation is used 

Indicator is not 
met 
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representation 
language 

in the digital resource. This 
indicator was assessed in terms 
of the format of the data. 

Indicator is 
partially met: 
the resource is 
in a structured, 
non-proprietary, 
editable format 
(e.g., CSV, XML) 

Indicator is met 
(language used 
is cited and 
documented) 

I2 
Use of FAIR 
vocabularies 

Whether the digital resource uses 
formal and shared vocabularies 
(ontologies) for knowledge 
representation, which are 
themselves terms from open, 
community-accepted 
vocabularies published in an 
appropriate knowledge-exchange 
format. 

Indicator is not 
met 

Indicator is 
partially met: 
the vocabularies 
used in the 
resource are 
documented 

Indicator is met 

I3 
Use of 
qualified 
references 

Whether the digital resource or 
its metadata contain 
relationships with third-party 
data, with an explicit and useful 
semantic meaning 

Indicator is not 
met 

Indicator is met 

R1.1 
Accessible 
usage license 

Whether there is a license 
document for the digital resource 
and the ability to retrieve those 
documents 

Indicator is not 
met 

Indicator is 
partially met: 
elements 
concerning the 
conditions for 
reuse, copying 
or distributing 
the resource are 
available but no 
formal license 
can be found 

Indicator is met 

R1.2 
Detailed 
provenance 

Whether the digital resource 
content is associated with 
provenance information 
associated with the data, 
covering at least: (i) who 
produced the data and when, and 
(ii) why and how the data was 
produced (context and relevance 
of the data). The availability of 
such information in the digital 
resource itself or its metadata 
was evaluated, not in the content 
of the associated article 

Indicator is not 
met 

Indicator is met 

R1.3 
Whether the digital resource is 
listed by a recognized body as 

Indicator is not 
met 
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Meet 
community 
standards 

meeting community standards. 
Repositories were considered as 
compliant when listed by 
FAIRsharing, the Registry of 
Research Data Repositories or 
Core Trust Seal 
(www.coretrustseal.org) 

Indicator is met 

1 as per (Wilkinson et al., 2016). 

3. Results 

3.1. Data availability in salmonid research 

The literature search yielded 147 and 98 results for salmon and trout, 

respectively. The flow diagram of the identification, screening and inclusion of 

results is included in Supplementary File 1. The review process led to the inclusion 

of 91 articles on various epidemiological topics in salmonid production in this study 

(the full reference list is provided in Supplementary File 2). The selected articles 

presented data from 16 individual countries, with an important representation 

from Norway, Chile and Canada, as well as global data and grouped data from 

North America, Latin America and Europe (Figure 1, left panel). 

 

Figure 1 Distribution of the articles related to epidemiology research selected in this 

review by country of origin and species (N=152). 

The assessment of the full texts, supplementary materials and article pages 

on the publisher websites showed that for 55 out of the 91 papers, the raw data 
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supporting the work were not provided within the article, via its supplementary 

materials or in an online repository (Figure 2). Raw data were available for 80% of 

the molecular epidemiology papers (24 out of 30) and 20% of the papers in other 

epidemiology sub-disciplines (12 out of 61). In addition, authors stated that raw 

data were available upon request in 3 out of the 55 papers for which they were not 

directly provided. 

 

Figure 2 Distribution of the articles selected in this review according to publication year, 

species, discipline and accessibility of raw data (N=152). Note that 2020 

publications were assessed until October 18th only. For the molecular 

epidemiology papers, the raw data referred to in this figure are the molecular 

data. 

For the 24 molecular epidemiology papers with raw data classified as 

available, genetic data were uploaded in specific-purpose repositories: GenBank 

(19 papers), NCBI’s Sequence Read Archive (4), PubMLST (3) and the European 

Nucleotide Archive (2), or in a generic-purpose repository (FigShare, 2 papers). 

The sum of the numbers in brackets is larger than 24 as six papers deposited data 

in two repositories. Genetic data were not available for the six remaining papers. 

Epidemiological data on the isolates or samples were also provided in two thirds of 

molecular epidemiology papers (21 out of 30). Such data were generally shared as 

tables within the manuscript itself (14 papers), and/or as supplementary materials 

(either as PDF tables, 3 papers, or Word tables, 5 papers). Isolate data were shared 
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in a MicroReact project for one paper and could be downloaded as a tab-separated 

file. 

For the 12 papers in other epidemiology sub-disciplines for which raw data 

were available, these were deposited in an online repository in 5 cases: a generic-

purpose repository (Mendeley Data, Dryad) or institutional repositories (Marine 

Data BC and Norwegian Marine Data Centre). In the other cases, the raw data were 

shared in the manuscript itself as tables (4 papers), as supplementary materials 

(either as PDF tables, 1 paper, or Excel file, 2 papers). For two of these papers, it 

appeared that only part of the data used to conduct the work was made available. 

Last, ten of the 61 non-molecular epidemiology papers used commercial data, but 

raw data were available for only one of these ten papers.  

3.2. Data availability in dairy cattle research  

At the end of the eligibility and inclusion steps (see flow chart in 

Supplementary File 1), a total of 61 papers concerning epidemiology research in 

dairy production were randomly selected and assessed for data availability. A third 

of the papers related to Canada or USA (20 papers out of 61), while the remainder 

originated from 26 other countries or were based on worldwide data (3 papers) 

(Figure 1, right panel). The assessment of dairy papers showed that raw data were 

available for 18% of them (11 out of 61) (Figure 2). In ten of those, the raw data 

were provided within the manuscript. Raw data were deposited in a generic-

purpose repository for the remaining paper (Scholars Portal Dataverse). In 

addition, authors stated that raw data were available upon request in 3 out of the 

50 papers for which they were not directly provided. Four of the 61 dairy cattle 

papers used commercial data, but raw data were not available for any of these four 

papers. 

3.3. Data availability statements 

The 152 articles assessed in this part of the study were published in 60 

different journals. Among those, 17 included a formal data availability statement 

either as a dedicated section in the manuscript or as a supplementary item (Figure 

3). Such statements were introduced during the study period in some of the 

journals most represented by the selected articles, such as Aquaculture, Journal of 
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Fish Diseases and Preventive Veterinary Medicine. These additional sections may 

be named “Availability of data and materials”, “Data access”, “Data accessibility”, 

“Data availability”, “Data profile”, “Data summary” or “Research data for this 

article”. Among papers not related to molecular epidemiology, data availability 

statements were provided in 6 and 10 of the dairy and salmonid articles, 

respectively. In salmonid papers, the statements mentioned that the study datasets 

were available upon request (2 papers), that authors did not have permission to 

share them (1 paper), that the data had been deposited in an online repository (4 

papers), or that “all relevant data are within the paper and its Supporting 

Information files” (or similar, 3 papers). In two of the three latter papers, the raw 

data did not appear to be available despite the statement. In dairy papers, the 

statements mentioned that study datasets were available upon request (3 papers), 

that authors did not have permission to share them (2 papers), or that the data had 

been deposited in an online repository (1 paper).  

