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ABSTRACT

Since its inception, aquaculture in Chile has experienced unprecedented growth. Within
approximately 40 years, the country has gone from not having an industry to being the
2nd largest producer of salmon, with an annual production of 830,000 metric tons in
2015. This rapid growth has not come without consequences, one of which is the
appearance of infectious diseases. Currently, piscirickettsiosis, a chronic disease caused
by the facultative-intracellular bacteria Piscirickettsia salmonis, is the most important
cause of death from infectious disease, and the main reason for antibiotic use in the
industry. Although several studies have focused on the causative agent, many
epidemiological aspects of the disease are still not well understood. Using previously
collected data provided by the aquaculture industry, we applied mixed-effects models to
explore 1) the role of different sources of P. salmonis on the occurrence of disease on
saltwater net-pen farms, and 2) the factors behind in-feed antibiotic treatment failure to
control this disease.
We found that factors other than antimicrobial resistance play an important role in the
probability of treatment success. Our results show that treating early in the disease
process (i.e. when mortality is low), may improve the probability of treatment success.
However, we found that antibiotic concentration in tissues obtained from fish during infeed treatments varied widely and, in a representative sample of P. salmonis isolates in
Chile, a proportion of the population had levels below the minimum inhibitory
concentrations (MIC90). We also found that smaller than average fish within a pen were
more likely to have tissue concentrations of antibiotics below the MIC90, suggesting
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that the differences in feed consumption due to hierarchical behavior may be driving the
differences in tissue concentration. Future research to improve SRS treatment success
should focus on improving drug delivery to ensure fish acquire the necessary dose of the
product to successfully treat the disease.
Given the high prevalence of SRS and the poor treatment response with this disease, it
seems unlikely that the industry will be able to resolve this disease with treatments
alone. Additional measures, such as preventing exposure to the pathogen, will need to be
implemented as well. Our assessment of the effect of length of fallow suggests that the
most important sources of P. salmonis for farms are infected neighbors and the previous
crop of fish when fallow periods are less than 3 months and the farm has a recent history
of the disease prior to fallowing. Fallowing 3 months or more appeared to reduce the
risk of P. salmonis transmission between production cycles. Although the effect of
infected neighbors was significant, the magnitude of the effect was smaller than we
expected. Future research should explore this source of infection in greater detail to help
identify at what infection level farms become a risk for transmission of P. salmonis to
their neighbors.
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CHAPTER 1
INTRODUCTION TO THE PREVENTION AND CONTROL OF
PISCIRICKETTSIOSIS
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1

INTRODUCTION TO THE PREVENTION AND CONTROL OF
PISCIRICKETTSIOSIS

1.1

Background

Chile is the second largest producer of salmonids worldwide, but reaching this position
has not been without challenges, including the occurrence of diseases. Between 2009
and 2012, Rees et al. (2014) reported that crops of fish were on average 60% likely to
report piscirickettsiosis, and currently, it is the most common cause of death due to
infectious diseases in Chilean seawater aquaculture (Sernapesca, 2016a).
This disease was first described in Chile in 1989 in coho salmon (Oncorhynchus
kisutch) and was associated with high mortality (Bravo and Campos, 1989). The
pathogen was subsequently isolated (Fryer et al., 1990), and identified as Piscirickettsia
salmonis (Fryer et al., 1992). In the following years, the disease was detected in farmed
salmonid species in Western (Brocklebank et al., 1992) and Eastern Canada (Cusack et
al., 2002; Jones et al., 1998), Ireland (Palmer et al., 1996; Rodger and Drinan, 1993),
Scotland (Birrell et al., 2003; Grant et al., 1996; Reid et al., 2004), Norway (Olsen et al.,
1997), Tasmania (Corbeil et al., 2005), and more recently in New Zealand (Brosnahan et
al., 2016). However, in these countries the disease does not occur with the same
intensity as it does in Chile.
1.1.1

Regulation

In response to the increasing impact of infectious diseases, the Chilean fisheries and
aquaculture authority (Sernapesca) issued regulations in 2001 under the “Ley general de
pesca y acuicultura” or LGPA act to prevent, control, and eradicate high-impact diseases
of aquatic organisms in aquaculture (Subpesca, 2001). This legislation continues to
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evolve to address new emerging diseases such as Salmonid Rickettsial Septicemia
(SRS). These regulations contain a number of general fish health requirements including
the reporting of disease-specific mortalities and antibiotic treatments. Diagnostic
laboratories are also required to report all pathogen findings annually. In addition, a
specific program for the surveillance and control of piscirickettsiosis was put in place in
2012 (Sernapesca, 2012a). This program establishes the circumstances, frequency, and
methods for surveillance activities, but also enforces the implementation of control
measures on sites during an outbreak.
Under this program, producers are required to test their fish for P. salmonis prior to the
movement from a farm (i.e., from freshwater farms to seawater sites) and periodically
during the seawater grow-out period. Based on the results of this active surveillance, and
passive reporting of mortality by farmers, the authority classifies farms as “under
surveillance”, or if they exceed a specific mortality threshold, as “in alert” or “highdissemination site”. Farms that are “in alert” or are declared as “high-dissemination site”
must implement control measures according to a farm specific government pre-approved
action plan. Plans for “high-dissemination site” must include an increase in the
frequency of mortality removal, enhanced biosecurity measures, and the culling of slow
swimmers. Additional measures such as partial or complete culling or harvest of the
affected pens, and/or antibiotic therapy may be included in the plan. All farms treated
with antibiotics must have a prescription written by a veterinarian and a laboratory
confirmation of the pathogen. More recently, the government has added that producers
must at least attempt to isolate the agent in culture, to the regulations (Sernapesca,
2015). The latter is to facilitate antibiotic resistance testing within the industry.
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1.1.2

Status of SRS in Chile

Despite the farmers and authority’s efforts, piscirickettsiosis has been the leading cause
of infectious disease mortality during the seawater grow-out phase since the start of the
standardized mortality classification program (Sernapesca, 2012b) was made mandatory.
During the first semester of 2016, approximately 80% of the infectious disease mortality
in Atlantic salmon (Salmo salar), 90% in rainbow trout (Oncorhynchus mykiss), and
53% in coho salmon (O. kisutch) was caused by P. salmonis (Sernapesca, 2016a).
According to Sernapesca, outbreaks occur regularly in Los Lagos and Aysén regions,
but rarely occur in Magallanes (Sernapesca, 2016a).
1.2

The disease

In a recent study, Jakob et al. (2014) estimated that the onset of piscirickettsiosis
outbreaks post seawater transfer ranges between 2480 and 3829 degree days (dd) for
Atlantic salmon, and between 1696 and 2241 dd in rainbow trout. The average observed
duration of these outbreaks was between 470 and 1049 dd in Atlantic salmon, and
between 630 and 1633 dd in rainbow trout (Jakob et al., 2014). In the same study, it was
observed that outbreaks do not induce long-term protection; rather, it was estimated that
secondary outbreaks could occur approximately 600 dd after the end of the first SRS
outbreak in fish populations that were not vaccinated against the disease (Jakob et al.,
2014).
During SRS outbreaks in Chile, cage-level SRS-specific mortality has been observed to
range between 1.2% and 7.1%, while in rainbow trout disease specific mortality ranged
between 2.4% and 30.5% (Jakob et al., 2014). The magnitude of disease is likely
affected by several factors on farms. Several researchers, including Jakob et al (2014)
4

have described a seasonal pattern to disease outbreaks with the majority of mortality
occurring in the summer and autumn (Bravo and Campos, 1989; Jakob et al., 2014; Rees
et al., 2014). Also, density- and temperature-dependent mortality has been reported
under experimental conditions (Larenas et al., 1997).
Piscirickettsiosis occurs mainly in seawater and brackish water (Bravo and Campos,
1989; Cvitanich et al., 1991; Fryer et al., 1990), with only a few reported detections of
the pathogen in fresh water (Bravo, 1994; Gaggero et al., 1995). In 2016, out of 5,260
fish sampled from fresh water facilities obtained through the mandatory SRS
surveillance activities, only 33 fish (0.6%) were positive to P. salmonis (Sernapesca,
2016a). In contrast, during the same time period 19,955 fish were sampled from
seawater farms, and 22% (4,365) were positive for P. salmonis (Sernapesca, 2016a).
1.3

Pathology

Diseased individuals display a range of signs such as lethargy, near-surface swimming,
abdominal swelling, hemorrhages in the base of the fins, periocular and perianal zones,
pale gills, skin lesions, and shallow hemorrhagic ulcers (Branson and Díaz-Muñoz,
1991; Cvitanich et al., 1991). Internally, serosanguineous ascites, swollen kidneys, livers
and spleens, petechial hemorrhages in the visceral organs, bladder and muscle are
frequent findings (Branson and Díaz-Muñoz, 1991; Cvitanich et al., 1991). One the
characteristic findings in fish infected with P. salmonis is the subcapsular gray-toyellow mottled areas or ring-shaped foci in the liver (Figure 1-1; Branson and DíazMuñoz, 1991; Cvitanich et al., 1991). Multiple diffuse skin ulcers and caverns inside the
skeletal muscle have recently become more common, especially in rainbow trout (Figure
1-2; Rozas and Enríquez, 2014).
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Figure 1-1. Characteristic ring-shaped foci in the liver of P. salmonis-positive Atlantic salmon.

The septicemic nature of the disease means that most of the internal organs are usually
compromised. In the kidney, histological findings include multifocal necrosis of
hematopoietic cells and glomerulonephritis with vacuolization (Branson and DíazMuñoz, 1991; Cvitanich et al., 1991). In the liver, vascular and perivascular necrosis and
intravascular coagulation result in fibrin thrombi within major vessels (Cvitanich et al.,
1991). Multifocal necrosis of hepatocytes and diffuse infiltration of inflammatory cells
are also common findings (Branson and Díaz-Muñoz, 1991; Cvitanich et al., 1991). In
the heart, endocarditis, pericarditis and focal necrosis are common, while in the
intestine, it is possible to observe necrosis and diffuse inflammation of the lamina
propria and detachment of the mucosa (Branson and Díaz-Muñoz, 1991; Cvitanich et
al., 1991). In the brain, hemorrhagic meningencephalitis, granulomatous inflammation
6

and thrombosis are sometimes observed (Rozas and Enríquez, 2014). Gills are also
affected, and fusion of the lamellae and focal necrosis with fibrin thrombi in the lamellar
capillaries can be observed (Branson and Díaz-Muñoz, 1991; Cvitanich et al., 1991).

Figure 1-2. Multiple diffuse skin ulcers (A) and caverns inside the skeletal muscle (B) in P. salmonispositive rainbow trout.

1.4

The agent

Piscirickettsia salmonis, the bacterium responsible for piscirickettsiosis or SRS, is the
sole representative of the genus Piscirickettsia. This gammaproteobacteria, is a
facultative intracellular, gram-negative, non-motile, aerobic, not encapsulated,
pleomorphic, fastidious organism that was the first rickettsia found to be a fish pathogen
(Fryer et al., 1992). Microscopically, P. salmonis can be seen as cocci of approximately
0.5-1.5 𝜇m in diameter, and are frequently observed forming groups in the cytoplasm or
in free vacuoles within macrophages (Fryer et al., 1990, 1992).
1.4.1

Isolation

The causative agent of piscirickettsiosis was initially isolated from kidney tissue of coho
salmon, using a chinook salmon (Oncorhynchus tshawytscha) embryo (CHSE-214) cell
line (Fryer et al., 1990). The optimal growth temperature for this organism in vitro is
between 15 and 18 °C, and inhibition occurs above 25 °C. Cytopathic effect has been
7

demonstrated in other salmonid and non-salmonid cell lines (Fryer et al., 1990);
Almendras, S. R. Jones, et al. (1997); Birkbeck et al. (2004); Smith et al. (2015)). The
development of cell-free liquid and solid P. salmonis specific-media in 2008 (Mikalsen
et al., 2008; Yáñez et al., 2012) and blood-free solid and liquid (Henríquez et al., 2013;
A. J. Yáñez et al., 2013) media in 2013 have made easier to grow and maintain bacterial
isolates, and facilitated the assessment of antibiotic sensitivity for this pathogen.
1.4.2

Diagnosis

Currently, several other laboratory assays such as immunohistochemistry (Alday-Sanz et
al., 1994), tissue imprints using Gram or Giemsa stains, and an enzyme-linked
immunosorbent assay (Aguayo et al., 2002) can be used to confirm the presence of P.
salmonis, but only conventional and real-time polymerase chain reaction (PCR), and
indirect immunofluorescent antibody test (IFAT) are accepted by the Chilean
government authority as confirmatory methods (Sernapesca, 2012a).
1.5

Prevention and control

To prevent SRS, producers can either prevent exposure to the pathogen, reduce exposure
to factors that increase the risk of disease manifestation, and/or implement measures to
reduce the risk of disease (i.e., stimulate the host immune response or enhance the host’s
ability to combat the pathogen).
1.5.1

Sources

In order to prevent exposure to P. salmonis, the source of infection must be known. In
Chile, the possible sources of infection for seawater aquaculture sites are: 1)
introduction from a freshwater source; 2) introduction of contaminated equipment to a
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site; 3) exposure to remnant bacteria from the previous cycle; 4) exposure to infected
wild fish; and 5) exposure to infected neighboring farms. Once a few fish on a farm are
infected then secondary spread within a farm can occur as well.
Infectivity of P. salmonis has been demonstrated in Atlantic salmon, rainbow trout,
chinook salmon (Cvitanich et al., 1991), and coho salmon (Cvitanich et al., 1991;
Garcés et al., 1991), and horizontal transmission has been experimentally achieved in
both seawater and freshwater (Almendras, I. C. Fuentealba, et al., 1997; Cvitanich et al.,
1991; Smith et al., 1999); however, the latter rarely occurs under field conditions
(Lannan and Fryer, 1994; Rozas and Enríquez, 2014). Piscirickettsia salmonis can enter
the fish through intact skin and gills, and through the gastrointestinal tract (Smith et al.,
1999, 2004). Skin injuries may facilitate entry, but are not necessary (Smith et al.,
1999). Stocking density (Larenas et al., 1997) and direct contact (Almendras, I. C.
Fuentealba, et al., 1997) may increase horizontal transmission.
The bacterium has been found in ovaries and celomic fluid (Branson and Díaz-Muñoz,
1991; Cvitanich et al., 1991) of infected fish. Bacteria has been observed in viable eggs
and fry obtained from experimentally infected broodstock (Larenas et al., 2005, 2003)
suggesting the potential for vertical transmission; however, extensive screening of fish
in hatcheries in Chile before they are transported to seawater farms has detected limited
evidence for the presence of this pathogen in freshwater (Sernapesca, 2016a).
It has been proposed that extracellular survival of P. salmonis in seawater depends on
temperature and salinity (Lannan and Fryer, 1994). Under experimental conditions, the
bacterium remains viable in seawater without a host for up to 21 days at 5-10 °C, 14
days at 15 °C and 7 days at 20 °C, but it is rapidly inactivated in freshwater (Lannan and
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Fryer, 1994). The capacity of the bacteria to form biofilm has been documented
(Marshall et al., 2012), and may play a role in its the survival outside the host. However,
the introduction of these bacteria on contaminated equipment should not occur regularly
as there have been regulations in place in Chile since 2003 (Sernapesca, 2014) that
require all equipment introduced to a farm to be thoroughly cleaned and disinfected, and
this process has to be certified by a government approved auditor.
The role of infection from previous crops of P. salmonis-infected fish on farms has not
been extensively studied. Under field conditions, Olivares et al. (2010) were able to
detect P. salmonis in seawater up to 40 days after all fish were removed from the farm.
Although this study provides some evidence that fallowing might be an effective way to
reduce the infection pressure from previous crops, the effect of fallowing on the
occurrence of pisciricketssiosis has not been investigated.
Marine fishes are also potential reservoirs of the pathogen. Piscirickettsia salmonis has
been described in a number of non-salmonid farmed and wild species such as tilapia
Oreochronuis niloticus (Chen et al., 1994), white seabass Atractoscion nobilis (Arkush
et al., 2005; M. F. Chen et al., 2000), Mediterranean sea bass Dicentrarchus labrax
(Athanassopoulou et al., 2004; Comps et al., 1996; McCarthy et al., 2005), grouper
Epinephelus melanostigma (S. C. Chen et al., 2000), blue-eyed plecostomus Panaque
suttoni (Khoo et al., 1995), and lumpfish Cyclopterus lumpus (Marcos-López et al.,
2017). Furthermore, P. salmonis isolated from white seabass can induce mortality in
coho salmon when injected intraperitoneally (House et al., 2006), and infected white
seabass can transmit the infection to chinook and coho salmon via cohabitation (Arkush
et al., 2005), but the role of wild fish populations in the transmission and perpetuation of
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the disease has not been studied. In Chile, P. salmonis has been detected and
characterized in wild Patagonian blenny Eleginops maclovinus, Pejerrey Odontesthes
regia, Cape redfish Sebastes capensis, and tadpole codling Salilota australis (ContrerasLynch et al., 2015); however, the fish positive for P. salmonis in this study only
comprised 3.5% (50 out of 1,451) of the samples and did not show signs of the disease.
The role of neighboring infected farms as a possible source of exposure has also been
studied. Rees et al (2014) found that the presence of infected farms within 7.5 to 10 km
is positively associated with the probability of reporting SRS on a farm, but was not able
to establish the level of infection required on a farm for the neighbor effect to occur.
Other parasite and viral pathogens have also been demonstrated to spread between netpen farms in seawater (Aldrin et al., 2010; Gustafson et al., 2007; Kristoffersen et al.,
2013).
1.5.2