 

Figure 3 Presence of a data availability statement in the journals (N=62) publishing the 

articles selected in this review according to publication year and species. Some 

individual journals may appear in more than one year, species or discipline. Note 

that 2020 publications were assessed until October 18th only. 

3.4. FAIRness assessment 

Evaluation results for 13 maturity indicators of the available datasets are 

presented in Table 2 (papers on molecular epidemiology) and Table 3 (other 

papers). A number of papers provided the data used in the study within the 
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manuscript itself (text or tables) (Figure 2), including 4 and 10 papers on 

salmonids and dairy cattle, respectively. Those datasets were not evaluated for 

FAIRness as they do not form a distinct digital resource from the article itself. 

Molecular digital resources were almost always identified by a globally 

unique identifier defined by the repository, but this identifier was generally not 

persistent (F1). Most resources were associated with metadata including the data 

identifier (F2 and F3) and provenance information (R1.2). All resources were 

indexed by a search engine (F4) and accessible via an open, free protocol (A1) but 

the persistence of the metadata should the resource become unavailable was not 

guaranteed (A2). No resources used a formal knowledge representation language, 

but all were provided in standardized formats, such as GenBank data (I1). Most 

used FAIR vocabularies (I2) and about half were linked to other relevant resources 

(I3). Clear license conditions were not often provided (R1.1), given that several 

common repositories such as GenBank state that the repository managers “cannot 

provide comment or unrestricted permission concerning the use of the information 

contained in the molecular databases” or similar. All repositories but one were 

certified or listed as trusted in known community schemes (R1.3). The digital 

resources evaluated here originated from a range of 12 individual countries and 

from two multi-country studies. 
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Table 2 Evaluation of FAIRness for 30 datasets accompanying 24 articles in molecular 

epidemiology of salmonids. Dark, medium and pale shades of orange indicate 

that a given maturity indicator was met, partially met and not met, respectively. 

The grey boxes corresponds to a resource which could not be evaluated given 

that the dataset accession number was invalid. N corresponds to the number of 

articles with a given combination of indicator. 

N 

Maturity indicator assessment 

Source article 

F
1
.1 

F
1
.2

 

F
2

 

F
3

 

F
4

 

A
1
 

A
2

 

I1
 

I2
 

I3
 

R
1
.1

 

R
1
.2

 

R
1
.3

 

3              
(Bayliss et al., 2018; Brosnahan et al., 2019; Isla 
et al., 2019) 

2              (Bayliss et al., 2018; Söderlund et al., 2018)  

3              
(Aslam et al., 2020; Du et al., 2019; Småge et al., 
2017) 

1
0              

(Brosnahan et al., 2019; Büyükekiz et al., 2018; 
Du et al., 2019; Duman et al., 2017; Isla et al., 
2019; Johnson-Mackinnon et al., 2019; Karlsen 
et al., 2017; Kristoffersen et al., 2018; la Bastide 
et al., 2018; Sørensen et al., 2020) 

9              

(Adamek et al., 2019; Duman et al., 2020; 
Gallagher et al., 2020; Jalali et al., 2019; Jia et 
al., 2018; Kibenge et al., 2019; Loch and Faisal, 
2018; Terceti et al., 2018; Vennerström et al., 
2017) 

1              (Rodríguez et al., 2019) 

1              (Söderlund et al., 2018) 

1              (Gallagher et al., 2020) 

 

Within non-molecular datasets, most digital resources were identified by a 

globally unique and persistent identifier, generally a Digital Object Identifier (F1). 

Six out of nine resources were associated with metadata including the data 

identifier (F2 and F3) while most had provenance information (R1.2) and were 

indexed in a search engine (F4). Accessibility indicators were similar to those 

observed above for molecular data (A1, A2). No resources used a formal knowledge 

representation language and only two were provided in editable, non-proprietary 

format (I1). No resources used standardized vocabularies, and only two provided 

some documentation regarding the vocabularies used (I2). None were linked to 
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other relevant resources (I3). Clear license conditions were always provided (R1.1) 

and five datasets were deposited in repositories certified or listed as trusted in 

known community schemes (R1.3). The nine digital resources which were 

evaluated originated from a range of countries: Canada (two datasets), Finland 

(one dataset), Mexico (one dataset), Norway (two datasets) and USA (one dataset) 

or from multi-country studies (two datasets). 

Table 3 Evaluation of FAIRness for nine datasets accompanying articles in non-molecular 

epidemiology papers. Eight papers concerned salmonids and one dairy cattle 

(the latter is marked with an asterisk). Dark, medium and pale shades of orange 

indicate that a given maturity indicator was met, partially met and not met, 

respectively. 

Maturity indicator assessment Source 
article F1.1 F1.2 F2 F3 F4 A1 A2 I1 I2 I3 R1.1 R1.2 R1.3 

             (Barker et al., 
2019) 

             (Daros et al., 
2020)* 

             (Escobar et al., 
2018) 

             (Guerrero-
Cabrera et al., 
2020) 

             (Myksvoll et 
al., 2018) 

             (Nekouei et al., 
2019) 

             (Räihä et al., 
2019) 

             (Samsing et al., 
2019) 

             (Soler-Jiménez 
et al., 2017) 

 

Finally, the data sources for the nine non-molecular epidemiological digital 

resources evaluated in this section were databases from government agencies (e.g., 

the Directorate of Fisheries in Norway (Myksvoll et al., 2018) and the Aquatic 

Health Committee of Oaxaca in Mexico (Guerrero-Cabrera et al., 2020)) or 

international agencies (e.g., European Community Reference Laboratory for Fish 
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Diseases (Escobar et al., 2018)), data from the published literature or data 

specifically generated for the purpose of the study. The dataset made available by 

Soler-Jiménez et al. (2017) in their literature review was the only dataset from a 

commercial source. However, this dataset was not collected specifically for the 

purpose of the study described in this publication. The authors were able to obtain 

mortality, environmental and management data from a group of fish producers in 

Mexico in the context of another study, which could not be identified in peer-

reviewed sources at the time of writing. The dataset contained a few hundreds of 

farm-level records of several variables, without associated farm identifiers.  

4. Discussion 

Most datasets used in non-molecular epidemiological studies were not 

findable, or “re-useless” as characterised by Mons et al. (2017). These authors 

estimated that 80% of datasets in science belonged to this category. Our 

assessment suggests that the proportion in veterinary epidemiology is at least as 

high for the two species included in this work. In addition, no clear trend of 

improvement was observed over the past four years. Data availability was much 

higher for molecular epidemiology papers, with 80% of the articles assessed 

depositing genetic data in online repositories. The low proportion of raw data 

provided as distinct digital resources in non-molecular epidemiology publications 

means that only few datasets could be assessed in terms of FAIR maturity 

indicators in this study (nine out of 122 articles assessed). Of note, our assessment 

considered whether all the raw data used to produce the results were available for 

a given paper, but we did not try to reproduce any of the results as this was out of 

scope of the present study. Such additional assessment may allow the identification 

of papers for which some of the data required to reproduce the results were not 

available.  

For articles with no raw data or, more rarely, data shared within the 

manuscript itself, the absence of separate data objects means that the FAIR 

assessment could not be conducted. Although these data may be reusable as they 

are both findable and accessible by researchers, and associated with provenance 

information and other metadata, their format (not directly searchable and 
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editable) does not make them interoperable. In addition, they are neither machine-

findable nor machine-accessible. Such considerations also apply to the data shared 

in supplementary files assessed in this study. For supplementary materials, 

metadata may not be readily available (F2), although researchers may manually 

find relevant information in the article, and these resources sometimes do not have 

a unique resource identifier (F1), although some journals associated a dedicated 

DOI to each supplementary item. Supplementary materials were not searchable in 

search engines, as the article itself is the object that is indexed (F4). Although 

providing raw data as supplementary materials does not make datasets FAIR, it is 

a common and practical way for researchers to respond to the increasingly pressing 

requests to make data available. It could be argued that there is little difference 

between sharing raw data in a manuscript table or in a supplementary material 

table and that treating them differently is arbitrary. However, a criterion for what 

constitutes raw data had to be established for the specific purpose of this study. In 

accordance with the FAIR framework which focuses on digital objects, we chose to 

only assess the FAIRness of raw data which were provided as separate digital 

resources, as described in the Methods section. 

While the number of papers for which the raw data were available was similar 

between salmonid and dairy cattle in non-molecular epidemiology (12 and 11, out 

of 61, respectively), datasets were made available as individual digital resources 

more often by salmonid researchers than by dairy researchers (8 and 1 datasets, 

respectively). It was not possible to compare the FAIR maturity indicators between 

the two species given the small sample size and they are discussed here together. 

Across disciplines and without considering the case of supplementary material 

datasets which was already discussed above, the FAIRness assessment showed that 

most resources were uniquely identified, although persistence of these identifiers 

was generally not provided for molecular datasets (F1). Indicators F2, F3 and R1.2 

were often met, with some metadata provided for the digital resource, along with 

the data identifier and provenance information. The persistence of the metadata 

should the data objects be removed was generally not guaranteed regardless of the 

repository considered. Importantly, all data objects were discoverable by web-

based search engines (F4) and freely accessible via an open protocol (A1).  
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While the available objects generally scored favourably for Findable, 

Accessible and Reusable indicators, Interoperability was more problematic. The 

datasets identified in our study were not using a “formal, accessible, shared, and 

broadly applicable language for knowledge representation” as per the definition of 

the I1 indicator (Wilkinson et al., 2016). In non-molecular epidemiology, datasets 

were often shared as Excel files, with little to no documentation of the content of 

the different data fields, and no linked objects could be identified. Much progress 

remains possible on the I1, I2 and I3 indicators for these resources. Examples of 

existing resources which may be used to improve Interoperability in 

epidemiological research are the AGROVOC vocabulary developed and managed 

by the Food and Agriculture Organization (http://www.fao.org/agrovoc/) and the 

SNOVET systematized nomenclature for veterinary medicine (Palotay, 1983). By 

contrast, standardized formats (e.g., XML) and vocabularies are used in the 

National Centre for Biotechnology Information (NCBI)’s databases considered in 

this study for molecular datasets (GenBank and Sequence Read Archive) (23 out of 

30 datasets). As the I1 maturity indicator is not associated with an agreed list of 

what constitutes a valid language for knowledge representation for a given 

discipline, there is room for interpretation by the person performing the 

assessment in terms of defining their scoring system. As such, the scoring system 

used in the present study may not be valid for another study or discipline. It is 

important to recognize that, as the coding of molecular data is universal, it is much 

easier to achieve interoperability for such datasets, as shown by the good scores 

achieved on this indicator compared to non-molecular epidemiology. In addition, 

the digital archiving of such data is concentrated by a few stakeholders as NCBI is 

collaborating with other large repositories such as DNA DataBank of Japan and the 

European Nucleotide Archive, making it practical for the interested researcher to 

find related data, even if they are not explicitly linked (I3). Molecular epidemiology 

papers were also frequently providing epidemiological data (isolate or sample data) 

in a tabular format (70% of papers). Such data, which can be considered as raw 

data or as metadata for the genetic data, are critical to support reusability. 

Although inferior to the availability of genetic data (80%), the availability of 

epidemiological data was substantially higher than that observed in non-molecular 

http://www.fao.org/agrovoc/
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papers. Finally, frequent re-use of published genetic sequences by other 

researchers is observed in the literature, showing the progress made in this 

discipline compared with other disciplines. In summary, the relatively consistent 

structure of molecular datasets, the availability of appropriate repositories, and the 

existing demand for data re-use are some of the factors which may explain the 

differences in data availability observed between molecular and non-molecular 

papers in our study. 

Meeting indicators related to the Findable, Accessible and Reusable 

principles is likely possible for researchers who do not have specific skills in data 

management. On the other hand, interoperability appears to be a more complex 

objective. The process of migrating the Pathogen-Host Interaction Database, in 

plant sciences, to a FAIR-compliant form (Rodríguez-Iglesias et al., 2016) 

illustrates that the data transformation required to apply machine-readable 

standards for knowledge representation require specialist knowledge in this area. 

This may be an obstacle for both funders and scientists who may not readily 

understand the concepts or have the skills required for effective data preparation, 

management and long-term preservation (Houtkoop et al., 2018; Tenopir et al., 

2015, 2011). In this regard, more systematic data management training is needed 

in graduate programmes, both to develop awareness around open science and 

FAIRness and to teach specific skills required to reach these goals. Meanwhile, 

researchers may already take simple measures to increase the interoperability of 

their datasets. For example, documenting the content of tabular data in a 

systematic manner, indicating the content, type and unit of each data field is an 

accessible step for rendering datasets self-descriptive, short of using knowledge 

representation languages and FAIR vocabularies. Units and conditions of 

measurement are critical for the re-use of quantitative data. In the case of ‘oxygen’ 

levels in fish cages, one needs to know the type and unit of the measurement (e.g., 

oxygen saturation in %, oxygen concentration in mg/L) as well as the depth and 

temperature of the measurement to allow for correct interpretation. 

No comparable assessments of FAIRness in publications were found in the 

literature but the subjects of data sharing and open data in research have been 

abundantly documented. A strong contrast is observed between willingness to 
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share research data expressed by scientists and availability of datasets in practice. 