Stress Factors

It is unlikely that preventing exposure to all sources of P. salmonis will be possible in
Chile given the nature of the open aquaculture system, so producers should also aim to
reduce factors that increase the severity of SRS on farms. This may also indirectly
reduce the spread between neighbors. Factors that may contribute to the magnitude and
duration of disease include any stressors that immunocompromise animals (Barton and
Iwama, 1991). These can broadly be classified into husbandry-related and
environmental factors. Husbandry-related factors can include poor handling and
transport, smolt quality, seal attacks, poor net management, overcrowding, parasitic or
viral co-infections, and sea lice bath treatments. Among environmental factors we can
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include algal blooms, sudden temperature change, low oxygen, severe storms, and
extreme ocean currents during maximum tidal difference.
1.5.3

Immunity

Another strategy to reduce the severity of disease associated with P. salmonis is to
improve the immunity of fish. This can be done with the use of vaccines and functional
diets.
Although there are 33 commercial vaccines against P. salmonis available in Chile
(Maisey et al., 2016), their effectiveness has been questioned (Bravo and Midtlyng,
2007; Rozas and Enríquez, 2014). The use of vaccines has been shown to extend the
period of time between seawater entry and to the first outbreak of SRS, but not the total
mortality (Jakob et al., 2014). Additionally, there is some evidence that vaccines are not
providing protection for the entire duration of the production cycle (Jakob et al., 2014),
and multiple immunizations may be needed to maintain long-term protection (Tobar et
al., 2015).
Several alternatives exist for increasing the non-specific immunity of animals including
diets

containing

functional

compounds

such

as

prebiotics,

probiotics,

immunostimulants, vitamins, and nucleotides. These have been shown to improve fish
growth, feed efficiency, stress tolerance, and/or resistance to diseases (Tacchi et al.,
2011). Recently, in vitro effects of salmon prolactin on cells infected with P. salmonis
(Peña et al., 2016) and the effectiveness of phytopharmaceuticals to prevent SRS
mortality in fish (Hernández et al., 2016) have been studied with some promising
results; however, these products are still only in the experimental stages of development.
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There are also several research groups exploring the potential for selection of genetic
resistance against this disease (Correa et al., 2015; J. Yáñez et al., 2013).
1.5.4

Control

One of the most common ways to reduce the magnitude and duration of disease besides
reducing stressors and improving the immunity of the fish is to use antimicrobial
treatments. In 2015, around 94% of the antimicrobials used in the seawater grow-out
phase in Chile were used to treat P. salmonis (Sernapesca, 2016b). A number of
antimicrobials are authorized to be used in salmonids in Chile; however, the most
commonly used antimicrobials to treat piscirickettsiosis were florfenicol (87%) and
oxytetracycline (12%), while less than 1% of the volume of antibiotics used to treat this
disease was flumequine (Figure 1-3; Sernapesca, 2016b).

Figure 1-3. Usage of selected antibiotics in Chilean aquaculture 2005-2015 (Source: Sernapesca
2016).
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1.5.4.1 Florfenicol
Florfenicol is a broad-spectrum, time-dependent bacteriostatic, effective against Grampositive and Gram-negative bacteria. It exerts its action by binding to the 50S ribosomal
subunit to prevent protein synthesis. The concentration and the duration of contact with
the product are important to the successful elimination of the bacteria being treated.
In aquaculture, florfenicol was introduced for the treatment of furunculosis caused by
Aeromonas salmonicida in Atlantic salmon in the early 1990’s (Inglis et al., 1991;
Nordmo et al., 1994). Since then, florfenicol has also proved effective against a number
of important bacterial pathogens for marine aquaculture, including Vibrio salmonicida
(Nordmo et al., 1998), and Vibrio anguillarum (Samuelsen et al., 2003).
The half-life of orally administered Florfenicol at 11 °C is approximately 12 h
(Martinsen and Horsberg, 1995), which makes it a difficult drug to achieve and maintain
therapeutic tissue concentrations. Further, certain P. salmonis target tissues such as the
brain (Skarmeta et al., 2000) achieve significantly lower concentrations of the drug
(Armstrong et al., 2005; Horsberg et al., 1994). In Chile, florfenicol is labelled for use in
salmonids at 10 mg/kg/day for 10 days regardless of the pathogen being treated.
However, extra-label use of this product is common. When used against SRS, the
product is usually delivered for 14 days at 20 mg/kg/day. The extra-label use of
antimicrobials is allowed by the current regulation at the discretion of the prescribing
veterinarian (Sernapesca, 2015).
1.5.4.2 Oxytetracycline
The other commonly used antibiotic in seawater aquaculture is oxytetracycline. It is a
broad-spectrum antibiotic with activity against Gram-positive and Gram-negative
14

bacteria. Tetracyclines are bacteriostatic antibiotics with time-dependent bactericidal
activity. They reversibly bind to the 30S ribosomal subunit blocking the binding of the
aminoacyl tRNA to the mRNA/ribosome complex, thus interfering with the protein
synthesis.
In salmonid aquaculture, this drug was widely used in Norway to treat V. anguillarum
and V. salmonicida throughout the 80’s (Grave et al., 1990), but the use of
oxytetracycline against these pathogens declined over time due to the development of an
effective vaccine and the appearance of resistance against this drug (Grave et al., 1996).
The half-life of this drug is approximately 50 h at 8 °C (Elema et al., 1996). Similar to
florfenicol, the lowest concentrations of oxytetracycline after treatment are found in the
brain, while the highest concentrations are in the liver (Black et al., 1991). In Chile,
oxytetracycline is registered for use in salmonids at 75 mg/kg/day for 10 to 15 days.
Extra-label use of this product is not unusual. When used against P. salmonis, a dose of
80 to 100 mg/kg/day for 14 to 21 days is commonly used.
1.5.5

Treatment failure

Although there is no common definition for treatment failure, many producers expect
mortality to return to a “normal” baseline level after they apply antibiotics. There are
several anecdotal reports from producers, and at least one preliminary study that suggest
antibiotic treatments are often ineffective against P. salmonis under field conditions
(Jakob et al., 2014). There are several reasons why mortality may not return to expected
levels after an antibiotic treatment. Among them, the disease might not be diagnosed
properly, or a non-bacterial co-infection might be present but undetected; the antibiotic
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concentration in the target tissue may not be sufficient to eliminate the bacteria; and/or
the bacteria may be resistant to the antibiotic used.
Although it is possible that non-bacterial co-infections exist in some SRS disease
outbreaks, this does not likely to explain the numerous reports of treatment failure
within the industry as non-bacterial diseases are not that common and fish are routinely
examined for cause of mortality (Sernapesca, 2012b).
Arguably, the most common reason cited by industries for treatment failure is
antimicrobial resistance (AMR). There is at least one described resistance mechanism
described for P. salmonis against florfenicol (Sandoval et al., 2016), and numerous
general bacterial resistance mechanisms against oxytetracycline have been described for
other fish pathogens (Miranda et al., 2013) that may result in poor treatment efficacy.
The susceptibility of P. salmonis to selected antibiotics was initially established using
cell lines (Fryer et al., 1990), and the minimum inhibitory concentration (MIC) was
subsequently determined using the same method (Cvitanich et al., 1991). The discovery
of solid media to culture P. salmonis in 2008 (Mikalsen et al., 2008) made it possible to
routinely test for antibiotic susceptibility using the disc-diffusion method, while the
development of liquid media (Yáñez et al., 2012) made it possible to establish a
microdilution protocol to determine MICs for florfenicol and oxytetracycline (Yáñez et
al., 2014). More recently, a validated protocol has been proposed as the standard method
to determine MIC’s for P. salmonis (Contreras-Lynch et al., 2017). Using similar
methods, a recent assessment of 292 Chilean P. salmonis isolates collected between
2010 and 2014 suggests that these bacteria remain largely susceptible to florfenicol and
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oxytetracycline (Henríquez et al., 2016), the two most commonly used antibiotics
(Sernapesca, 2016b).
Another cause of treatment failure that is seldom considered is inadequate
concentrations of antibiotics for the required contact time needed to effectively control
bacteria. For both antibiotics used against P. salmonis, it is important to have sufficient
concentration and adequate duration of exposure to these concentrations for an effective
treatment, but there is very little information on whether these products achieve the
target therapeutic doses under field conditions.
1.6

Gaps in Knowledge

Despite numerous efforts to control this disease, it continues to be a significant cause of
mortality for salmon in Chile (Sernapesca, 2016a). There are several aspects of
piscirickettsiosis that we still need to understand to be able to properly manage and
control the disease. For example, the source of infection under field conditions has not
been established, and the results of antibiotic treatments remains unpredictable.
In this thesis, we will explore the causes of treatment failure and the role of different
sources of infection of P. salmonis. Specifically, we will assess the effect of several
factors on the probability of treatment failure at the pen-level in Chapter 2. This will be
accomplished by analyzing historical treatment and mortality data provided to us by
industry. Secondly, in Chapter 3 we will investigate whether the concentration of
antibiotics in muscle and skin tissues are above MIC during treatments against P.
salmonis. This will be done by analyzing data on concentration of antibiotics in tissue
from fish obtained during oral treatments provided by salmon farming companies. Using
the same dataset, we will explore the sources of variation in tissue concentrations of
17

antibiotics in Chapter 4. Lastly, we will use industry-provided data on fallowing length
and SRS-specific mortality to investigate the effectiveness of fallowing on the risk of
occurrence of piscirickettsiosis in Chapter 5. In this chapter, we will also explore the
role of infected neighboring farms as a source of SRS infection.
1.7
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2

A RETROSPECTIVE ANALYSIS OF ANTIBIOTIC TREATMENTS
AGAINST PISCIRICKETTSIOSIS IN FARMED ATLANTIC SALMON
(SALMO SALAR L.) IN CHILE

2.1

Abstract

Piscirickettsiosis is the most prevalent salt-water infectious disease in farmed salmonids
in Chile. Antimicrobials are used to treat this disease; however, there is growing concern
about the poor response to therapeutants on some fish farms. The objective of this study
was to assess whether factors such as type of antibiotic used, average fish weight,
temperature at the beginning of the treatment, and mortality at the time of treatment
administration affect the probability of treatment failure against piscirickettsiosis. Penlevel treatment and production information for the first treatment event from 2014 pens
on 118 farms was used in a logistic mixed model to assess treatment failure. We defined
a failed treatment as when the average mortality 3 weeks after the treatment was above
0.1%. Farm and company were included in the model as random effects. We found that
the antibiotic product, mortality level before the treatment, and fish weight at the start of
the treatment all had a significant effect on treatment outcome. Our results suggest that
antibiotic treatment success is higher if the treatment is administered when mortality
associated with piscirickettsiosis is relatively low. We discuss the effect of weight on
treatment success and its potential relationships with husbandry practices and drug
pharmacokinetics.
2.2

Introduction

Salmonid rickettsial septicemia (SRS) or piscirickettsiosis is caused by Piscirickettsia
salmonis (Fryer et al., 1990), a Gram-negative facultative intracellular bacterium
(Gómez et al., 2009). This pathogen causes chronic infections in salmonid species with
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cage-level mortality rates ranging from 1.2 to 30.5% (Jakob et al., 2014). During the
grow-out period in the sea, SRS is the most prevalent infectious disease in farmed
salmonids in Chile (Sernapesca, 2013a), and is the main cause of mortality due to
infectious diseases in all farmed salmonid species (Atlantic salmon, rainbow trout and
coho salmon) (Sernapesca, 2015a, 2013b). In 2014, piscirickettsiosis related mortality
accounted for approximately 75% of all mortality due to infectious diseases in Atlantic
salmon in Chile (Sernapesca, 2016). Typically, fish are diagnosed with this disease
approximately 6 months post salt-water transfer (Rees et al., 2014). Interventions to
control losses include vaccinations, early harvest, and antibiotic treatment.
Although antibiotics currently available for commercial use in Chile against
piscirickettsiosis have undergone efficacy trials for drug approval and antibiograms
from natural outbreaks indicate that most isolates are susceptible to florfenicol (97% in
2007 and 82% in 2008) and oxytetracycline (81% in 2007 and 40% in 2008) (Mora,
2010), producers have reported only partial success with antibiotic treatments against
piscirickettsiosis in Chile (Almendras and Fuentealba, 1997; Branson and Díaz-Muñoz,
1991; Cvitanich et al., 1991).
Henríquez et al. (2016) analyzed the susceptibility of 292 P. salmonis isolates collected
from 2010 to 2014 and found that only 1.7% and 3.1% of the isolates were resistant to
oxytetracycline and florfenicol, respectively. These are the 2 most commonly used
antibiotics in Chile for the treatment of this disease (Sernapesca, 2015b). These results
indicate that resistance only partially explains treatment failure and the reasons for the
lack of treatment success under field conditions may be multifactorial. No clinical field
trials have been reported for this bacterial disease, so it is difficult to identify the drivers
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of treatment failure. The lack of clinical trials is, in part, due to the fact that under field
conditions it is neither ethical nor economically viable to have untreated control groups
on commercial operations, so we are rarely able to assess antibiotic efficacy against a
true negative control group. It is also not common practice to treat pens of fish within a
farm with different antibiotics for direct comparisons. It is possible, however, to assess
the association between treatment outcome and within- and between-farm level factors
by using mixed statistical models in observational studies. These statistical methods
have been used to assess sea lice treatments (Arriagada et al., 2014; Gustafson and Ellis,
2006; Jones et al., 2012), but they have not been used to evaluate SRS treatments.
Under the regulations of the Servicio Nacional de Pesca y Acuicultura (Sernapesca), the
Chilean National Fisheries and Aquaculture Service, all producers using antibiotic
treatments for any reason must report when and what pharmaceutical product is used
and the laboratory-confirmed clinical diagnosis associated with the treatment
(Sernapesca, 2003). For SRS, a number of specific diagnostic tests are acceptable,
including direct tissue IFAT and PCR (Sernapesca, 2012). Companies that are members
of SalmonChile, the Chilean salmon farmer’s association, provide the same information
on SRS to the Instituto Tecnológico del Salmón (Intesal), the technical branch of
SalmonChile, which provides an opportunity to evaluate antibiotic treatment effects for
SRS in Chile. Using these data, the objective of this study was to determine whether the
success of an antibiotic treatment against piscirickettsiosis was dependent on the
antibiotic product used, water temperature, average fish weight, and/or mortality level
when the treatment was administered.
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2.3
2.3.1