Survey respondents often declare willingness to share at least some data publicly 

(around 80% of them depending on the discipline and study) (Tenopir et al., 2020, 

2018). Recent studies looking at the proportion of published work for which 

datasets were publicly available showed relatively low levels of availability: 8% in 

geoscience flux research (Dai et al., 2018), less than 10% in psychology research 

(Houtkoop et al., 2018), 14% in morphology research (Hipsley and Sherratt, 2019) 

and 18% in biomedical research (Wallach et al., 2018). Even in biomedical journals 

with a full data sharing policy for randomized controlled trials, a review found that 

only 17 out of 37 eligible articles satisfied the definition for data availability (Naudet 

et al., 2018). Our present findings are consistent with these observations. Despite 

the plethora of published literature on the topic of data sharing and the growing 

availability of technological solutions, the evolution of practices and attitudes 

remains slow. In this regard, as our study was conducted only four years after the 

principles were formally published, it is not surprising that no significant changes 

were observed yet. These results will provide a baseline measure for future 

evaluations aiming at identifying longer-term changes. 

Regardless, some scientific disciplines are significantly ahead in terms of 

data sharing, for example in genomics (Byrd, 2020), as confirmed in the present 

study for molecular epidemiology in animal species. In other disciplines, barriers 

to making research datasets available have been explored (Dallmeier-Tiessen et al., 

2014; Houtkoop et al., 2018; Perrier et al., 2020; Tenopir et al., 2020) and some of 

the factors which can positively impact data sharing have been identified (Kim and 

Burns, 2015; Schmidt et al., 2016; Vines et al., 2013). Top-down pressure, in the 

form of strong encouragement or policies of mandatory sharing, from funding 

bodies and journal publishers appears to be highly effective. For measurable 

progress, such policies and requirements must not remain theoretical but need to 

be verified in practice. Data management plans indicating how FAIR principles will 

be applied are an increasingly common requirement from research funding 

organisations (Bloemers and Montesanti, 2019; EC, 2018).  

In the animal production sector in particular, data provided for research by 

stakeholders may be considered as confidential information, due to animal health 
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and production data revealing production practices as well as representing 

commercial assets and competitive advantages. Fourteen of the 122 non-molecular 

epidemiology papers reviewed in this study were based on commercial data, 

including four in dairy cattle and ten in salmonids. The availability of raw data was 

very low for these potentially sensitive commercial production data (only one of 

the fourteen papers made the raw data publicly available). It is reasonable to 

assume that raw data provided by commercial producers are even more concerned 

by privacy issues than datasets collected by other means. In such cases, researchers 

are subjected to conflicting needs, with transparency, reproducibility and 

reusability on one side, and data confidentiality on the other side. Our results 

suggest that researchers may have more room to make datasets available when they 

collected these data from third-party sources, such as government databases 

holding data submitted by industry for regulatory purposes (for example the study 

by Myksvoll et al. (2018)). Sourcing research data from third-party data integration 

initiatives may allow the generation of epidemiological datasets which are easier to 

share publicly, due to pre-existing data sharing agreements with the industry. An 

example of such initiative found during this review is Fish-iTrends, a sea lice data 

management system administered by the Atlantic Veterinary College in Canada 

(Gautam et al., 2017). Another example in salmonids is the attempt to set up a data 

integration platform described by Meyer et al. (2020). The use of animal 

production commercial data for research can significantly increase access to 

quality data with excellent coverage in time and space of the populations of 

interest, as shown by studies included in this work such as analyses conducted in 

the Chile salmonid industry (Happold et al., 2020a, 2020b) and in the Canadian 

dairy industry (Haine et al., 2017). The confidentiality level required for these 

datasets as well as barriers to data sharing related to competitiveness and anti-

trust regulation aspects suggest that there could be a fundamental incompatibility 

between the principles of open-access data and the use of commercial data for 

research. However, progress towards more FAIRness does not require the datasets 

to be made open access. The four first levels presented by Mons et al. (2017) are 

compatible with access-restricted datasets. Data integration systems such as those 

proposed above may allow progress to be made towards improved FAIRness. For 
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example, authors making datasets findable and their metadata findable, accessible, 

interoperable and reusable would reach the fourth of these levels, “FAIR data with 

restricted access”. This would better enable other researchers to assess which 

digital resources could potentially be useful to them and express their interest in 

reusing such datasets. Negotiations regarding the conditions for access, such as the 

appropriate type of license, could then be undertaken between interested parties. 

This would represent significant progress from the “re-useless data” stage where 

most of the datasets assessed in the present study were found. 

Finally, our assessment showed that molecular datasets appear relatively 

compliant with machine readability, while this was generally not the case for the 

nine non-molecular available datasets. Thus, machine readability remains 

uncommon for non-molecular epidemiological data, especially as these nine 

datasets only made up for a small proportion of the 61 studies initially identified. 

The approach proposed by Wilkinson et al. (2019) puts emphasis on machine 

readability: “detecting and validating behaviours of digital objects that make them 

machine-readable and reusable”. Given the relative novelty of FAIRness 

implementation in veterinary epidemiology, it is not surprising that only few 

resources were standardized for machine readability, while most provide human-

readable content. In addition, the FAIRness assessments strictly focus on the 

digital object itself, and therefore do not assess other aspects of compliance with 

generic data management good practices, such as data curation and governance. 

The salmonid data platforms used in some of the studies (Gautam et al., 2017; 

Happold et al., 2020a, 2020b) show the progress made by producers and data 

users to explore new ways of managing data, which require data curation and 

governance aspects to be defined in a collaborative manner. The FAIR principles 

also do not consider discipline-specific attributes which may be considered critical. 

For instance, some authors proposed an extension of the FAIR principles to better 

address the reproducibility and privacy protection challenges encountered in 

health research (Holub et al., 2018). There are no standard indicators available to 

assess the additional aspects, and they were not considered within the scope of this 

study. Last, FAIRness assessments may also be applied to model code objects, 

when these are shared by their authors. Although we did not specifically address 
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this aspect in the present work, we noted that none of the fourteen mathematical 

modelling studies provided access to such model objects. 

In conclusion, we recommend that the FAIR framework is progressively 

integrated in the routine workflow of researchers in veterinary epidemiology, 

starting with more education, training and communication. Furthermore, the 

barriers to reach the goals of data re-usability which have been set for a few years 

should be identified by discipline. This would allow the design and implementation 

of interventions to overcome these barriers. Last, we suggest a stepwise approach 

to improving the FAIRness of research data, in which the first step would be to 

make a large proportion of datasets and their metadata findable as digital 

resources.  
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Figure S1. PRISMA flow diagram of the literature search for salmonids. 
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Introduction 

Aquaculture is an increasingly important source of high-quality animal 

protein worldwide. While salmonids are the second largest export product of Chile 

in terms of revenue, fish producers face significant issues in terms of fish health 

management. As seen in the general introduction of this thesis, SRS is major threat 

to the sustainability of the industry. Sea-based fish production generally involves 

complex systems including multiple species and pathogens. As epidemiological 

research allows incorporation of multiple factors in understanding disease issues, 

the discipline is well placed to provide tools to the aquaculture sector to improve 

its long-term sustainability. The work presented in this thesis explored how data 

and epidemiological analysis can contribute to such a goal in the context of 

salmonid production in Chile, based on a research platform developed to integrate 

the health and management data routinely collected on salmonid aquaculture 

farms (PIISAC). 