Material and methods
Data Source

Intesal provided pen-level weekly data from Atlantic salmon (Salmo salar L.) farms that
used either oral oxytetracycline or florfenicol antibiotic treatments against SRS, from
November 2013 to November 2014. In total, information from 2014 pens on 118 farms,
belonging to 14 companies, in 2 regions of Chile (Los Lagos and Aysén), was extracted
from this database. The number of active Atlantic salmon farms in Chile during this
time period was between 200 and 250 (Sernapesca, 2015a).
Farms are required to report mortality every week by cause of death, based on external
clinical signs, but often cause of mortality is classified as ‘undetermined.’ Further, SRS
requires a post-mortem examination and, as it is sometimes subclinical, its classification
varies depending on the farm staff. For these reasons, we chose to use total mortality in
our analysis once farms declared SRS outbreaks, as we felt this reflected more
accurately the mortality associated with this pathogen during outbreaks.
We averaged the total weekly mortality rates 3 weeks prior to and 3 weeks after the first
antibiotic treatment for SRS; pens that had additional antibiotic treatments (i.e. within 3
weeks after the treatment finished) were excluded from the analysis. We recorded the
product and the dose of the antibiotic used on the farm during each treatment event.
From the same Intesal dataset, we also retrieved the farm and company codes, water
temperature, and average fish weight the week before the treatment was initiated, for all
pens included in our analysis. We assumed all farms participating in our study had a
recent, laboratory- confirmed diagnosis of SRS, as required by Sernapesca when an
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antibiotic treatment is delivered at a farm (Sernapesca, 2003). Our analyses were
conducted at the pen level.
2.3.2

Statistical analysis

To assess the efficacy of antibiotics against piscirickettsiosis in commercial operations
in the absence of untreated controls, we first had to define a successful treatment event.
We chose to use a post-treatment 3-week average of weekly mortality rates above 0.1%
as our criterion for a failed treatment. We chose this mortality cut-off because it was
consistent with other studies (Jakob et al., 2014; Rees et al., 2014), and our industry
partners felt it was within the normal baseline level for many of the farmers in Chile at
the time of this study. We evaluated the associations between different factors and the
probability of treatment failure using a logistic regression model with mixed effects.
We assessed whether the antibiotic used, the level of mortality at the start of the
treatment, the temperature of the water at time of treatment, and the fish weight at time
of treatment were associated with increased or decreased probability of a treatment
failure.
The antibiotics assessed in our study were oxytetracycline and florfenicol. These were
included in our model as a categorical variable with 2 levels. Although data on
flumequine was also available, the number of observations was not sufficient to assess
the effect of this antibiotic and control for confounders such as the farm effect. We logtransformed the 3-week average mortality rate before the treatment to meet our model
assumptions. The average water temperature ( °C) at the start of the treatment and
average weight (kg) of the fish in the pen were included in the model as continuous
predictors, and were centered by subtracting the mean. Also, quadratic terms were
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evaluated for all continuous variables. All possible 2-way and 3-way interactions were
initially assessed in the model.
We used forward stepwise selection and backward elimination methods with relaxed pvalues (P < 0.1) to select relevant predictors. We retained only interaction terms that had
overall P-values < 0.05.
Overall significance for categorical variables in our model was obtained using Wald
tests; this test was also used to test significance of weight and pre-mortality level over
each product individually. When the variable had a significant quadratic term we
assessed it by jointly testing the linear and the quadratic terms. Likelihood ratio tests
were used to evaluate the effect of removing variables involved in interaction terms. The
company and the farm were modeled as nested random effects to account for the
hierarchical structure of the dataset.
We used our final model to create predictions for the probability of failure for the
different products at selected levels of pre-treatment mortality and weights of the fish.
We assessed the differences between products using pairwise comparisons under these
scenarios.
Our diagnostics for the predicted random effects consisted of checking normality both
graphically, using quantile plots, and statistically, by performing Shapiro-Wilk tests.
The effects of extreme observations (Pearson residuals above or below 3) were also
examined by running the models with and without these data and comparing
conclusions. Stata® version 13.1 (StataCorp) was used for all statistical analyses, and
version 14 was used to obtain predicted probabilities.

32

2.4

Results

2.4.1

Descriptive statistics

The outcome and significant predictors in our final model were summarized using
descriptive statistics (Table 2-1). During the study period, the average water temperature
was 11.49 °C (7.40−15.20 °C). The average fish weight at the start of the treatment was
1.82 kg (0.11−5.6 kg), but there was a difference in the average weight when the data
were stratified by product (Table 2-1). The median mortality before the treatment was
0.07% (0.01−2.33%), while the median mortality after the treatment was 0.09%
(0.01−11.77%). Using our treatment success cut-off, in total 47.4% of the treatments
failed in our study, but the failure rate varied by product, 48.1% and 43.8% for
florfenicol and oxytetracycline, respectively.
Table 2-1. Summary statistics of predictors and outcome by product
Variable

Statistic

Florfenicol (N = 1694)

Oxytetracycline (N = 320)

Total (N = 2014)

Temperature (°C)

Mean

11.57

11.07

11.49

S.D.

1.22

1.18

1.23

Min

7.40

9.00

7.40

Max

15.20

14.20

15.20

Mean

2.00

0.87

1.82

S.D.

1.18

0.47

1.17

Min

0.18

0.11

0.11

Max

5.60

2.00

5.60

Mortality

Min

0.01

0.01

0.01

before treatment

25th p

0.04

0.05

0.04

(%)

Median

0.07

0.08

0.07

75th p

0.15

0.13

0.15

Weight (kg)

Max

2.33

2.14

2.33

Mortality

Min

0.01

0.01

0.01

after treatment

25th p

0.05

0.06

0.05

(%)

Median

0.09

0.09

0.09

75th p

0.22

0.15

0.21

11.77

1.75

11.77

48.1

43.8

47.4

Max
Treatment failed

%
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2.4.2

Logistic regression model

Our final model for the probability that mortality post-treatment is above 0.1% in pen i
(𝑝# ) included the following predictors:
0
2
7
logit 𝑝# = 𝛽+,-.
+ 𝛽+,-.
ln(𝑚# ) + 𝛽+,-.
𝑤 + 𝛽 9 𝑡# + A<-=+>?@/ + BB>,=/
/
/ #
/

where prod is antibiotic product, m is the mortality pre-treatment, t is the temperature
when the treatment started, and w is average fish weight.
Overall mortality before treatment, antibiotic product, and fish weight were significantly
(P < 0.01) associated with the probability of treatment failure, as was the quadratic term
for mortality before treatment (P < 0.01); however, the effect of temperature was not
significant in our final model (P = 0.09) (Table 2-2).
Table 2-2. Summary of coefficients, significance, and odds ratios from our final logistic model for
the probability of antibiotic treatment failure.
Term
Intercept
log pre-treatment mortality

Coefficient

SE

-0.06

0.36

P-value

Odds Ratio

95% Conf.Int.

1.44

0.14

<0.01 *

4.20

(3.19 - 5.53)

-0.41

0.08

<0.01 **

0.67

(0.57 - 0.78)

Weight

0.67

0.14

<0.01 *

1.95

(1.47 - 2.58)

Temperature

0.23

0.13

0.09 **

1.25

(0.97 - 1.63)

-2.01

1.07

<0.01 **

0.13

(0.02 - 1.10)

1.07

0.38

<0.01 *

2.91

(1.39 - 6.11)

-2.01

0.84

0.02 *

0.13

(0.03 - 0.70)

Variance

SE

ICC

95% Conf. Int.

Company

0.87

0.54

0.11

(0.04 - 0.29)

Farm

3.74

0.83

0.58

(0.48 - 0.68)

(log pre-treatment mortality)2

Product
- Oxytetracycline
Product x log pre-treatment mort.
- Oxytetracycline
Product x Weight
- Oxytetracycline
Random-effects

* Overall significance of the term was obtained by performing a likelihood ratio test for a reduced model
without the term in question and all its interactions
** Overall significance of the term obtained using a Wald test
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Interpretation of the relationship between the predictors in our model and the probability
of treatment failure was challenging due to several significant interactions between
variables. For example, the interaction between product and mortality before the
treatment was significant (P < 0.01), but the interaction between product and the
quadratic term was not (P = 0.61), so it was excluded from the model. In general, the
higher the pre-treatment mortality, the higher the probability of having > 0.1% weekly
mortality after the treatment (treatment failure); this relationship was different for each

Predicted probability of treatment failure
0.2
0.4
0.6
0.8

1.0

antibiotic product, although they shared a similar curvature (Fig. 2-1).

0.0

Florfenicol
Oxytetracycline
0.05

0.10
0.25
Mortality before treatment (%)

0.50

0.75 1.00

Figure 2-1. Predicted probability of mortality after treatment being above 0.1% by level of
mortality before the treatment for different products at the observed average weight and
temperature.
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More specifically, we found that the pre-treatment mortality rate was significantly
associated with treatment outcome for both florfenicol (P < 0.01) and oxytetracycline (P
< 0.01).
The interaction between product and fish weight was also significant (P < 0.01), but
when we examined each product, this relationship was only statistically significant for
florfenicol (P < 0.01). Weight was not significantly associated with treatment failure for
oxytetracycline (P = 0.11).
The effects of company and farm were modeled as random effects, and the intraclass
correlations (ICC) for each were 0.11 and 0.58, respectively, suggesting that pens within
the same farm were very similar in their response to treatment (Table 2-2).
We predicted, using our final model, that when florfenicol was applied to 1 kg fish with
weekly mortality rates at 0.1%, the probability of treatment failure was, on average,
44.5%. Likewise, the average probability of treatment failure for the same group of fish
treated with oxytetracycline was predicted to be 41.0% (Table 2-3). In general, our
model predicted higher failure rates with increasing pre-treatment mortality rates, and
higher failure rates for florfenicol treatments with increasing fish weight (Table 2-3).
2.5

Discussion

We assessed the effects of selected predictors on SRS mortality and found that results
varied, depending on the product used (oxytetracycline or florfenicol), the level of
mortality, and the fish weight at the start of the treatment. Overall, the higher the weekly
mortality rate before the antibiotic treatment was applied, the more likely the posttreatment mortality was above our failure threshold (i.e. 0.1%) (Fig. 2-1). In fact,
predictions from our model suggest that when 1 kg fish with mortality of 0.5% are
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treated with either florfenicol or oxytetracycline the probability of failures are 59.6%
and 78.1%, respectively (Table 2-3). If the same size fish were treated when the
mortality level was only 0.05%, then the probability of treatment failure was predicted
to be much lower for both products (Table 2-3).
Table 2-3. Predicted probability of treatment failure with 95% confidence intervals (%) for
different antibiotic products used on fish of different weights and with different levels of pretreatment mortality.
Mortality before treatment (%)
Weight (kg)

Product

0.5

Florfenicol

25.5

(16.0 - 35.0)

39.7

(28.4 - 51.0)

52.0 *

(39.9 - 64.1)

54.9 *

(42.1 - 67.6)

Oxytetracycline

25.8

(10.9 - 40.7)

50.7

(32.7 - 68.7)

75.2

(58.2 - 92.3)

84.5

(68.9 - 100.0)

Florfenicol

29.5

(20.1 - 38.9)

44.5

(33.7 - 55.2)

56.8

(45.6 - 68.1)

59.6

(47.7 - 71.5)

Oxytetracycline

18.6

(6.1 - 31.2)

41.0

(23.1 - 59.0)

67.0

(47.0 - 87.0)

78.1

(58.3 - 98.0)

Florfenicol

33.8

(24.3 - 43.3)

49.3

(38.9 - 59.7)

61.5

(51.0 - 72.1)

64.2

(53.1 - 75.4)

12.9 *

(0.0 - 26.1)

31.9

(9.5 - 54.3)

57.8

(30.2 - 85.4)

70.4

(42.7 - 98.1)

Florfenicol

38.3

(28.6 - 48.0)

54.1

(43.8 - 64.4)

66.1

(55.9 - 76.2)

68.6

(58.0 - 79.2)

Oxytetracycline

8.6 *

(0.0 - 21.8)

23.8 *

(0.0 - 50.5)

48.1

(11.1 - 85.1)

61.5

(23.1 - 100.0)

1
1.5

Oxytetracycline
2

0.05

0.1

0.25

0.5

* Significant difference between products at a particular combination of mortality before treatment and
weight
Note 1: Predictions were only provided for scenarios that were represented in our dataset.
Note 2: Confidence intervals were calculated using a normal approximation and were bounded to be
between 0 and 100 %

The relationship between pre-treatment mortality levels and probability of treatment
failure may be related to the stage of the disease in the population. Based on infectious
disease mortality curves reported for SRS (Jakob et al., 2014), we assumed that pens
affected by this disease, which had a higher mortality, also had more fish infected with
the pathogen, and that the pathogen load within the tissues of individual fish was higher.
One reason for treatment failure may be because fish infected with P. salmonis and in
the later stages of the disease may have reduced appetite and feed intake (Bravo and
Campos, 1989; Fryer and Lannan, 1996). This phenomenon has been observed with
other salmonid bacterial diseases (Pirhonen et al., 2003; Toranzo et al., 2005). As a
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consequence, clinically diseased fish may not consume medication at appropriate levels,
and tissue concentrations of antibiotics may not reach the levels required for therapeutic
success (Coyne et al., 2004, 2006). This suggests that as the number of infected fish in a
population increases, the number of fish that receive an effective treatment decreases,
rendering in-feed antibiotic treatments less useful in later stages of this chronic disease.
Anorexic fish with SRS would continue to die throughout the treatment period, thus
giving the appearance that the antibiotic treatment had failed. To clarify this, we would
have needed information on whether fish that died post treatment were ‘on feed’ at the
time the treatment was applied. The fact that infected fish remain in the population after
treatment, as is apparent by the high SRS mortality rates post-treatment, poses another
issue for the farmer. These infected fish are likely to re-infect other fish once therapy is
discontinued. The duration of the treatment effect for SRS on farms is an issue that
should be further researched, as there is anecdotal evidence from producers that they
have to re-treat for SRS shortly after the first treatment. However, it is unlikely that reinfection of fish was the reason for the high failure rates in this study, because we
selected a post-treatment period of only 3 weeks to assess the success of treatments and
this time frame is shorter than it would have taken after treatment for mortality from
new infections (post treatment) to manifest, based on the pathogen’s 10−14 d incubation
period (Rozas and Enríquez, 2014).
Another factor that may contribute to increased treatment failure when pre-treatment
mortality is higher is that in late, more chronic stages of the disease, P. salmonis is
found in the brain tissue (Skarmeta et al., 2000) and skin, which bio-accumulate lower
concentrations of florfenicol and oxytetracycline than the kidney (Armstrong et al.,
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2005; Namdari et al., 1996). The difficulty for many antibiotics in crossing the
blood−brain barrier may in part explain the generally low treatment success in pens with
high levels of mortality or advanced stages of the disease. Further, because P. salmonis
is often found intracellularly (Fryer et al., 1990), inhibitory concentrations of antibiotics
must be achieved inside infected cells, which may be even harder to achieve when fish
are not eating regularly.
The overall low treatment success observed in this study, once mortality was elevated,
may also be explained by the fact that late in the disease process the bacteria are no
longer replicating rapidly and antibiotics that rely on an active bacterial growth phase
for their mechanism of action may not be as effective (Martinez et al., 2013). Thus, even
if the pathogen is sensitive to the antibiotic, the antibiotic may fail to remove P.
salmonis completely from the population.
Our data suggests florfenicol had a lower failure rate in smaller fish, but only some of
the pairwise comparisons were statistically significant. Interestingly, our model
predicted a slight decline in the probability of failure for florfenicol as pre-treatment
mortality increased beyond 0.5% (Fig. 2-1, page 35). The predicted probability of failure
for oxytetracycline treatments also declined slightly, but this effect was observed at a
higher pre-treatment mortality rate (data not shown). As Jakob et al. (2014) suggested,
this might reflect the natural mortality pattern of SRS, which would eventually decrease
as animals mount an immune response and/or the disease progresses through a
population. Although there were differences in the relationships between pre-treatment
mortality and treatment failure between products, it was very apparent that for the best
results, in all cases, antibiotics needed to be applied early in the disease process.
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In order to treat fish early in the SRS disease process, when mortalities are low, early
detection of infected fish and rapid treatment response are required. In most cases, it
takes at least 5 d to make and ship medicated feed to a salt-water farm in southern Chile
(R. Ibarra, Puerto Montt, pers. comm.), so even with a very effective surveillance
program for the disease, delays in treatment are unavoidable. Development of risk
assessment tools may help identify populations of fish at high risk of developing SRS,
so that the time to first treatment can be reduced.
Another finding of this study was that response to the treatment depended on the fish
weight; that is, the larger the fish, the lower the probability of treatment success with
antibiotics across all levels of pretreatment mortality, at least for florfenicol treatments.
Conversely, the fish weight did not significantly affect the probability of treatment
outcome for oxytetracycline. Although this trend was not statistically significant it may
reflect a difference in the pharmacokinetics of the 2 drugs. It may also be that no
treatments with oxytetracycline were observed in this study for fish >2 kg, probably
because of the long withdrawal period associated with this product (Namdari et al.,
1996).
The relationship between weight and treatment success for florfenicol may be explained
by husbandry practices and pharmacokinetics of the product. In general, in Chile, pens
with larger fish tend to have a larger spread in the weights of the animals, as the industry
does not grade for size during the salt-water life cycle. This may increase the
hierarchical behaviour of fish and cause more fish in the population to obtain less feed.
To reduce competition for food and keep feed conversion rates low, it is possible to
deliver higher volumes of feed at one time and re duce the feeding frequency (Talbot et
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al., 1999). With respect to maintaining therapeutic levels of antibiotics a reduction in
frequency to 1 or 2 feeds per day in populations with large fish will have different
effects, depending on the half-life of the medication.
In Atlantic salmon, the elimination half-life of florfenicol at 11 °C is 12 h (Martinsen
and Horsberg, 1995). In comparison, oxytetracycline’s elimination half-life is about 50 h
at 8 °C (Elema et al., 1996). Though the half-lives of these products cannot be directly
compared, they suggest that maintaining therapeutic tissue concentrations in fish differs
between products, and the product with the shortest half-life (florfenicol) would be the
hardest to maintain at therapeutic concentrations under these husbandry conditions
(i.e. 1 feeding per day). Products with long half-lives, such as oxytetracycline, would
bioaccumulate in tissues. If the metabolism of these drugs is not proportional to the fish
weight then larger fish may achieve a higher drug tissue concentration by the end of the
treatment. This may explain the lower failure rate in larger fish observed for
oxytetracycline.
We anticipated temperature would affect the probability of treatment failure, as the
replication rate of this pathogen is directly linked to temperature (Birkbeck et al., 2004;
Larenas et al., 1997), and the metabolism of antibiotics by fish is also
temperaturedependent (Rigos et al., 2002), but temperature in our model was not
statistically significant (i.e. P = 0.09). However, because it was biologically relevant and
close to significant, we kept it in our final model. We also evaluated a 3-way interaction
between product, weight, and temperature, but this was not significant, possibly because
our sample size was too small to evaluate 3-way interactions.
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It is possible that antibiotic resistance was the reason for some of the poor responses to
antibiotics observed in this study. We observed a significant farm effect, which would
be consistent with this phenomenon. Although this may explain the general poor
treatment response in the industry and at the farm level, the association between pretreatment mortality level and treatment success was assessed within farms. In other
words, even if there was some level of resistance on farms, our analysis demonstrates
that pre-treatment mortality and fish weight can affect treatment results. Future research
should evaluate whether the failed antibiotic treatment responses cluster in space, as
would be expected with resistant strains of the bacteria that are transmitted between
neighboring farms (Rees et al., 2014).
To control confounding on farm-level predictors, we included farm as a random effect.
This accounted for the differences in exposure and possible resistance between farms, as
well as other unmeasured factors at the farm level, such as stressors, co-infection with
other pathogens, and management strategies that may influence treatment response.
Further, our pen-level predictors, such as pre-treatment mortality and weight of fish,
were nested within farms so they would not have been confounded by farm-level
factors.
In addition to our inability to measure several farmlevel predictors that may explain the
responses to treatments within the industry, there were several other limitations to the
study that deserve mention. We defined what we considered a successful treatment
threshold, but it is unlikely, given the mortality curves associated with SRS in this study
and reported by others (Jakob et al. 2014), that fish would have naturally achieved this
threshold weekly mortality (<0.1%) within 3 to 6 weeks after diagnosis without
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intervention. Typically, SRS mortality is relatively high and outbreaks last for several
months (Jakob et al., 2014; Rees et al., 2014). We recognize that 0.1% mortality per
week may not be the normal baseline mortality for all producers and that our threshold
level would affect the classification of a failed treatment. To better understand how
strongly our threshold choice would affect the conclusions of our study we ran the
model with several different cut-off points. When we increased the threshold, this led to
small to medium changes in our coefficients; however, the effects of the predictors
remained significant, as did our overall conclusions.
We also excluded pens that were re-treated within 3 weeks of the first treatment because
it was difficult to determine the effect of the initial treatment, but this selection of
treatments likely biased the estimate of treatment failures, as well as the association
between factors and treatment outcome, towards the null.
2.6

Conclusion

Our results indicate that it is difficult to treat mortality associated with SRS diagnosis,
and that certain factors, such as stage of the disease in the population and fish weight at
the time an antibiotic treatment is administered, influence the probability of treatment
failure. Although there were limitations to this study, this was the first to evaluate
antibiotic treatments against SRS on commercial fish farms, and it has provided us with
several biologically plausible hypotheses with which to explain poor treatment
responses. Given our results, it is likely that if producers treat their fish very early in the
disease process, they will have better success. Our results also suggest that antibiotic
treatment

outcomes

may

be

influenced

by

husbandry

practices

and

drug

pharmacokinetics. Future research should focus on monitoring and improving treatment
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efficacy at the population level, e.g. by evaluating feeding strategies for delivery of
medication to fish, as well as different doses and duration of treatments in randomized
clinical trials. Also, antibiotic sensitivity surveillance with standardized protocols would
be an invaluable tool to understand the role of resistance in treatment failure.
2.7
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CHAPTER 3
ASSESSING CONCENTRATION OF ANTIBIOTICS IN TISSUE DURING
ORAL TREATMENTS AGAINST PISCIRICKETTSIOSIS2
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3

ASSESSING CONCENTRATION OF ANTIBIOTICS IN TISSUE DURING
ORAL TREATMENTS AGAINST PISCIRICKETTSIOSIS

3.1

Abstract

The use of antimicrobials in aquaculture is increasingly being scrutinized. In Chile,
piscirickettsiosis accounts for approximately 90% of the total volume of antibiotics used
in seawater aquaculture. Treatment failures are frequently reported, but there is limited
information on how well in-feed antibiotic treatments are delivered to fish populations.
In this study, we evaluated the probability of finding antibiotic concentrations in tissue
above the MIC90, for the two most commonly used antibiotics in aquaculture. We found
that the proportion of fish with concentrations above the MIC90 varied, depending on
the antibiotic product, species, day of sample collection, prescribed dose, and size
category of fish within a pen. The proportion of fish above the MIC90 was lower in fish
treated with florfenicol than in fish treated with oxytetracycline. Using a mixed-effects
logistic model, we modeled the probability of antibiotic concentrations above MIC90
when fish were treated with florfenicol. Our model suggested lower probabilities of
having concentrations above MIC90 in Atlantic salmon than in rainbow trout, when
samples were collected 14 days after the treatment started, compared to 7 days, and in
small fish compared with average and large fish. Despite the observed trend, the
prescribed dose was not statistically significant. We discuss these findings and
hypothesize about the potential issues with treating large populations of fish with in-feed
antimicrobials.
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3.2

Introduction

In Chile, the main reason for antibiotic use in salmon aquaculture is to treat
piscirickettsiosis (Sernapesca, 2016a), a disease caused by the intracellular bacterium
Piscirickettsia salmonis (Fryer et al., 1992). In recent years, as the use of antibiotics has
come under more scrutiny, it has become apparent that P. salmonis treatments are
inconsistent and often unsuccessful (Price et al., 2016; Rozas and Enríquez, 2014). The
reasons for treatment failure with this disease are not well understood, but are likely
because of one or more of the following reasons: the disease is not properly diagnosed
or there is a non-bacterial co-infection; the chemotherapeutant concentration in the
target tissue and/or the duration of the treatment is insufficient to eliminate the bacteria;
or the bacteria are resistant to the antimicrobial used. The latter has been suggested as a
possible cause of treatment failure; however, in a recent study of 292 Chilean P.
salmonis isolates collected between 2010 and 2014 (Henríquez et al., 2016), the levels
of resistance found were well below the level of treatment failure described for
florfenicol and oxytetracycline (Jakob et al., 2014; Chapter 2), the two most frequently
used antimicrobials to treat this disease (Sernapesca, 2016a). This suggests that there
may be other causes of treatment failure for Pisciricketsiosis (SRS).
It is unlikely that veterinarians in Chile misdiagnose P. salmonis, as it has typical
lesions and the government requires a laboratory-confirmed diagnosis prior to initiating
a treatment (Sernapesca, 2012). Although it is possible that some cases have coinfections with non-bacterial diseases, their prevalence does not explain the high level of
treatment failures observed recently (Sernapesca, 2016b).
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The other possibility for treatment failure is inadequate dosage or duration of treatment.
Antibiotic treatments in aquaculture usually entail in-feed medication to deliver the
pharmaceutical to all fish. The product label directions for the daily dose and length of
treatment are typically based on laboratory studies where fish are force-fed. These
studies do not consider the normal feeding behavior of the population nor has the impact
of feeding behavior during field outbreaks on the distribution of in-feed antibiotic
treatments been studied. Understanding whether fish are effectively dosed by in-feed
antibiotics would help determine whether this is a reason for treatment failure, and help
to identify possible solutions.
The objectives of our study were to assess whether the antibiotic tissue concentrations in
fish were above the minimum inhibitory concentration (MIC) during and after
treatments against P. salmonis, and to identify factors affecting the probability of having
concentrations above the MIC.
3.3

Material and methods

Salmon farming companies provided us with florfenicol and oxytetracycline
concentrations in skin-on muscle tissue from fish sampled during and immediately after
administration of in-feed treatments against piscirickettsiosis in farms with either
Atlantic salmon (Salmo salar) or rainbow trout (Oncorhychus mykiss). A treatment
event was defined as the delivery of medicated feed to one or more cages on the same
farm within 10 days of each other; each farm can have one or more treatment events.
Data were collected from 87 treatment events on 34 farms between June 2010 and
February 2016. For each treatment event, one or two pens were sampled. From each
pen, 5 to 10 fish were collected during the morning feeding on two separate sample
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events, one in the middle of the treatment event (day 7) and a second one at the end of
the treatment (day 14). Because the samples were obtained in the morning, our estimates
represent the lowest tissue concentration between feedings. Skin-on muscle samples
were submitted for high-performance liquid chromatography (HPLC) analysis for
florfenicol (Hormazabal et al., 1993) or oxytetracycline (Reveurs and Díaz, 1994) and
the results of the tests were provided in parts per billion (ppb). The methods used to
evaluate tissues in this study are consistent with the government sanctioned detection
methods for the antibiotics. For florfenicol, the method includes the detection of both
florfenicol and the amine metabolite.
Additional information collected included the farm and pen id, treatment start date,
sample date, antimicrobial product administered, prescribed dose, and fish weight. The
average weight of the fish sampled from each pen was calculated to determine whether
the fish were above or below 1 standard deviation (SD) from this average.
The minimum inhibitory concentration for 90% (MIC90) of Chilean P. salmonis was set
at 2 𝜇g/ml (2000 ppb) for florfenicol and 1 𝜇g/ml (1000 ppb) for oxytetracycline, based
on data published on-line (https://dx.doi.org/10.1111/jfd.12427) by Henríquez et al.
(2016). We calculated proportion of animals in our dataset that were below these MIC90
thresholds.
The probability of antibiotic concentration in tissue being above the MIC90 was
determined using a mixed effects logistic regression analysis with random effects for
site, treatment event, and cage. We modeled only the probability of antibiotic
concentrations being above MIC90 for florfenicol treatments because almost all the fish
treated with oxytetracycline were above MIC90 for this drug. (Only 84 of 828 fish
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(10.15%) had levels of oxytetracycline below the MIC90.) Our initial logistic regression
model for florfenicol included the following fixed effects: dose, species, sample event
day (i.e. mid or end of treatment), and whether each fish was above, below, or within 1
SD of the average weight of the fish sampled from the same pen. We included the farm,
treatment event, and pen as random effects. The cluster-specific odds ratio was
calculated by exponentiation of the logistic regression model coefficients and population
average odds ratio for the relationship between different species using the equation
𝛽 CD ≈ 𝛽 FF / 1 + 0.346 𝜎P7 described in Dohoo et al. (2009, eq. 22.2, p.582). All
analyses were done in R 3.3.3 (R Core Team, 2017) with the package lme4 (Bates et al.,
2015) to fit our mixed logistic models.
3.4

Results

In total, we analyzed data from 87 treatment events against piscirickettsiosis. Florfenicol
was used in 54 of these treatment events and oxytetracycline was used in 33. Most of
these treatments were sampled twice: once mid-way through the treatment and again at
the end of the treatment, resulting in 1403 samples tested for florfenicol and 828
samples tested for oxytetracycline. A summary of the number of samples by species,
and antibiotic is presented in Table 3-1.
Table 3-1. Number of unique farms, cages, treatments, and samples by species and antibiotic
product.
Species

Antibiotic product

Atlantic salmon

Rainbow trout

Farms

Cages

Treatments

Total samples

Florfenicol

22

64

44

1179

Oxytetracycline

19

50

30

767

Florfenicol

7

18

10

224

Oxytetracycline

3

6

3

61

34

119

87

2231

Total
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We found that 58.1% and 89.8% of all the fish sampled had levels of florfenicol and
oxytetracycline above the MIC90, respectively. For florfenicol, the majority of the fish
below the MIC90 were Atlantic salmon. The florfenicol concentrations were above the
MIC90 in 46.9% of Atlantic salmon and 79.9% of rainbow trout (Figure 3-1). The
proportion of fish with concentrations above the MIC90 for oxytetracycline was more
than 88% for both species (Figure 3-1).

Figure 3-1.Proportion of individuals with concentration of antibiotic above MIC90 by species and
antibiotic product. Bars indicate the standard error for the proportions, based on the normal
approximation calculation method.

The fish received either 100 mg/kg/day of oxytetracycline or 15, 20, 25, or 30
mg/kg/day of florfenicol. The proportion of animals above the MIC90 varied with the
different doses of florfenicol (Figure 3-2). The proportion of fish above MIC90
increased as the size category of the fish relative to average sample size increased
(Figure 3-3). There was also a trend suggesting the concentrations of antibiotics in tissue
varied, depending on whether the sample was collected mid-treatment or at the end of
treatment (Figure 3-4).
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Figure 3-2. Proportion of individuals with florfenicol concentration above MIC90 by prescribed
dose (mg/kg/day). Bars indicate the standard error for the proportions, based on the normal
approximation calculation method.

Figure 3-3. Proportion of individuals with concentration of florfenicol above MIC90 by weight
category (i.e. Average = mean ± 1 SD, Small = 1 SD below mean, Large = 1 SD above mean) within
the sample event.
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Figure 3-4. Proportion of individuals with concentration of antibiotic above MIC90 by species,
antibiotic product, and sample day.

After dropping 2 treatment events because of missing predictors, our final model
comprised data from 1249 samples in 99 cages, sampled during 52 florfenicol treatment
events on 26 different farms. Our logistic regression model suggested the probability of
having a concentration of florfenicol in tissue above the MIC90 was significantly
associated with fish species (P < 0.01). The odds of rainbow trout having florfenicol
tissue concentrations above MIC90 was, on average, 4.76 times greater than Atlantic
salmon (Table 3-2). The odds of being above the MIC90 were almost twice as high for
fish sampled mid treatment (P < 0.01) as at the end of treatment (Table 3-2). Also, when
compared to small fish, the odds of being above the MIC90 were 1.4 times greater for
average weight fish (P = 0.08) and 2.1 times greater for large fish (P < 0.01) (Table 3-2).
Despite the trend observed in the raw data, prescribed dose was not significantly
associated (P = 0.55) with concentration of antibiotic (Table 3-2).
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Table 3-2. Mixed-effects logistic model for the probability of florfenicol concentration above MIC90
in samples.