The present chapter starts with a summary of the main findings of the work 

outlined in this thesis. Then, two overarching topics are further discussed. The first 

topic contrasts the current approaches to statistical model building, selection and 

inference. The second topic explores the potential for qualitative methods to be 

used further in veterinary epidemiology. The discussion ends with considerations 

on recent developments in research of waterborne transmission of SRS and futures 

opportunities for improving the understanding of the disease. 

Effectiveness of key interventions to control SRS on Chilean sea farms 

Chapter 2 looked at how the analysis of routine production and health data 

can support better within-farm interventions to control SRS on sea farms. In 

particular, the study assessed the effectiveness of antimicrobial treatment of 

infected fish, more specifically oxytetracycline and florfenicol administration, to 

manage mortality outbreaks in sea farms. The statistical regression analysis, using 

generalised linear mixed-effect models, considered different aspects linked to the 

treatment itself (e.g., time of administration, length and route of treatment) while 

accounting for confounding effects at fish, management and environment levels. 
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The results show that treating as soon as possible after the start of the outbreak is 

a key factor for success, both for Atlantic salmon and rainbow trout farms. Treating 

cages simultaneously and minimising potential treatment interruptions were also 

important for Atlantic salmon. For rainbow trout, longer in-feed treatments 

appeared more effective at controlling mortality, and a large proportion of 

unexplained variance remained at the company and farm level, suggesting that 

some companies and farms already apply more effective practices than others. 

Such results could be used in further analyses to identify treatment strategies 

which minimise both the disease-related mortality and the quantity of antibiotics 

used over an entire production cycle. 

Chapter 3 considered the interplay between sea lice burden, sea lice 

management (using bathing treatments) and SRS mortality. Observation periods 

at cage-level were defined and the sea lice burden and the frequency of bath 

treatments (e.g., azamethiphos or synthetic pyrethroids such as deltamethrin and 

cypermethrin) relating to these observation periods were quantified. Then, 

regression models were used to assess the effect of these two exposure parameters 

as well as their interaction on the level of SRS-attributed mortality at the end of the 

observation period. Results showed that both sea lice burden and bath treatments 

are risk factors for increased SRS mortality in Atlantic salmon and rainbow trout. 

This study using data collected in commercial production settings confirms the 

synergistic relationship between parasitic burden and piscirickettsiosis that had 

been previously observed in experimental conditions (Figueroa et al., 2017; 

Lhorente et al., 2014). Another study with similar conclusions has since been 

published (Arriagada et al., 2019). Such evidence highlights the challenge faced by 

veterinarians and fish health managers in managing ectoparasites while not 

increasing the stressors applied to the fish.  

While chapter 2 and chapter 3 considered interventions to control SRS at 

the farm-level, chapter 4 provides a slightly broader perspective on disease 

dynamics by looking at the spatiotemporal autocorrelation in SRS mortality 

between sea farms located at different distances. Sea farms are distributed in the 

channels and inlets formed by the intricate Chilean coastline. Tides and currents 

create complex water movement patterns which, ultimately, mean that these farms 
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are interconnected by water flows. This study looked at the effect of SRS mortality 

on source farms on the SRS mortality of target farms, as a function of distance, 

time lag and mortality levels. The spatiotemporal component of this correlation 

was modelled in generalised additive mixed effect models using linear functional 

terms. The results confirmed the spatiotemporal correlation in SRS mortality in 

different farms, as previously shown by others (Rees et al., 2014). However, the 

analysis did not provide support for the hypothesis that this correlation is due to 

waterborne pathogen dissemination between farms. The analysis suggested that 

mechanisms other than waterborne pathogen dissemination better explain the 

observed correlation. Further studies in dissemination pathways are warranted, for 

example investigating the role of fomites and wildlife in the epidemiology of P. 

salmonis in Chile. In addition, this work did not provide conclusive evidence for a 

threshold effect above which farms pose a substantially larger health risk to their 

neighbours. Such information is of importance for policy making, given that the 

current SRS management regulations target farms which exceed a set threshold of 

SRS mortality. 

The results of the three studies in this first part of the thesis (chapters 2 to 

4), as well as an additional study on the effectiveness of vaccination (Happold et 

al., 2020), were presented to and discussed with the producers in Chile. They will 

contribute to the growing evidence base available for veterinarians and fish health 

managers to make better decisions regarding the management of SRS on sea farms. 

This work, including the epidemiological studies and the development of the 

PIISAC platform, shows that analysis of routine production and health data can 

provide useful insights into the effectiveness of within-farm interventions to 

control SRS.  

Sources of data to improve epidemiological knowledge on salmonid 

health 

In the second part of this work, the role of data in epidemiological research 

was considered in more detail. The previous three chapters were the product of 

using a data integration platform (PIISAC), developed with the aim of improving 

how routine data is utilised, to generate better information and fill knowledge gaps 
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about SRS management in field conditions. However, despite the apparent value 

of the platform for epidemiological research, the implementation of an industry 

governance body to manage the platform in the longer term and attempts to extend 

the life of the platform beyond the end of the initial funded project were not 

successful. The study presented in chapter 5 identified possible reasons for these 

outcomes based on key informant interviews. The results of this qualitative study, 

summarised in Figure 1, can be classified under two categories of obstacles: issues 

related to the platform’s environment and those related to the platform 

implementation itself. The results highlight the limits of project-based approaches 

and reinforce the need for more targeted consultations during the design stage of 

such initiatives. This is often not the case, given that the design stage of projects is 

often conducted with little to no funding, limiting the amount of time which can be 

invested in such consultations. However, such consultations are critical to prepare 

an implementation plan which will address context-specific challenges as well as 

address the needs of the participants. 

 

Figure 1. Summary of the findings from Chapter 5 (Source: graphical abstract associated with 

the publication, https://doi.org/10.1016/j.compag.2020.105853) 

More work to assess the most appropriate arrangements for data curation 

and governance is needed to support further data integration platforms for fish 

health. These platforms, where producers contribute production and health data 

which are analysed by scientists to generate new knowledge, appear to be a 

powerful alternative to costly and limited field data collection (e.g., surveys). In 

https://doi.org/10.1016/j.compag.2020.105853
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addition to PIISAC, similar data integration platforms related to salmonid 

production include Fish-iTrends in Canada (Gautam et al., 2017) and AquaCloud 

in Norway (Hoel, 2018) which both focus on sea lice burden and management. A 

key aspect of data integration platforms is that they are able to support both 

improved routine data management and epidemiological research, providing 

benefits to all parties involved.  