Mixed-effects logistic model: Fixed effects
Term
(Intercept)

Coefficient

SE

P value

OR

(95% Conf. Interval)

-0.46

1.06

0.66

0.63

(0.05 - 6.68)

2.04

(1.53 - 2.82)

Sample Day
Day 14
Day 7

<0.01*
(reference)
0.71

0.14

Relative size
Small

<0.01*
(reference)

Average

0.31

0.18

0.08

1.36

(0.92 - 1.91)

Large

0.72

0.24

<0.01

2.06

(1.29 - 3.36)

Dose (mg/kg/day)

0.55*

15

(reference)

20

-0.18

1.07

0.87

0.84

(0.08 - 9.98)

25

0.82

1.28

0.52

2.26

(0.11 - 87.76)

30

-0.77

1.44

0.60

0.46

(0.02 - 12.16)

0.40

<0.01

4.76**

(2.49 - 13.31)

Species
Atlantic salmon
Rainbow trout

(reference)
1.72

Mixed-effects logistic model: Random effects
Term

Variance

Farm

3.1e-7

Treatment event

0.64

Cage

0.45

(*) Overall P-value obtained with a Likelihood ratio test.
(**) Population average odds ratio obtained using the equation 𝛽 CD ≈ 𝛽 FF /

1 + 0.346 𝜎P7 (Dohoo et

al., 2010).

3.5

Discussion

In our data, 70% of all fish sampled had antibiotic levels above the MIC90 for the
product they were treated with. That is, the concentration of the antibiotic in the sample

57

tissues was above the level that inhibits the growth of 90% of the isolates from a
representative collection of P. salmonis field isolates. Although muscle is not the target
tissue for SRS, it represents the concentration in internal organs relatively well
(Horsberg et al., 1994). Because our data did not include site-specific MICs, we used
published historical in vitro data (Henríquez et al., 2016) to determine an appropriate
antibiotic concentration that would be sufficient to control the agent in 90% of P.
salmonis isolates under laboratory conditions. Bacteria collected by Henríquez et al.,
2016 were not randomly selected; therefore, our MIC90 threshold may not be
appropriate for all P. salmonis isolates.

The MIC is a lab-based measurement to

determine the effects of antibiotics under specific in vitro conditions (consistent colony
sizes, pH, nutrients, temperature etc.), and may not represent the therapeutic levels
required to effectively treat P. salmonis under field conditions. However, this was the
only objective measure available to us, and we recognize that this may be a conservative
estimate of the required tissue levels of antibiotics for effective treatment. Despite this,
we still had a considerable proportion of fish below this threshold, which was surprising
considering all sampled treatments used the industry’s standard treatment protocols.
Even more significant, was the fact that our samples were collected from feeding
populations of animals; it is to be expected that poorly feeding fish (those that are ill or
small) would have a larger proportion below the MIC90. The low proportion of fish
above MIC90 is a concern because 1) the treatment is likely to fail if therapeutic
concentrations are not achieved; 2) if a treatment fails, there is a high probability that the
treatment will have to be repeated, resulting in higher levels of antibiotic use in the
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industry; and 3) if the concentration of antibiotics in tissue is below the MIC, this could
lead to the development of antimicrobial resistance (Andersson and Hughes, 2014).
Most fish that had tissue concentrations of antibiotics below the MIC90 were those
treated with florfenicol. Proportionally, 89.9% of the fish treated with oxytetracycline
had concentrations above MIC90, while the proportion above the MIC90 in fish treated
with florfenicol was 58.1%. This disparity may be related to the differences in the halflives of the products. Florfenicol has the shorter half-life of the two, with the
concentration of this drug in tissue reduced by half in approximately 12 hours at 11 °C
(Martinsen et al., 1993). Therefore, fish must consume feed regularly to maintain
therapeutic levels of the drug. In contrast, oxytetracycline has a 50-hour half-life at 8 °C
(Elema et al., 1996), which permits fish to maintain therapeutic levels of this drug even
when feeding is irregular. Our findings suggest that the interaction between
pharmacokinetics and feeding practices may be an important contributor to treatment
failures and should be further investigated, as it pertains to treating large farmed fish
populations.
The proportion of individuals above MIC90 was lower for florfenicol in both species,
especially in Atlantic salmon. In this species, only 53% of the individuals treated with
florfenicol had concentrations above the MIC90. Our model suggests Rainbow trout
have, on average, 4.76 times greater odds of having concentrations of florfenicol above
the MIC90 than Atlantic salmon. This difference may be explained by differences in
feeding behaviors between species. Trout feed at the surface and eat more rapidly than
Atlantic salmon (Talbot et al., 1999), while Atlantic salmon may seek food less
aggressively. For example, Atlantic salmon fed with self-feeders have lower growth
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rates than fish receiving their feed from preprogrammed feeders (Thomassen and
Lekang, 1993), while in rainbow trout it is necessary to restrict access to feed to obtain
good feed conversion ratios when using self-feeders (Alanärä, 1992).
Despite the higher proportion of rainbow trout having antibiotic concentrations above
the MIC90 than Atlantic salmon, SRS outbreaks have higher mortality in rainbow trout
than in Atlantic salmon (Sernapesca, 2016b). This discrepancy may be explained by
phenotypical variations of different isolates of P. salmonis. Saavedra et al. (2017) found
that approximately half of the isolates they collected from Atlantic salmon between
2010 and 2015 were EM90-like isolates, which have an affinity for Atlantic salmon and
are usually more susceptible to antibiotics. In contrast, LF89-like isolates can infect all
salmonid species and have been found to have reduced susceptibility to antibiotics more
frequently than the EM90-like isolates (Saavedra et al., 2017).
One limitation of our study is that it relied on previously collected data. The method
used to measure the concentrations of florfenicol in tissues is consistent with the
requirements of the fishing authority to determine the presence of residues, and may not
reflect the concentration of active florfenicol as the assay included the amine metabolite.
In addition, the sampling method of collecting easily available fish at the surface might
have been biased towards sampling dominant and well-fed fish, as the vertical position
of the fish in the pen depends on hunger level (Juell et al., 1994). Any bias caused by
sampling fish near the surface may have been larger in trout due to the greater tendency
of dominant trout to position themselves closer to the surface than Atlantic salmon.
Our data on size relative to the average size within the sample reveals that the larger fish
in the sample were more likely to have tissue concentrations of antibiotics above the
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MIC90. Further, we also observed a trend suggesting a size effect response. However,
our model suggests that this observation was only significant for individuals greater than
1 SD above the average (i.e. large fish). These individuals had 2.06 times greater odds
of having antibiotic concentrations above MIC90 than small fish (i.e. 1 SD smaller than
average). This finding may reflect the hierarchical behavior patterns often described in
salmonids, as the correlation between size and hierarchical status has been found to be
sufficient to account for the strength of the hierarchy (Symons, 1968). This means
dominant individuals may take advantage of their size to restrict sub-dominant
individuals’ access to food and consume significantly larger amounts of feed (Ruzzante,
1994). Hierarchical behavior in relation to access to food should be further investigated
to ensure equal access to feed to all individuals, regardless of size.
A surprising finding was that the proportion of individuals with florfenicol levels above
the MIC90 was significantly higher on day 7 than on day 14. This suggests that feed
consumption in the population either declined as the treatment progressed or the
biomass gain due to growth during the treatment was underestimated. Fish may go offfeed or decrease feed consumption during treatment if it is not working or if the
medication is causing a palatability problem. The latter is not known to occur with
florfenicol at the labeled dose, but all florfenicol treatments in this study were above the
labelled

dose

(http://www.msd-salud-animal.cl/products/aquafen_50/020_detalle_

de_producto.aspx). It is also possible that over the course of the treatments fish grow
and the dose is not adjusted to account for the increase in biomass, resulting in under
dosing towards the end of the treatment. During the course of a treatment, fish growth
can be significant (2 kg fish at 10 °C can generally gain up to 0.8% bodyweight daily
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(Austreng et al., 1987)); however, most producers are well aware of this and adjust their
prescriptions to account for this phenomenon. This association was not statistically
evaluated for oxytetracycline, but the proportion of individuals above the MIC90 for
oxytetracycline did not appear to vary between treatment days for either Atlantic salmon
or rainbow trout.
We observed a positive association between the treatment dose of florfenicol and the
proportion of individuals with antibiotic concentrations above MIC90 levels, except for
the fish treated with the highest dose of florfenicol. The lack of statistical significance
may have been due to the fact that we only analyzed 52 florfenicol treatments in this
study, and most of these treatments were at a 20 mg/kg/day dose. A larger sample size
with greater variability in dosage would help clarify this question. It is also conceivable
that as the dose of medicated feed is increased, antibiotic concentrations in individual
fish increase, predominantly in the larger fish in the population; thus, the proportion of
animals with concentrations above the MIC90 is not significantly affected. Given the
poor response with the 30 mg/kg/day dose, producers should be cautious in increasing
the dose of florfenicol as a management strategy to address the low proportion of fish
above the MIC90 level.
Overall, we observed a high proportion of fish below the MIC90, especially for
florfenicol. However, our samples were obtained from apparently non-clinical fish, so it
is likely that our results are an underestimation of the proportion of fish below the
MIC90. We also did not know the outcome of the treatment (i.e. failure or success), so
we could not establish whether the proportion of fish above the MIC90 was directly
related to treatment success. Further research is needed to connect the findings of this
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study with the clinical outcomes; only then will we understand the underlying factors
driving SRS treatment failure in farmed fish populations.
Because our study used data from only a few companies, the external validity of our
findings may be limited. However, our data included 34 farms located in 11 different
neighborhoods, which represents 10-15% of the total number of farms that operated
during our study period. Perhaps more importantly, our findings may not reflect newer
feeding strategies used by the industry and not represented in this study. For example,
the feeding frequency represented in this study did not include micro-rations, which is
now commonly used by the industry (http://skrettinginforma.cl/benchmarking-cierretemporada-2014-resultados-productivos-salmon-del-atlantico-yearclass-2014/). This is a
feeding method in which the delivery of the daily ration is divided into multiple meals to
minimize the competition for food and improve feed distribution. Research should be
conducted to assess the potential benefit of this feed delivery method for achieving
adequate therapeutic antibiotic concentrations in fish tissues.
3.6

Conclusions

Although our study had constraints which limit the interpretations of our findings, it still
identifies an issue with antibiotic delivery in aquaculture and may explain the poor
treatment responses reported for SRS in Chile. Based on our initial analysis, we believe
the low proportion of fish with tissue concentrations above the MIC90 during a
florfenicol treatment is associated with the short half-life of this product and the
inconsistent consumption of feed within pens of fish. This preliminary study warrants
further detailed investigation to determine how to obtain better distribution of antibiotic
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in populations and whether antibiotic tissue concentrations correlate with treatment
success under field conditions.
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4

VARIATION IN THE CONCENTRATION OF ANTIBIOTICS IN TISSUE
DURING ORAL ANTIBIOTIC TREATMENTS

4.1

Abstract

Despite numerous control efforts, piscirickettsiosis remains the main cause of mortality
due to infectious agents in the Chilean salmonid aquaculture. In-feed treatments with
antibiotics are commonly used to control this disease; however, a high proportion of
these treatments are ineffective. These inconsistent results have prompted a search for
the cause of failure. Antimicrobial resistance has been proposed as one of the reasons
for treatment failure, but recent studies place the proportion of resistant isolates well
below the observed failure level. Another source of treatment failure may be inadequate
dosage of antimicrobials. We describe the tissue concentration in fish mid and post
treatment for two commonly used antibiotics, oxytetracycline and florfenicol. We used
mixed-effects linear models to assessed the variation of concentration of antibiotics in
the tissue of fish and evaluated the factors that may be associated with this variation. We
found that most of the variation in antibiotic tissue concentration occurs between
individuals within the same pen. The second largest source of variation was between
treatment events. Among the factors associated with antibiotic tissue concentrations,
weight of fish was highly significant. Other factors associated with antibiotic
concentration in fish were species, water temperature, and day after start of the
treatment. We discuss several hypotheses for the variation in our data and suggest future
research to improve the concentration of antimicrobials in fish tissue post in-feed
treatments.
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4.2

Introduction

In 1989 Piscirickettsiosis was described for the first time in Chile (Bravo and Campos,
1989). Since then, this disease caused by Piscirickettsia salmonis (Fryer et al., 1992) has
reached industry-wide distribution affecting all species of salmonids produced in Chile
and it is now the main cause of mortality for this industry during the seawater grow-out
phase (Sernapesca, 2016). Although the disease has been described in other salmonid
industries (Brocklebank et al., 1992; Brosnahan et al., 2016; Corbeil et al., 2005; Grant
et al., 1996; Jones et al., 1998; Olsen et al., 1997; Rodger and Drinan, 1993), it does not
occur at the same scale it does in Chilean salmon aquaculture. Numerous efforts, private
and public (Sernapesca, 2012), have been made to prevent and control this disease.
Vaccines against P. salmonis have been available since 1998, but to date no product
have been able to protect from disease for the complete seawater grow-out period. Once
the disease establishes itself on a farm the most frequent control measure is treatment
with in-feed antimicrobials (Jakob et al., 2014). The success of these treatments has
been inconsistent, and often treatments fail to stop the progression of the disease (Jakob
et al., 2014; Rozas and Enríquez, 2014).
The reasons for treatment failure are still poorly understood. Assuming that the disease
has been correctly diagnosed, likely causes for treatment failure include antimicrobial
resistance (AMR) and inadequate dosing of antimicrobials. The doses currently used for
antimicrobials were established on the basis of laboratory experiments with small
populations of individuals in a controlled environment. The uptake of antibiotic under
these conditions may not reflect what occurs in commercial aquaculture operations.
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The behavior of fish in large net-pens is likely different than the behavior of fish within
small laboratory population. Notably, there is likely a different hierarchical structure,
which can lead to differences in feed consumption between individuals within the pen
(Talbot et al., 1999). However, the impact of this behavior on the concentration of
antimicrobials in tissue of fish in the population during oral treatments has not been
evaluated.
The objectives of this study were to assess the variation in the concentration of
antimicrobials in tissue of fish raised commercially and evaluate factors that may be
associated with this variation.
4.3

Material and methods

Using data supplied by the aquaculture industry on antibiotic treatments conducted
between June 2010 and February 2016, we assessed the variation in concentration of
antibiotic in tissue obtained from skin-on muscle samples from fish taken mid-way (day
7) and at the end (day 14) of oral treatments with oxytetracycline or florfenicol against
piscirickettsiosis. During the sampling, additional data such as the species, weight of the
fish, days since the start of the treatment, antibiotic used, prescribed dose, and the
identification of the pen and the farm were also recorded. Each farm was treated one or
more times, and each time one or two pens were sampled. The tissue samples obtained
from 5 to 10 fish from each pen were tested for their respective antibiotics concentration
using high-performance liquid chromatography (HPLC) (Hormazabal et al., 1993;
Reveurs and Díaz, 1994) and the results were reported in parts per billion (ppb). In
compliance with the current regulation, florfenicol levels included the amine breakdown
product and the active form of the drug.
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Descriptive statistics and graphics were used to summarize the variation of tissue
concentration by antibiotic product, species, and farm. To analyze the factors that were
associated with tissue concentration, mixed-effects linear models were implemented for
each antibiotic separately. The farm, treatment event, and pen were included as random
effects, while day of the sample, water temperature, fish weight, species, and dose were
evaluated as fixed effects.
For our regression models, we log-transformed the concentration value to meet the
model assumption of equal variances. To avoid errors in the computation of the natural
logarithm when the values were reported as 0 (not detected) we added 30 ppb (the
detection limit) to the observed concentration. We assumed that during a treatment all
fish consumed some medicated feed thus individuals with values of 0 had trace level
antibiotics in tissue.
For our final model, the significance was set at P < 0.05, these P-values were obtained
using likelihood ratio tests (LRT). A set of models without any fixed predictors (null
models) were also fitted to assess the change in variance at the different hierarchical
levels after all significant predictors were included. All plots and statistical analyses
were done in R 3.3.3 (R Core Team, 2017), and the package lme4 (Bates et al., 2015)
was used to fit the mixed-effects models.
4.4

Results

For our study, 34 farms contributed with samples obtained during 87 treatment events.
During each treatment event 1 or 2 pens were sampled completing 119 pens sampled
during our study period. Our analyses comprised a total of 2231 muscle samples
obtained during treatments against piscirickettsiosis; 1403 samples were from Atlantic
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salmon treated with florfenicol, 767 samples were Atlantic salmon treated with
oxytetracycline while 224 samples were rainbow trout treated with florfenicol and 61
rainbow trout treated with oxytetracycline.
The concentration of antibiotics in tissue varied widely by species and product. The
average concentration of florfenicol was approximately 4000 ppb, but a difference by
species was observed. The average concentration of florfenicol in tissue was 3021 ppb
for Atlantic salmon and 8490 ppb for rainbow trout. For oxytetracycline, the average
concentration was 2940 ppb, which was quite similar between species; 2970 ppb in
Atlantic salmon and 2560 ppb in rainbow trout.
The distribution of concentrations was markedly right-skewed and varied by species and
antibiotic product (Figure 4-1). We found that some individuals had extremely high
concentrations resulting in averages that were larger than the median value, especially
when florfenicol was used. A summary of the data in terms of mean, median, minimum,
maximum, and interquartile range is given in Table 4-1.
Table 4-1. Summary statistics of tissue concentration (ppb) by species and product.
Product

Species

N°

Average
(ppb)

Median
(ppb)

Minimum
(ppb)

Maximum
(ppb)

25th
percentile
(ppb)

75th
percentile
(ppb)

Interquartile
range (ppb)

Florfenicol

Atlantic
salmon

1179

3021.4

2232.0

0.0

33104.6

833.4

4089.0

3255.6

Rainbow
trout

224

8490.0

6870.5

0.0

38417.0

3073.4

11695.0

8621.7

Atlantic
salmon

767

2970.5

2582.7

0.0

14747.0

1624.5

3844.1

2219.6

Rainbow
trout

61

2560.8

2451.1

234.5

6642.7

1775.2

3023.3

1248.1

2231

3540.4

2565.0

0.0

38417.0

1309.9

4402.9

3093.0

Oxytetracycline

Total

In our database, the prescribed dose for oxytetracycline was always 100 mg/kg/day,
while florfenicol was dosed at 15, 20, 25 and 30 mg/kg/day. With the exception of the
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30 mg/kg/day dose, the median concentration of florfenicol in tissue was higher as the
dose was increased (Figure 4-2). Regarding the sampling day, we observed that for
florfenicol, the median concentration of the product in tissue was higher at the middle of
the treatment than at the end of the treatment, while for oxytetracycline the trend was
less evident and depended on the species (Figure 4-3).
Trends were also observed with weight of fish and temperature. In our database,
concentrations within a cage were generally lower in fish that were smaller than
average. In general, we also observed that tissue concentrations decreased as
temperature increased (Figure 4-4).

Figure 4-1. Distribution of tissue concentration by species and product.
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Figure 4-2. Median florfenicol concentration in tissue by prescribed dose, bars represent the
interquartile range.

Figure 4-3. Median concentration of antibiotic in tissue at days 7 and 14 after treatment start, bars
represent the interquartile range.
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Figure 4-4. Univariate regression line between water temperature and concentration of antibiotics
in tissue.

Undetectable levels of florfenicol were reported for 38 samples while undetectable
levels of oxytetracycline were reported in 10 samples.
After dropping 2 treatment events because weight was not recorded, in our final
florfenicol regression model only the day of the sample (P < 0.01), fish weight in kg (P
< 0.01), and species (P < 0.01) were significant fixed predictors, but we also retained
water temperature (P = 0.13) to control for its potential confounding effect (Table 4-2).
Our final oxytetracycline model only had two significant predictors: fish weight (P <
0.01) and water temperature (P = 0.03) (Table 4-3). For both products, florfenicol and
oxytetracycline, our null models indicated that most of the variance in the antibiotic
tissue concentrations was at the fish and the treatment event levels. A summary of the
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random effects for our models with and without fixed predictors is presented in Table 44.
Table 4-2. Coefficients, standard error (SE), P-value, and 95% Confidence intervals for Florfenicol
model (Fixed terms only)
Term
(Intercept)

Coefficient

SE

8.10

0.82

P-value

(95% Conf. intervals)
(6.5 – 9.78)

Sample day

< 0.01

Day 7

(reference)

Day 14
Fish Weight (kg)

-0.50

0.07

0.19

0.04

(-0.63 – -0.37)
< 0.01

Species

(0.11 – 0.28)

< 0.01

Atlantic salmon

(reference)

Rainbow trout
Temperature (°C)

1.48

0.36

-0.09

0.06

(0.79 – 2.20)
0.13

(-0.22 – 0.02)

Table 4-3. Coefficients, standard error (SE), P-value, and 95% Confidence intervals for
Oxytetracycline model (Fixed terms only).
Term

Coefficient

SE

(Intercept)

5.67

0.84

Log Fish Weight (Kg)

0.46

0.08

< 0.01

(0.29 – 0.62)

-0.10

0.05

0.03

(-0.19 – 0.01)

Temperature (°C)

P-value

(95% Conf. intervals)
(3.97 – 7.57)

Table 4-4. Comparison of random-effects variance and variance proportion by level for the
florfenicol and oxytetracycline models without fixed predictors (Null) and final models (Final).
Null
Model

Level

Florfenicol

Observation

Variance

Proportion
(%)

Variance

Proportion
(%)

1249

1.30

53.5

1.22

56.1

Pen

99

0.14

5.9

0.16

7.6

Treatment

52

0.73

30.0

0.57

26.0

Farm

26

0.26

10.6

0.23

10.4

Total
Oxytetracycline

Final

N

Observation

2.43
828

0.42

Pen

62

Treatment

33

Farm

22

Total

2.18
45.4

0.40

0.07

7.9

0.07

7.6

0.40

44.0

0.43

47.9

0.02

2.7

0.00

0.0

0.91

76

0.90

44.6

4.5

Discussion

In our study, we assessed the concentration of antibiotics in tissue during in-feed
treatments against piscirickettsiosis. This is important because an association between
concentration and efficacy has been established for several fish diseases and antibiotics
(Gaunt et al., 2004; Soto et al., 2013; Vik-Mo et al., 2005). Tissue concentration of
antibiotics when delivered via the feed depends on feed consumption, the rate of
absorption, metabolism, and the excretion of the product by the animal. Ideally, when
antibiotics are administered to treat a fish population we would like all the fish within
the population to have a similar and adequate level of drug in their target tissues. Our
analysis of 87 treatments on 34 farms suggests that not all fish within pens have similar
levels of antibiotics at the end of their in-feed treatments. We found a wide range of
concentration of antibiotics in muscle tissue for both rainbow trout and Atlantic salmon,
especially for fish treated with florfenicol (Figure 4-1, page 74). The range of tissue
levels for fish treated with florfenicol was 0 (undetectable) to 38417. The range of tissue
concentration for fish treated with OTC was 0 (undetectable) to 14747.
Having different concentrations of antibiotics in a population is a concern because on
the one hand, a proportion of the population may be exposed to sub-therapeutic
antibiotic concentrations, increasing the risk for the development of AMR (Andersson
and Hughes, 2014). On the other hand, another sub-group of the population may be
receiving excess amounts of antibiotic and may be at risk of unwanted toxic effects from
the product. The individuals with high concentrations of antimicrobials in their tissues
may also pose a problem for meeting drug residue levels.
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Our variance component analysis suggested that for both florfenicol and
oxytetracycline, most of the variation in the tissue concentration occurred between fish
within the same pen and between treatments (Table 4-4, Figure 4-5). Differences in
antibiotic concentration in individual fish within pens are likely driven by several
factors, but given the homogeneity of farm salmon populations we hypothesized that the
factor driving most of this variation is likely differences in feed consumption between
individual fish. This difference can happen due to the hierarchical behavior of fish
within a population. Dominant fish generally consume proportionally larger amounts of
feed than submissive fish by restricting sub-dominant individuals access to food, and
this behavior can be exacerbated when feed availability is restricted in quantity and
delivered in a confined area (Ruzzante, 1994).
Although we did not have specific information on the behavior of the fish in our study,
our model supported our hypothesis that weight, which largely explain dominance in
salmonid populations (Symons, 1968), was significantly associated with florfenicol and
oxytetracycline tissue concentrations in our models. Including this predictor in our
model explained some of the individual fish level variance in the data. For both
products, larger fish had higher concentrations of antibiotics in tissue. This association
was consistent with what we expected based on the hierarchical behavior of these
species. It is also possible the large fish consumed proportionally the same amount of
food as the smaller fish but did not metabolize or excrete the product at the same rate as
the smaller fish.
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Figure 4-5. Median concentration of antibiotics in tissue by treatment event, species and product,
bars represent the interquartile range.
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Several mitigation strategies to reduce the effect of hierarchical behavior of fish are used
by farmers to minimize the competition for food within the pen. Among them,
separating the population by size (i.e. grading) and delivering the daily ration in only
one or two meals are commonly used. A consequence of delivering medicated feed only
once or twice daily for products like florfenicol with a half-life of 12 hours at 8 °C
(Martinsen and Horsberg, 1995) is that therapeutic concentrations of this antibiotic
might be difficult to maintain for extended periods of time. Thus, frequency of feeding
should be considered when dosing antibiotics. A newly introduced feeding method,
which may reduce the size variation in a pen is the use of micro-rations; however, this
practice was not common prior to our study. However, in our analysis we were not able
to evaluate the effect of feeding frequency over tissue concentration of antibiotics
because we did not have detailed information regarding feeding frequency at the time of
the treatment. The rapid shift towards the use of micro-rations may make some of our
findings hard to extrapolate to the current situation in Chile.
Another reason fish may not be eating evenly based on their weight is that they are not
all healthy. This source of variation was likely minimal in our study because our
samples were collected from the sub-clinical populations during the first feed of the day.
We believe had we captured more sick fish in our sample the range of antibiotic tissue
concentrations would have been even greater.
We realize individual differences in feed consumption may not be the only reason for
difference in tissue concentration between individuals. But variation in metabolism and
excretion is likely not sufficient to explain such a wide range of values between fish in a
relatively homogenous population.
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Besides the variance in the concentration of antibiotic in tissues of fish within pens, the
second largest source of variation was attributable to the treatment effect. This finding
was consistent with our visual assessment; the differences in concentration between
treatments was bigger than the differences within treatment (Figure 4-5, page 81).
Having a significant proportion of the variation at the treatment level suggests that there
are factors that vary from treatment to treatment that may explain this variation. These
factors would include the dosage of the antibiotic, the preparation of the (medicated)
feed and how frequently it is delivered, which could vary over time on a farm as fish
grow. The tendency of farmers is to feed larger fish less frequently than smaller fish.
In our database, oxytetracycline was always dosed at 100 mg/kg/day while florfenicol
was prescribed at 15, 20, 25, and 30 mg/kg/day so we could only assess the effect of
dose for the latter. Assuming no gross errors were made during the manufacture of the
feed, a surprising finding was that the prescribed dose did not significantly explain
variation of florfenicol tissue concentration. Given the positive association we observed
in the raw data, we expected higher tissue concentrations at higher doses. However, this
association was not statistically significant. It is possible that we lacked statistical power
and variation in our dosing data to detect a difference. Approximately 90% of the
samples were obtained from fish treated at the 20 mg/kg/day dose. It is also worth
noting that the treatment with the highest dose (i.e. 30 mg/kg/day) had one of the lowest
median concentrations. It is possible that the dose was increased in response to a severe
outbreak of piscirickettsiosis. When medicated feed is delivered under these conditions,
it is likely that the population shows a diminished appetite or may go off-feed at some
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point during the treatment period (Coyne et al., 2004; Rigos et al., 1999), paradoxically
resulting in lower concentrations in fish treated with the highest dose.
This decrease in feed consumption once on a treatment may also explain why the
concentration of florfenicol in tissue was higher on day 7 than on day 14 (Figure 4-3).
The difference between the antibiotic concentration in samples obtained at day 7
compared to samples from day 14 might also be related to a larger than expected
biomass gain during the treatment. If for some reason the disease has no effect on the
growth of the fish, differences between estimated and real biomass gain may arise and
should increase in time, resulting in lower than expected tissue concentrations towards
the end of the treatment. Regardless of the reason for the difference, the trend was very
consistent and unlikely to be spurious. Future research should focus on determining the
cause of this difference to take effective corrective actions.
As discussed previously, farmers modify the rate and frequency of feed delivery to
minimize the competition for food between individuals. But, feed characteristics such as
how the antibiotic is incorporated into the pellet, either by coating the product to the
pellet surface (top-coating) or incorporating the product in the pre-mix or the oil, may
also have an impact in the palatability of the feed and the intake and absorption of the
product. Researchers have found that top-coated antibiotics may be lost upon contact
with the water. Leaching of the antibiotic from the medicated feed has been described as
time and temperature dependent, and has been documented for oxytetracycline and
oxolinic acid (Duis et al., 1995; Rigos et al., 1999), amoxicillin and sulphamethoxazole
(Duis et al., 1995), and florfenicol (Yanong et al., 2005). It is also possible that the
antibiotic product somehow interferes with the palatability of the feed, especially when
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is coated on the surface of the pellet, which may also lead to a decrease in feed
consumption over time. However, the available literature indicates that florfenicol is
palatable at doses as high as 100 mg/kg/day (Inglis et al., 1991).
Among the environmental factors, we were only able to assess the effect of water
temperature on antibiotic tissue concentrations. The poikilotherm nature of fish means
they cannot regulate their body temperature. Therefore, the temperature of the water has
a large impact on fish metabolism, including the metabolism of pharmaceutical products
(e.g: Rigos et al., 2002). In our models, temperature had a negative coefficient, i.e. the
concentration of antibiotics in tissue decreased as the temperature increased. This was
expected given that the general metabolism of the fish is faster at higher temperatures.
We expected the effect of temperature to be more pronounced for products with a short
half-life such as florfenicol, but despite the observed trend, this predictor was
significantly associated with tissue concentrations only for oxytetracycline. In our
florfenicol model, temperature was retained despite not being significant because we
observed a small confounding effect with species.
Other environmental variables such a weather may indirectly influence the concentration
of antibiotics in tissue. For example, storms may cause interruptions in the feeding
regimen because farmers cannot reach their farms or the logistics of feed delivery gets
disrupted. Interruptions in feeding may exacerbate the competition between individuals,
and therefore, the variation in antibiotic tissue concentration.
In our analysis, pen-level variance was relatively small. This is not surprising if we think
that within a farm only a few factors are different between pens. The most notable
difference between pens during an SRS outbreak is the mortality level. In Chapter 2, we
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found an association between mortality level and treatment success, but in our data
mortality was not reported so we could not assess this at the pen level. Further our
samples were collected during the first feeding of the day and likely selected for subclinical animals that were still on feed.
The variance in the data attributed to the farm level was also small. The only farm-level
factor present in our data was species, but species was only significantly associated with
tissue concentrations in our florfenicol model. In this model, rainbow trout had higher
concentrations of antibiotic in their muscle tissue compared to Atlantic salmon. We
think this difference in concentration may be due to differences in feeding behavior and
dominance levels between the two species. The vertical positioning of fish in a pen is
known to be influenced by the hunger level of the fish and their hierarchal status (Juell
et al., 1994). Our sampling took place before fish were fed in the morning after not
being fed all night. In anticipation of feed delivery, dominant fish may have positioned
themselves closer to the surface than the sub-dominant individuals. If this happens, they
would be more likely to be caught from the surface. It is possible that this behavior was
more pronounced in rainbow trout than in Atlantic salmon, leading to an
overrepresentation of dominant fish in rainbow trout samples which would result in an
overestimation of the variance in antibiotic tissue concentration.
Interestingly, species was not significant in our oxytetracycline model. Given that
oxytetracycline was used in only three treatment events in trout, it is possible that this
lack of significance was due to a lack of power. However, florfenicol and
oxytetracycline differ in half-life; oxytetracycline has a longer half-life than florfenicol,
which may compensate for the difference in feeding behavior between the two species.
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Although only a few companies contributed data for this study, we feel these farms
constitute a representative sample of the conditions under which in-feed treatments
usually occur however given some of the limitations in the manner in which the samples
were collected we caution readers extracting the results directly to other situations. We
believe, if anything we under estimated the population-level variation in tissue
concentrations after an in-feed antibiotic treatments. Another limitation of this study was
the absence of the clinical status of the fish sampled which prevented us from assessing
the clinical outcome of the tissue concentrations. However, other authors have found an
association between dose of medication administered (Gaunt et al., 2004; Soto et al.,
2013) or tissue concentration (Vik-Mo et al., 2005) with total mortality after challenges
in laboratory studies.
4.6