An alternative approach to improving the use and re-use of data in scientific 

communities was proposed in 2016, under the form of the FAIR (Findable, 

Accessible, Interoperable, Reusable) principles (Wilkinson et al., 2016). The 

possibility to re-use the data produced by other scientists provides another means 

to improve the use of data for better fish health management. This can minimise 

the need for new data collection when existing data are appropriate to answer new 

research questions. However, these principles are relatively recent, and changing 

long-standing habits is generally a time-consuming task. Chapter 6 investigated 

the progress towards sharing and re-using data among the aquaculture 

epidemiology community. The results showed that research data are still far from 

meeting the FAIR principles in non-molecular epidemiology of salmonids. Most 

datasets (≈ 80%) associated with publications between 2017 and 2020 were 

neither findable nor accessible, a status previously named “re-useless” data by 

others (Mons et al., 2017). Comparison with epidemiological research in dairy 

cattle, which has a much longer and abundant track record revealed a similar 

situation. In turn, molecular epidemiology displayed more maturity in terms of 

FAIRness, with over 80% of selected publications displaying good results on FAIR 

indicators in this discipline. Comparisons with other disciplines may allow 

veterinary epidemiologists to progress towards more re-use of data, keeping in 

mind the confidential nature of some of the data used in such research. The work 

in this chapter highlighted the conflicting objectives between the push towards 

open science and data protection requirements. In animal science, considerations 

related to commercial aspects and privacy add a layer of complexity that may not 

be encountered in some of the other scientific disciplines. There is a clear need for 

innovative approaches, such as federated learning for example, to allow 

researchers to generate value from protected data. 



219 

 

This concludes the summary of the previous chapters. The following sections 

aim to discuss some of the methodological approaches used in this research. 

Questions relating to statistical modelling raised by the work presented in 

chapters 2 to 4 are discussed first, followed by aspects related to the use of 

qualitative research in epidemiology, raised during chapter 5. 

Causal analysis and statistical modelling 

Causal analysis has been the subject of many theoretical and practical 

developments in the past twenty years. While several definitions have been, and 

are still, used in epidemiology for the notion of ‘cause’, as reviewed by Parascandola 

& Weed (2001) for example, there is no accepted consensus at present. The work 

of Pearl (Pearl, 2000, 2009) has had particular impact on public health 

epidemiology, as well as the introduction of directed acyclic graphs (DAGs) (also 

called causal diagrams) to guide causal analysis (Greenland et al., 1999; Pearl, 

1995). These developments have also sparked intense debates in public health 

(Broadbent, 2015; Vandenbroucke et al., 2016). In contrast, there is much less 

awareness in the veterinary science community around these concepts. There is a 

critical need for veterinary epidemiologists to reflect on how to conduct causal 

analysis, and how such work is integrated with statistical analysis. In the 

quantitative data analysis section of this work, an information theoretic approach 

(K. Burnham & Anderson, 2002) was used for making inferences from statistical 

models. This approach places great emphasis on developing a range of scientific 

hypotheses and their corresponding statistical models a priori. In particular, the 

use of DAGs to generate these hypotheses allows formal consideration of the nature 

of variables, including primary exposures, confounders, mediators and colliders. 

The approach also invites the researcher to reflect on possible causal associations 

separately from the statistical modelling itself.  

The second benefit from this approach is that it provides an alternative to the 

much-debated approach to model inference based on null hypothesis testing. 

Information theory has been formally developed in ecology and evolution, where 

many examples can be found. However, in the veterinary epidemiology area, null 

hypothesis testing remains the dominant approach, with the Bayesian approach 
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also gaining traction. Despite some changes occurring over time, the use of null 

hypothesis testing remains highly prevalent in life sciences, for example in clinical 

medicine (Silva-Ayçaguer et al., 2010) and conservation biology (Fidler et al., 

2006). Authors have argued whether the different approaches to model inference 

are compatible and can be used in a complementary way (Lukacs et al., 2007; 

Stephens et al., 2005, 2007). Regardless, the work presented in this thesis shows 

that the information theoretic approach provides a formal method to include 

existing knowledge and scientific reasoning in the modelling work, within a 

frequentist approach. This aspect proved useful when presenting and discussing 

results with industry or government stakeholders, who may not be familiar with 

the Bayesian framework at all.  

The information theoretic approach provided two other types of benefits for 

the studies assessing the effectiveness of interventions on SRS and identifying 

factors which influence this effectiveness. First, the use of a criterion such as the 

Akaike Information Criterion or the Bayesian Information Criterion, depending on 

the context (K. P. Burnham & Anderson, 2004), allows quantification and ranking 

of the level of support in the data for competing hypotheses. Then, parameter 

estimates and confidence intervals may be assessed more critically to assess the 

biological significance of the effects, and avoiding what has been named the 

‘significance fallacy’ (Silva-Ayçaguer et al., 2010). Second, making inferences from 

an average model which combines the models that are supported by the data 

improves our ability to account for the complexity of SRS dynamics in sea farms. 

These benefits are very relevant in veterinary epidemiology, where research 

questions are rarely straightforward and multiple competing or complementary 

hypotheses are generally considered. 

Understanding the experience gained in other disciplines as well as reflecting 

on the assumptions underlying the methods that are used in veterinary 

epidemiology are two of the ways to improve research practices, toward more 

robust studies and conclusions. A third way is to explore the use of methods that 

are less commonly employed. The next section presents an outline of what 

qualitative approaches can contribute to veterinary epidemiology. 
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Using qualitative approaches in veterinary research 

Qualitative approaches have been used in public health research for a long 

time, and the role they play in epidemiological research in particular is increasingly 

important (Bannister-Tyrrell & Meiqari, 2020). These approaches are critical to 

understand human behaviours associated with health outcomes, and therefore, to 

develop health interventions which are appropriate for a given social, cultural, and 

political context. On the veterinary side, researchers gained interest in qualitative 

methods in the context of the participatory rural appraisal and rapid rural 

appraisal approaches initiated in the late 1980s (Alders et al., 2020; Chambers et 

al., 1989). However, apart from such approaches to support rural development in 

low- and middle-income countries, the use of qualitative research in veterinary 

epidemiology is much less common than it is in public health research, although 

there is interest both from the veterinary medicine (Christley & Perkins, 2010; 

May, 2018) and veterinary epidemiology communities. One possible explanation 

is the general lack of training of veterinary scientists in these approaches. 

Consequently, researchers may not be aware of the benefits of qualitative or mixed-

method studies. They may also be dissuaded by the amount of learning required to 

gain familiarity with the many theoretical traditions, data collection techniques 

and data analysis methods which are available. Degeling & Rock (2020) have 

summarised the data collection instruments which have been applied to study 

questions related to One Health: individual interviews, focus group discussions, 

participant observation, storyboarding, and several others. These authors show 

that qualitative research has provided valuable insights in many aspects related to 

One Health, in particular on how and why people comply with health-related 

interventions or not. For quantitative health researchers new to qualitative 

research, there is also a wealth of published literature and books which provide 

introductions to the approach, as well as tools to understand and assess the validity 

of published studies (Kuper et al., 2008; Mays & Pope, 1995). 

In the survey of barriers to adoption of PIISAC (chapter 5), a qualitative 

study was conducted, with an inductive analysis, as it appeared best placed to 

answer the open-ended research question, ‘which reasons can explain the lack of 

sustainability of the PIISAC epidemiological data integration platform?’. 
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Alternative options to qualitative interviews for exploring opinions are quantitative 

surveys, such as Likert scale surveys, and consensus methods, such as the Delphi 

method. Here, qualitative interviews allowed exploration of the views of relevant 

stakeholders and collection of data on unanticipated factors, which would have 

been much more difficult to identify with a quantitative survey for example. In 

addition, collecting common but also uncommon views was of particular interest, 

rather than reaching a consensus. It is important to note that the research question 

was not an epidemiological question by nature. Nonetheless, this study showed 

how such methods allow exploration of the views of stakeholders involved in 

interventions aiming at improving animal health, and, ultimately, to design better 

interventions. 

Trained as a quantitative scientist, this study was a key learning experience 

for this dissertation’s author. This section summarises some of the learnings 

gained during this journey. The beginner must seek the experience and oversight 

of an experienced qualitative researcher, as recommended by Degeling & Rock 

(2020) for instance. Indeed, some of the methods, such as the thematic analysis 

used in chapter 5, may appear deceptively easy. This should not lead to 

overlooking the strategies required to ensure rigour and validity in qualitative 

studies, as these are different from strategies used in quantitative research. To do 

so, an understanding of philosophical paradigms behind the different approaches 

is required, as well as understanding the key differences in terms of data collection, 

analysis and reporting methods. While this is not the only difference between the 

two, the dichotomy between constructivist and positivist paradigms has long been 

recognised as a key difference between qualitative and quantitative research 

(Baum, 1995). However, the quantitative epidemiologist is not necessarily aware of 

the philosophical paradigm underlying the work that they conduct. Thus, using 

qualitative methods requires to both acknowledge this position and adopt a 

different mindset. Realising the role played by the researcher in their work was a 

valuable learning experience, as it allowed conscious identification of where and 

how the researcher’s subjectivity influences the analysis. Identifying one’s biases 

and interpreting their effects on the results is a competence transferable to 

quantitative research, where it is often overlooked. During the study described in 
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chapter 5, this topic was particularly salient as the team conducting and analysing 

the interviews was partly made up of researchers involved in the development of 

PIISAC. Although this is clearly a limitation of the study, the use of a qualitative 

survey allowed conscious identification of this subjectivity and comparison of the 

team’s expectations with the views provided by participants, creating a fuller and 

more complete picture of the situation. Finally, external validity, also called 

generalisability or transferability, is an important concept in both quantitative and 

qualitative research. However, external validity is not always an objective of 

qualitative studies. Qualitative work is often concerned with providing an in-depth 

analysis related to a given group of stakeholders in their specific context. 

Regardless, qualitative studies may be subject to biases as quantitative studies are, 

for example selection bias. Depending on the research objectives, such biases may 

be intentional, and would be considered in the interpretation. 

Recent developments and conclusion 

Further simulation modelling work is currently ongoing to better understand 

SRS transmission in Chile, using the InterSpread Plus model (Wada et al., 2020). 

In addition, Bravo et al (2020) have recently published a key study looking at 

waterborne transmission of SRS in Chilean salmonid farms. Their work considered 

between-farm connectivity based on a recently developed oceanographic model, 

which includes hydrodynamic features (water movements linked to tides and 

currents). The farm connectivity matrices were combined with a state-based 

epidemiological model of SRS to assess the correlation in disease-related mortality 

levels between farms. The analysis also accounted for the effects of water 

temperature and salinity on bacterial transmission. The authors found a strong 

correlation between SRS mortality on farms with the infection level in farms 

located upstream. While such findings provide additional evidence of an 

association between water-connected farms in terms of SRS infection, the 

importance of different pathways for transmission of SRS infection to new stock 

remains unclear. A recent study from Norway used network analysis to understand 

how salmonid alphavirus, the causative agent of pancreas disease in salmonids, is 

transmitted between farms (Amirpour Haredasht et al., 2019). The authors found 
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that boat movements between farms explained disease incidence better than 

seaway distances, suggesting that indirect transmission via the boats may pose a 

larger risk than waterborne transmission. Such methods could contribute to 

further investigate these aspects in the context of SRS in the Chilean aquaculture. 

Last, molecular techniques such as whole-genome sequencing may also contribute 

to identify disease transmission routes, including in the aquaculture sector (Bayliss 

et al., 2017). Methods to better combine the findings of epidemiological enquiries 

and molecular sequencing of the isolates, such as tree-based methods (Klinkenberg 

et al., 2017), are increasingly available and could contribute to further improve the 

understanding of SRS dynamics in Chile. 
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Summary 

While Chile is the fourth largest producer of finfish worldwide, a shadow to 

the success of the salmonid aquaculture industry in Chile is the fish health burden 

caused by salmonid rickettsial septicaemia (SRS), a non-zoonotic bacterial 

infection caused by Piscirickettsia salmonis. The work presented in this thesis 

builds on a research platform which was developed to integrate the health and 

management data routinely collected on salmonid aquaculture farms, an initiative 

named PIISAC (‘Plataforma Integrada de Investigaci´on Sanitaria para la 

Acuicultura’). The overall objective of the work conducted during this PhD was to 

investigate how data may be used more effectively to improve the management of 

fish health in salmonid farming, in particular for salmonid rickettsial septicaemia 

in Chilean sea farms.  

In the first part of the thesis, the PIISAC platform was used to further 

examine the risk factors for SRS and evaluate the effectiveness of various 

interventions to control the disease in farmed salmon and trout in Chile. In 

chapter 2, routine production and health data were analysed to assess the 

effectiveness of antimicrobial treatment of infected fish, identifying practices 

which impact positively or negatively on the management of mortality outbreaks 

in sea farms. In chapter 3, the analysis focused on the interplay between sea lice 

burden, sea lice management using bathing treatments and SRS mortality. The 

work highlighted the challenge for veterinarians in managing ectoparasites while 

not increasing the stressors applied to the fish. While chapters 2 and 3 

considered interventions to control SRS at the farm-level, chapter 4 considered 

the correlation in SRS mortality between neighbouring sea farms. The results 

presented in the first part of the thesis, as well as a companion study on the 

effectiveness of vaccination, contribute to the growing evidence base available for 

veterinarians and fish health managers to make better decisions regarding the 

management of SRS on sea farms. This work, including the epidemiological studies 

and the development of the PIISAC platform, shows that analysis of routine 

production and health data can provide useful insights into the effectiveness of 

within-farm interventions to control SRS.  
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The use of data in this manner requires durable data infrastructure and 

governance arrangements. In this context, the second part of the thesis looks at 

how epidemiological research may be conducted in the future in a sustainable 

manner. The barriers to the adoption of the PIISAC platform were analysed using 

a qualitative approach, which is presented in chapter 5. Such data platforms may 

provide a means to share and re-use data for the benefits of the data providers, 

while minimizing the costs and efforts of repeated rounds of data collection. This 

study showed that more work is needed to identify the most appropriate 

arrangements for data curation and governance and support future data 

integration platforms for fish health. An alternative approach to improving the use 

and re-use of data in scientific communities was proposed in 2016, under the form 

of the FAIR (Findable, Accessible, Interoperable, Reusable) principles. Chapter 6 

investigates the progress towards implementing these principles among the 

aquaculture epidemiology community.  