Conclusions

Although we could not explain a lot of the variance in the concentration of antibiotics in
fish, our study identified that in-feed antibiotic treatments are not evenly distributed in
fish on saltwater net pen sites. Our variance component analyses suggest that future
studies should focus on management strategies that improve the distribution of
antibiotics within populations such as strategies to minimize competition for food
between fish as well as methods to optimize feed delivery.
4.7
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CHAPTER 5
A RETROSPECTIVE ASSESSMENT OF THE EFFECT OF FALLOWING ON
PISCIRICKETTSIOSIS IN CHILE.3

3

Published: Price, D., Ibarra, R., Sánchez, J. and St-Hilaire, S., 2017. A retrospective
assessment of the effect of fallowing on piscirickettsiosis in Chile. Aquaculture, 473,
pp.400-406.
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5

A RETROSPECTIVE ASSESSMENT OF THE EFFECT OF FALLOWING
ON PISCIRICKETTSIOSIS IN CHILE

5.1

Abstract

Piscirickettsiosis is an endemic disease of farmed salmonids in Chile, and is the main
cause of infectious disease-related losses in the Chilean aquaculture industry.
Inconsistent results with the use of vaccines and antimicrobials have led producers and
government to search for alternative control measures. Fallowing sites between fish
production cycles has been mandated by the government authority, but the effectiveness
of this practice for preventing this disease has not been assessed under field conditions.
We used a discrete-time survival analysis model to evaluate the effect of the duration of
the fallow period on the hazard of piscirickettsiosis during the first 24 weeks of the
production cycle on farms between September 2009 and August 2015. We compared the
hazard of piscirickettsia for production cycles on farms that did and did not report the
disease immediately before fallowing in the preceding cycle. We controlled for potential
confounders, including external infectious pressure from neighboring farms. Our results
showed that for both Atlantic salmon and rainbow trout there was no significant
difference between the hazard of SRS for farms that reported the disease in the previous
cycle and the comparison group, when these farms fallowed for more than three months.
Shorter fallow periods were only assessed in rainbow trout, and findings indicate that
the hazard of piscirickettsiosis is higher for farms with a recent history of the disease
than for farms without a recent history of the disease prior to fallowing. These results
suggest that fallowing for three months may be adequate to lower the exposure of P.
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salmonis from one production cycle to the next; however, our study also suggests there
is a high hazard of observing SRS on farms, regardless of fallowing.
5.2

INTRODUCTION

Piscirickettsia salmonis is the causative agent of piscirickettsiosis (Fryer et al., 1990),
also known as Salmonid Rickettsial Septicaemia (SRS). P. salmonis and other rickettsialike organisms have been described in several different species of fish worldwide (Rozas
and Enríquez, 2014). Since its first description in Chile in 1989 (Bravo and Campos,
1989), SRS has been a difficult disease to manage due to inconsistent results with
control strategies such as antimicrobial treatments and vaccination (Bravo and Midtlyng,
2007; Rozas and Enríquez, 2014). In recent years, SRS has been the most prevalent
infectious disease in Chilean salmonids in marine farms (Sernapesca, 2016a, 2016c,
2015) and the main contributor to antimicrobial use in the Chilean aquaculture industry
(Sernapesca, 2016b).
Establishing a fallow period between production cycles, where all animals are removed
from the farm and all equipment is cleaned and disinfected, is a common strategy to
reduce or eliminate pathogenic organisms to control disease transmission between
production cycles in intensive animal farming. In salmon farming, the use of farm and
area-level fallowing has been proposed as a strategy to reduce transmission of infectious
pathogens between production cycles (Bron et al., 1993; Kilburn et al., 2012; McVicar,
1987; Murray, 2006; Rae, 2002; Werkman et al., 2011; Wheatley et al., 1995).
In Chile, Olivares and Marshall (2010) found that after a period of 50 days, once all fish
were removed from a farm experiencing SRS, P. salmonis was no longer detectable in
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the seawater column around the farm; however, the effectiveness of fallowing to reduce
the risk of SRS or delay the onset of the disease in marine farms has not been assessed.
Farm-level fallowing was made mandatory in Chile in response to the series of
infectious salmon anemia outbreaks that started in July 2007 (Sernapesca 2007). This
regulation has evolved and, currently, farm-level as well as area-level fallowing
strategies are in place (Sernapesca 2009). Under this regulation, management areas, also
known as neighborhoods, were defined. All companies with farms in a neighborhood
must establish a common production period, usually of 24 months in duration. Farms
within management areas can stock their fish at any time, but at the end of the
production period, all farms must fallow for at least three months. Farms are allowed to
introduce more than one crop of fish within a production period, but they have to fallow
for a minimum of one month between crops. This is frequently done on farms with
rainbow trout (Oncorhynchus mykiss) or coho salmon (O. kisutch) because their growout periods are short, but it is rarely achievable with the longer periods needed to grow
Atlantic salmon (Salmo salar). Our objective was to determine if the duration of the
fallowing period used by farms was associated with the probability of reporting SRS in
the subsequent production cycle.
5.3

MATERIALS AND METHODS

We estimated the hazard of SRS from the 5th to the 24th week of production on
seawater farms that fallowed for different lengths of time. We compared the hazard of
the disease on farms that reported SRS mortality during the last four weeks of the
previous production cycle, over time. We also compared this hazard to the hazard of
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disease over time on farms that did not report SRS in the last four weeks of their
previous production cycle.
5.3.1

Data source

Companies report pen-level data to Intesal-SalmonChile on a weekly basis. These
reports include, for example, species, the total number of fish at the start of the week,
average weight, average water temperature, and SRS-specific mortality. For our
analysis, Intesal-SalmonChile provided data aggregated at the farm level for the period
starting in September 2009 and ending in August 2015.
We identified the start and end of fish production cycles on farms using the periodicity
between weekly reports, the number of fish, and the weight of the fish on a farm. We
calculated the fallow period between production cycles for each farm in our dataset. We
only included sites with production cycles that had fallow periods of less than 48 weeks.
Farms that fallow for exceptionally long periods were excluded from our analysis
because this practice is not normal in the Chilean industry and often farms with long
fallow periods are not in operation for various reasons, including general poor
performance.
In Chile, all fish mortality on farms must be classified by trained personnel according to
the criteria established by Sernapesca (Sernapesca 2012). We identified our outcome of
interest as the first week in each production cycle where the farm reported mortality
attributed to SRS in the weekly mortality database. We assumed a minimum 4 week
period was required from time of P.salmonis exposure to the clinical manifestation SRS
based on the incubation period derived from laboratory studies (Strand and Midtlyng,
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2007). We assumed if SRS was reported prior to this period, exposure to the bacteria
occurred prior to transfer to the farm in question; therefore, these production cycles were
excluded from the analysis. We also could not determine the time lagged predictors for
these production cycles to include them in our analysis.
We only observed production cycles for up to 24 weeks post seawater transfer because
we felt that if the fish had not developed SRS during this period, from exposure to P.
salmonis originating from the previous production cycle, they were not likely to do so.
Also, once a farm developed SRS only the first report of SRS contributed to the
analysis.
The occurrence of SRS in the last four weeks of the previous cycle was determined for
all production cycles analyzed in this study. Because we had production cycles that did
not have SRS-related mortality during the last 4 weeks of the previous production cycle
on the same farm, we were able to compare the effect of the duration of the fallow
period between production cycles on farms with a history of SRS (i.e. declared SRS at
the end of the previous production cycle) and farms without a history of this disease.
5.3.2

Statistical analysis

We choose to model the hazard of reporting SRS for the first time in a production cycle
using a discrete-time survival analysis based on a mixed logistic regression model, with
random effects for farm and neighborhood. Mathematically, our model was represented
as:
𝑙𝑜𝑔𝑖𝑡 ℎ#V = 𝛽0 + 𝛼V + 𝛽𝑋#V + 𝑢?Z#[P\-,P--.(#) + 𝑣B>,=(#)
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Where logit(hij) is the hazard of reporting SRS in the ith production cycle during the jth
time interval (4 week periods), conditional on being present at the start of said interval.
β0 is the baseline hazard, αj is the effect of the time interval j, and β represents the effect
of all fixed predictors X in our model, including those we interacted with time. Our
random effects for neighborhood and farms within a neighborhood are represented by u
and v, respectively.
To assess time varying effects, such as what we would expect from different lengths of
fallow periods, on farms with a recent history of SRS prior to fallowing and farms that
did not have SRS prior to fallowing (comparison group), we forced a three-way
interaction between the SRS status in the last four weeks of the previous cycle, the
length of fallow in months, and our time variable. The overall significance of higher
order terms in the models were assessed using Wald tests.
To reduce the number of categories for our time variable, we aggregated weekly reports
into four-week intervals. For each time interval, we averaged water temperature and
recorded whether SRS was reported during this period. Also, because P. salmonis has
been shown to transfer between farms within a 10 km seaway distance (Rees et al.,
2014), we controlled for external sources of infection by including the maximum
number of farms that reported SRS during the four-week period that ended four weeks
prior to the second week of the current interval, within a 10 km seaway distance of the
farm of interest.
Our initial model included the following predictors: the time interval when the outcome
was measured, fallow duration in months, the history of SRS in the previous production
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cycle, the three-way interaction of the above terms, the maximum number of neighbors
within 10 km in the previous four-week interval, and average water temperature during
the current four-week interval. We dropped predictors that were not significant (P < 0.1)
in our analysis, with the exception of our variable of interest (fallow time) and its
interaction.
We fitted separate models for each species because Atlantic salmon and rainbow trout
farms had different minimum fallow lengths, were managed differently, and may have
had different susceptibility to P. salmonis; however, we did not take into consideration
the species of the neighbors in our count of infected farms for our measure of external
infection pressure in our analysis.
For Atlantic salmon, we explored the role of temperature by creating spline terms with a
single knot at 10 °C, because the relationship between temperature and SRS appeared to
be different above and below this temperature point. In our trout model, temperature
was treated as a single continuous variable.
In the case of rainbow trout, which had a significant number of farms with fallow
periods less than 3 months, we conducted an additional analysis to compare the
probability of reporting SRS prior to 12 weeks post seawater entry on sites that fallowed
for less than 3 months to those that fallowed longer than 3 months. This analysis was
performed using a mixed-effects logistic model controlling for potential confounders.
All statistical analyses were done using Stata® 13.1.
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5.4
5.4.1

RESULTS
Descriptive statistics

In total, 1176 production cycles were identified, but 504 of them were not analyzed
because they were the first production cycle in our dataset for the farm in question and
we had no information on their previous production cycle with which to determine the
fallow period. These cycles were only used to determine SRS occurrence in the last 4
weeks prior to the fallow period and the duration of the fallow before the subsequent
group of fish were transferred to the farm. In addition, 214 cycles were discarded
because they fallowed the site for longer than 48 weeks. Twenty-one cycles were
excluded because they reported SRS prior to our observation period and, therefore, did
not meet our minimum 4-week incubation period post seawater transfer. Another 13
production cycles did not have mortality information or information on the status of
SRS on the farm; therefore, they could not be included in our analysis. The remaining
424 production cycles in the final dataset consisted of 311 Atlantic salmon production
cycles from 223 sites, and 113 rainbow trout production cycles from 88 sites, located in
Los Lagos and Aysén regions.
Of the 311 Atlantic salmon production cycles analyzed, 103 (33.12%) were from farms
that reported SRS at the end of the previous cycle, while 208 (66.88%) occurred in
farms that did not. During the study period, SRS was reported within the first 24 weeks
of seawater entry in 68 of 103 (66.02%) cycles with a history of SRS, compared to 123
of 208 (59.13%) in the comparison group (Table 5-1). Of the 113 rainbow trout cycles
in our study, 46 (40.71%) production cycles occurred on farms with a recent history of
SRS, while 67 (59.29%) cycles were on farms did not report SRS in the last four weeks
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of the previous cycle. SRS mortality was reported in 34 of 46 (73.91%) cycles that had a
recent history of SRS prior to fallowing. Among the comparison group, SRS mortality
was reported within our observation period in 30 of 67 (44.78%) cycles (Table 5-1).
Table 5-1. Number of production cycles by Species, SRS mortality occurrence within study period,
and previous cycle SRS history.

Species

SRS in previous cycle

Censored
(No SRS)

Salar

No

85 (40.9%)

123 (59.1%)

208 (66.9%)

Yes

35 (34.0%)

68 (66.0%)

103 (33.1%)

No

37 (55.2%)

30 (44.8%)

67 (59.3%)

Yes

12 (26.1%)

34 (73.9%)

46 (40.7%)

169 (39.9%)

255 (60.1%)

424 (100%)

Trucha
Total

Failed
(SRS)

Total

Overall, the probability of SRS on Atlantic salmon farms increased over time, regardless
of the length of the fallow period or the history of SRS on a farm (Figure 5-1). In
rainbow trout, the pattern was similar, with the exception that at week 16 there seemed
to be a decrease in the hazard of the disease; however, this drop was observed in farms
with and without a history of SRS and did not persist after this time point (Figure 5-1).
We found that the three-way interaction between fallow duration, history of SRS in the
previous cycle, and month of production was not significant for either species (P = 0.21
in Atlantic salmon, and P = 0.82 in rainbow trout) (Table 5-2 and Figures 5-1 and 5-2).
In Atlantic salmon, where we could only assess fallow periods of 3 months or longer,
the probability of SRS over the 24 weeks evaluated was not inversely associated with
the time of fallow (Figure 5-2). In fact, in some cases, the hazard of SRS was higher
when sites were fallowed longer (Figure 5-2); however, this relationship was not
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statistically significant and was stronger for farms that did not have a recent history of
SRS in their previous cycle.

Figure 5-1. Predicted hazard of reporting SRS mortality for farms with and without a history of
SRS for each 4-week interval, by species and selected fallow durations.