Finally, Chapter 7 provides a summarizing discussion of the thesis. It also 

addresses questions relating to statistical modelling, including causal analysis in 

veterinary epidemiology and the use of different approaches for making inferences 

from statistical models. Last, an outline of what qualitative approaches can 

contribute to veterinary epidemiology is presented, based on the experience gained 

during the course of this PhD. To conclude, further work is currently ongoing to 

better understand SRS transmission in Chile, regularly providing new evidence to 

decision makers for improving the on-farm management of the disease. However, 

important knowledge gaps remain, which may be addressed in the future by 

extending the range of methods used to research this topic. For example, molecular 

techniques may contribute to identify disease transmission routes, thus improving 

the understanding of SRS dynamics in Chile. 
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Samenvatting 

Chili is de op drie na grootste visproducent ter wereld, maar de 

gezondheidslast veroorzaakt door salmonid rickettsial septicaemia (SRS), een niet-

zoönotische bacteriële infectie veroorzaakt door Piscirickettsia salmonis, is een 

schaduwkant van het succes van de zalm aquacultuur in Chili. Het werk dat in dit 

proefschrift wordt gepresenteerd, bouwt voort op een onderzoeksplatform dat is 

ontwikkeld om de gezondheids- en managementgegevens die routinematig worden 

verzameld op zalm aquacultuurbedrijven te integreren, een initiatief genaamd 

PIISAC (‘Plataforma Integrada de Investigaci´on Sanitaria para la Acuicultura’). 

Het overkoepelende doel van het werk dat tijdens deze doctoraatstudie werd 

uitgevoerd, was om te onderzoeken hoe data effectiever kunnen worden gebruikt 

om het management van de gezondheid in de zalmkweek te verbeteren, in het 

bijzonder voor SRS in Chili.  

In het eerste deel van het proefschrift werd het PIISAC-platform gebruikt 

om de risicofactoren voor SRS verder te onderzoeken en de effectiviteit van 

verschillende interventies ter beheersing van de ziekte bij gekweekte zalm en forel 

in Chili te evalueren. In hoofdstuk 2 werden routinematig verzamelde productie- 

en gezondheidsgegevens geanalyseerd om de effectiviteit van antimicrobiële 

behandeling van geïnfecteerde vissen te beoordelen, waarbij handelswijzen werden 

geïdentificeerd die een positieve of negatieve invloed hebben op het beheersen van 

sterfte in de kwekerijen. In hoofdstuk 3 lag de focus van de analyse op het 

samenspel tussen de last als gevolg van zeeluizen, de behandeling daarvan door 

waterbehandelingen en de mortaliteit als gevolg van SRS. Dit werk benadrukte de 

uitdaging die dierenartsen hebben om bij het beheersen van ectoparasieten de 

stressfactoren waaraan de vissen zijn blootgesteld niet te vergroten. Terwijl de 

hoofdstukken 2 en 3 ingingen op interventies om SRS op kwekerijniveau te 

beheersen, ging hoofdstuk 4 in op de correlatie in SRS-mortaliteit tussen 

naburige kwekerijen. De resultaten die in het eerste deel van het proefschrift 

worden gepresenteerd, evenals een begeleidende studie naar de effectiviteit van 

vaccinatie, dragen bij aan de groeiende wetenschappelijke basis die beschikbaar is 

voor dierenartsen en visgezondheidsmanagers om betere beslissingen te nemen 

met betrekking tot het beheer van SRS op zalmkwekerijen. Dit werk, inclusief de 
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epidemiologische studies en de ontwikkeling van het PIISAC-platform, toont aan 

dat analyse van routinematig verzamelde productie- en gezondheidsgegevens 

nuttige inzichten kunnen opleveren voor de effectiviteit van interventies binnen de 

boerderij om SRS te beheersen.  

Het op deze manier gebruiken van data vereist een duurzame data-

infrastructuur en governance. In dit verband kijkt het tweede deel van het 

proefschrift naar hoe epidemiologisch onderzoek in de toekomst op een duurzame 

manier kan worden uitgevoerd. De belemmeringen voor de acceptatie van het 

PIISAC-platform werden geanalyseerd met behulp van een kwalitatieve 

benadering, die wordt gepresenteerd in hoofdstuk 5. Dergelijke dataplatforms 

kunnen een middel zijn om gegevens te delen en te hergebruiken ten faveure van 

de dataproviders, terwijl de kosten en inspanningen van herhaalde rondes van 

gegevensverzameling worden geminimaliseerd. Deze studie toonde aan dat er 

meer werk nodig is om de meest geschikte regelingen voor datacuratie en -beheer 

te identificeren en om toekomstige data-integratieplatforms voor de gezondheid 

van vissen te ondersteunen. In 2016 werd een alternatieve benadering voorgesteld 

om het gebruik en hergebruik van data in wetenschappelijke gemeenschappen te 

verbeteren, in de vorm van de FAIR-principes (Findable, Accessible, Interoperable, 

Reusable). Hoofdstuk 6 onderzoekt de voortgang bij de implementatie van deze 

principes onder onderzoekers in de aquacultuurepidemiologie.  

Ten slotte geeft Hoofdstuk 7 een samenvattende discussie van het 

proefschrift. Het behandelt ook vragen met betrekking tot statistische modellering, 

inclusief causale analyse in veterinaire epidemiologie en het gebruik van 

verschillende benaderingen om conclusies te trekken uit statistische modellen. 

Ook wordt een globaal overzicht gegeven van kwalitatieve benaderingen die 

kunnen bijdragen aan veterinaire epidemiologie, gebaseerd op de ervaring 

opgedaan tijdens dit doctoraat. Momenteel wordt verder gewerkt aan een beter 

begrip van de overdracht van SRS in Chili, waarbij regelmatig nieuwe inzichten 

worden verstrekt aan managers om ziekte op het bedrijf beter te beheersen. Er zijn 

nog belangrijke hiaten in de kennis, die in de toekomst mogelijk kunnen worden 

aangepakt door uitbreiding van de methoden zoals toegepast voor dit proefschrift. 

Moleculaire technieken kunnen bijvoorbeeld bijdragen aan het nader identificeren 
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van transmissieroutes, waardoor het begrip van SRS-dynamiek in Chili wordt 

verbeterd.  
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