In trout, although not statistically significant, there was a positive trend observed during
the initial period of observation (< 12 weeks into the production cycle), where shorter
fallow periods tended to have a higher hazard of SRS; this relationship appeared only on
sites with a history of SRS in the preceding cycle (dashed line in Figure 5-2). Using a
mixed-effect logistic model, where observations from the first 5 to 12 weeks post
seawater entry were dichotomized and fallow length was split into fewer than 3 months
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Table 5-2. Table of coefficients, standard error (SE), and p-values for Atlantic salmon and Rainbow
trout models.
Atlantic Salmon
Term

Coefficient

Intercept
Fallow length

SE

Rainbow Trout
P-value

Coefficient

SE

-14.68

4.64

-6.93

1.72

0.46

0.16

0.18

0.16

P-value

SRS history
No

(reference)

Yes

4.79

1.89

2.89

1.47

-0.49

0.21

-0.32

0.23

SRS history : Fallow
4-week Interval
5 – 8 weeks

(reference)

9 – 12 weeks

5.40

1.66

2.59

1.45

13 – 16 weeks

5.51

1.69

1.39

1.59

17 – 20 weeks

5.39

1.71

1.99

1.59

21 – 24 weeks

4.25

1.83

3.12

1.56

Interval : Fallow
5 – 8 weeks

(reference)

9 – 12 weeks

-0.47

0.18

-0.22

0.19

13 – 16 weeks

-0.51

0.18

-0.06

0.20

17 – 20 weeks

-0.42

0.18

-0.12

0.21

21 – 24 weeks

-0.28

0.20

-0.28

0.21

SRS history : Interval
5 – 8 weeks

(reference)

9 – 12 weeks

-4.71

2.13

-1.46

1.74

13 – 16 weeks

-5.46

2.29

-2.97

2.19

17 – 20 weeks

-3.49

2.19

-1.40

2.01

21 – 24 weeks
SRS history : Interval :
Fallow

-3.64

2.50

-0.39

2.14

5 – 8 weeks

(reference)

9 – 12 weeks

0.51

0.24

0.20

0.28

13 – 16 weeks

0.59

0.27

0.39

0.32

17 – 20 weeks

0.37

0.26

0.13

0.32

21 – 24 weeks

0.35

0.29

0.14

0.34

0.21

Infected neighbors within 10k

0.04

*

*

0.82

*

0.02

*

0

(reference)

1

-0.29

0.25

0.25

0.39

0.39

0.32

2

0.52

0.35

0.13

0.38

0.50

0.44

³3

1.37

0.45

< 0.01

0.22

0.08

< 0.01

0.89

0.45

0.05

Temperature ≤ 10

0.75

0.45

0.10

Temperature > 10

0.29

0.09

< 0.01

Temperature

(*) Overall p-values obtained using Wald tests

100

Figure 5-2. Predicted hazard of reporting SRS mortality for farms with and without a history of
SRS for each fallow duration by species and 4-week interval after seawater entry.

and greater than or equal to 3 months, a significant interaction between farms with a
history of SRS and short fallow periods was detected (P < 0.05). That is, farms that
fallowed for fewer than 3 months and had a history of SRS in the previous production
cycle had a higher probability of reporting SRS within this period after stocking (Table
5-3).
For Atlantic salmon farms, we found that the hazard of SRS was significantly associated
with the number of infected neighbors within 10 km in the previous month (P = 0.04);
more specifically, having 3 or more infected neighbors within 10 km one month prior
increased the hazard of reporting SRS mortality by 2.43 times (P < 0.05). In rainbow
trout farms, this relationship was also significant (P = 0.02). Having three or more
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neighbors led to an increase of 3.94 times the hazard of reporting SRS, compared to
farms with no neighbors (P < 0.01). Having 1 or 2 neighbors with SRS also increased
the hazard of SRS; however, this was not significant for either species (P = 0.25 and P =
0.13 in Atlantic salmon, P = 0.32 and P = 0.44 in rainbow trout).
Table 5-3. Table of coefficients, p-values, and odds ratios (OR) for the dichotomized rainbow trout
mixed-effects logistic model.
Term
Intercept

Coefficient

SE

P-value

OR

OR 95% Conf. Int

-2.71

1.23

0.93

<0.05

6.34

1.02

-

39.62

Fallow Length
³ 3 months

(reference)

< 3 months

0.10

0.67

SRS history
No

(reference)

Yes

0.01

0.64

SRS history : Fallow length
³ 3 months

(reference)

< 3 months

1.85

Infected neighbors within 10k

Temperature

0

(reference)

1

0.49

0.59

0.41

1.63

0.51

-

5.19

2

-0.70

1.13

0.53

0.50

0.05

-

4.52

³3

1.79

0.62

< 0.01

5.98

1.78

-

20.06

0.01

0.10

0.92

1.01

0.82

-

1.24

We found that temperature was significantly associated with the hazard of the first
report of SRS. For trout, we used a linear term to capture the effect of temperature (P <
0.01), while for Atlantic salmon we found a better model fit when the temperature was
described using two spline terms, with a knot at 10 °C. At temperatures lower than or
equal to 10 °C, we did not see an association between temperature and SRS (P = 0.10);
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but, when water temperature was greater than 10 °C, the hazard of reporting SRS
increased significantly (P < 0.01).
5.5

DISCUSSION

In our study, 60.1 % (255 out of 424) of all productions cycles reported SRS within 5
and 24 weeks post stocking (Table 1). To determine whether the probability of the first
report of SRS was associated with the length of time the farm was fallowed, we
estimated the hazard of SRS detection for each 4-week interval between the 5th to the
24th week of a production cycle of Atlantic salmon (Salmo salar) and rainbow trout
(Onchorhynchus mykiss), and we compared this hazard on farms that reported SRS
mortality during the last four weeks of the previous production cycle to the hazard on
farms that did not. We chose to compare these two groups of farms because fallowing
should only affect the hazard of SRS on a farm with a history of the disease prior to the
fallowing period. Because the probability of manifesting SRS depends on the exposure
dose of P. salmonis (Garcés et al., 1991), and this agent is known to degrade in seawater
(Lannan and Fryer, 1994; Olivares and Marshall, 2010), we hypothesized that the longer
the fallow period after the occurrence of SRS, the lower the infective dose would be to
the new crop of fish, and the longer it should take to develop clinical SRS. If fallowing
for 3 months, as is typically done on Atlantic salmon farms, is adequate to eliminate P.
salmonis from the environment we would not see any additional benefit from fallowing
for a longer period.
To test our hypothesis, we modeled the hazard of SRS over time for different fallow
periods (i.e. interaction between production month and fallow period) on farms with a
known history of SRS just prior to fallowing. In Atlantic salmon, where we could only
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assess periods of fallow of three months or longer, we observed no difference in the
hazard of SRS, regardless of the length of time the farm fallowed, which suggested no
additional benefit to fallowing longer than 3 months. Either fallowing is not effective at
all, which would be unlikely given the bacteria does not survive and replicate in
saltwater for an extended period of time (Lannan and Fryer, 1994; Olivares and
Marshall, 2010), or fallowing for 3 or more months is sufficient to remove P. salmonis
associated with the previous cycle, and there are other sources of P. salmonis infection
for fish in Chile.
To further explore the effect of fallowing, we compared the hazard of SRS over time for
sites which should have had higher levels of P. salmonis from the previous cycle
(because they reported the disease within four weeks of fallowing) to sites less likely to
have P. salmonis from the previous cycle because there were no reports of SRS within
the month prior to fallowing. In Atlantic salmon, we did not detect a difference in the
hazard of SRS in these two groups of farms, even when we varied the time window for
SRS in the cycle prior to fallowing (results not shown). The robustness of this finding
provides further evidence that fallowing for 3 months is likely adequate to reduce the
hazard of SRS from the bacteria originating in the previous cycle.
We were not able to assess fallow periods shorter than three months in Atlantic salmon
farms because this is seldom feasible with the current regulation in Chile; however, we
were able to assess short fallow periods in rainbow trout, and the trend in the data
suggested fallowing fewer than 3 months was associated with a higher hazard of SRS
(Figure 2). When we analyzed the fallow period as a continuous predictor in our
rainbow trout models, our three-way interaction was not significant; however, it is
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possible that we lacked statistical power to assess this term, given we only had 113
production cycles in our analysis. When we evaluated the association between fallow
periods shorter and longer than 3 months and the probability of SRS early in the
production cycle (i.e. 5 to 12 weeks post stocking) for farms with and without a history
of the disease in the previous cycle, we detected a significant positive association
between a short fallow period and the disease; this relationship was only detected in the
group of farms with a history of SRS (Table 5-3). This suggests bacteria may not always
be eliminated from sites that are fallowed for fewer than three months, which is also
consistent with Olivares and Marshall (2010), who detected P. salmonis in seawater
samples for up to 40 days.
Another possible explanation for the results of the short fallow periods in our rainbow
trout analysis may be the fact that rainbow trout farms that fallow fewer than three
months start their new production cycles in the middle of a neighborhood production
cycle, so there are often active farms in the area when the new year class of fish is
introduced to the site. To control for bias from confounding between the fallow period
and P. salmonis infected neighbors, we controlled for infected neighboring farms in our
models by including a predictor that captured the number of infected neighbors four to
six weeks prior to disease onset on the farm of interest. We confirmed the findings of
Rees et al. (2014), that farms with a high number of infected neighbors had a
significantly higher hazard of SRS than farms without infected neighbors within 10 km
(Tables 5-2, page 102 and table 5-3, page 104). Although we found that only 3 or more
infected neighbors increased the hazard significantly, we observed a dose response with
the number of infected neighbors and the hazard of SRS. We may not have completely
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controlled for the neighbor effect in our analyses, as this relationship is complex and
may depend on the mortality level (i.e. magnitude of exposure), the distance, and the
species of fish on neighboring farms. Despite this limitation, the significant neighbor
effect detected in this study, regardless of the neighbor distance and lag times to
infection used in our analyses (results not shown), should deter producers from
introducing naïve fish on farms when neighbors within 10 km are infected with this
pathogen.
Given we likely did not fully control for infection pressure from neighboring farms in
our analysis, it is possible that the association we observed between short fallow periods
and the hazard of SRS in our logistic regression model for rainbow trout is partially due
to exposure to P. salmonis from neighboring sites and, therefore, our findings should be
considered preliminary. Further research is necessary to characterize the precise level of
exposure from infected neighbors and to differentiate this source of infection from the
bacteria that may be carried-over from one production cycle to another when a farm is
fallowed for fewer than 3 months. Empirical data collected during the fallow period
would help clarify the survival of the bacteria in sediment under farm sites during short
fallow periods when neighboring farms are not undergoing outbreaks of SRS.
Other sources of infection for newly introduced fish in our study include infected wild
fish and exposure prior to seawater transfer. The role of wild fish populations in the
spread of the SRS has not been established, but P. salmonis, phylogenetically related to
isolates from farmed salmonids, has been identified in wild and feral fish sampled in the
vicinity of farms (Contreras-Lynch, 2015; García et al., 2016). It is possible that infected
wild fish populations dwelling in management areas during the fallow period maintain
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the pathogen in the environment. We could not control for exposure to wild fish, so it is
possible that not including this source of infection biased our results; however, we
believe that it would have resulted in a bias towards finding a significant interaction
between fallowing and previous history of SRS on the hazard of disease, and this was
not observed. Our study suggests if wild fish are infected from the previous cycle prior
to fallowing a site, the level of P. salmonis is not higher on farms with different fallow
periods or farms with and without a history of SRS in the previous production cycle.
Although fish in our study could have been exposed to P. salmonis prior to seawater
transfer, either while in fresh water (Bravo 1994; Gaggero et al. 1995), or at a brackish
water smoltification site, this agent is rarely detected in the mandatory government
testing conducted before the transfer of fish to seawater sites. For example, in 2015 out
of 5966 samples tested in fresh water within 30 days prior to seawater transfer, P.
salmonis was never detected, and during the first half of 2016, P. salmonis was only
detected in 24 out of 3780 (0.6%) Atlantic salmon smolts and 9 out of 760 (1.2%)
rainbow trouts (Sernapesca, 2016c). We excluded the few production cycles that
developed SRS within 4 weeks of seawater transfer to reduce the likelihood of including
fish that may have been exposed to P. salmonis prior to seawater transfer. We felt this
was an adequate minimum incubation period for fish, given the level of bacteria on
seawater farms is unlikely to be higher than what is used in laboratory bath challenges,
which report a similar time to disease onset (Strand and Midtlyng, 2007). Although the
exclusion of these production cycles may have reduced our ability to find an effect of
fallowing on early disease onset, only 5 of 21 groups of fish that were excluded from
our analysis were from farms with a history of SRS on their sites prior to fallowing.
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Further, all these farms were fallowed, on average, for 6½ months. Given our sample
size, the exclusion of these production cycles would not likely have changed our overall
conclusions.
An interesting trend in our Atlantic salmon model, which also suggests the source of P.
salmonis for farms in Chile is not directly linked to the presence of bacteria from the
previous cycle, was that sites with long fallow periods (i.e. longer than 9 months),
regardless of their previous SRS status, appeared to have a higher hazard of SRS as time
in seawater increased (Figure 5-2, page 103). Because this trend (not statistically
significant) occurred on sites with no recent history of SRS prior to fallowing, we do not
believe this increase in the hazard of SRS is related to P. salmonis from the previous
cycle. Further, the relationship observed is the opposite of what would be expected (i.e.
we expected a shorter the fallow period to lead to a higher the probability of developing
SRS earlier in the production cycle, given the natural decay of this bacteria in seawater).
It is possible that sites that are fallowed for long periods are problematic sites, and
farmers avoid using them for as long as they can. Further research is required to confirm
this trend and test our hypothesis that long fallows are associated with poor performing
farms.
5.6

CONCLUSIONS

The hazard of SRS in both Atlantic salmon and rainbow trout was high throughout our
study, but the hazard was not significantly different for farms that fallowed for 3 or
more months, whether they had a recent history of SRS or not. Given the consistency in
our findings, regardless of the time lags used to capture the exposure from the previous
cycle and neighbors, we are confident that the results of our study are robust and that
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fallowing for 3 months is likely adequate to reduce the hazard of SRS from a carry-over
effect of bacteria originating in the previous production cycle. We are less confident that
fallowing fewer than 3 months, which occurred with rainbow trout, is not associated
with a higher hazard of reporting SRS within the first three months of sea-water entry,
because when we grouped farms with a recent history of SRS in their previous cycle that
fallowed for fewer than 12 weeks, we found a significant increase in the probability of
reporting SRS within 5 to 12 weeks post-stocking. Given the significant neighbor effect
detected in our analyses and the fact that most farms fallowing for fewer than 3 months
have active farms within 10 km, mitigating the secondary spread of this bacteria
between neighboring farms could reduce the incidence of SRS in the industry, and could
help clarify the association between fallowing for fewer than 3 months and the hazard of
SRS. Overall, it would appear that the hazard of SRS on farms is quite high within the
first 24 weeks, but this is likely not because of bacteria originating directly from the
previous production cycle within the farm, when farms are fallowed for 3 or more
months.
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6

CONCLUSIONS

In this thesis, we addressed two main questions. First, we evaluated possible reasons for
SRS treatment failure and, second, we explored the roles of different sources of
Piscirickettsia salmonis in the occurrence of piscirickettsiosis on farms. Our goal was to
provide information that farmers and the government authority could use to improve the
control and prevention of SRS.
Our analysis in Chapter 5 suggests that most farms become infected with P. salmonis
relatively early in their production cycle. Between 2009 and 2015, approximately 60%
of the production cycles we analyzed in our study developed SRS within the first six
months post saltwater entry. Most farms that experience SRS have to treat their fish with
antibiotics, as this disease is rarely self-limiting (Jakob et al., 2014), but these treatments
are not always successful. Our study on antibiotic treatments for SRS in Chapter 2
suggests that almost 50% of the pens treated were above our “normal” mortality
threshold of 0.1% per week following the treatment. Several factors were associated
with this low treatment success. The first issue identified was the timing of the treatment
application relative to the disease process. In our data, the higher the mortality before
the initiation of the antibiotic treatment, the higher the probability of treatment failure.
This association may be because as fish become diseased they go off feed (Bravo and
Campos, 1989) and, therefore may not consume the medication.
Our analysis of antibiotic tissue concentrations post treatment (Chapter 3) provided
further evidence to support the hypothesis that not all fish consume the dose of
medication intended for them. In our data, approximately 30% of individuals had
113

antibiotic tissue concentrations below the minimum inhibitory concentration for 90%
(MIC90) of a representative sample of Chilean P. salmonis isolates (Henríquez et al.,
2016). Particularly concerning were Atlantic salmon treated with florfenicol, of which
almost 42% had concentrations below the MIC90. The fact that the proportion of fish
with low tissue concentration was higher for florfenicol and the variation in the tissue
concentration was larger for this short half-life drug also suggests an issue with drug
delivery, and may explain some of the treatment failures reported in the industry.
Antibiotic tissue concentrations in our study varied greatly. Our variance component
analysis (Chapter 4) suggests most of the variation occurs between fish within pens and
between treatments. That most of the variation occurs between individuals in the same
pen suggests a difference in feed consumption between animals. The hierarchical
behavior of fish within a pen, where dominant fish eat proportionally larger amounts of
food than sub-dominant fish (Ruzzante, 1994), may explain this variation in tissue
concentrations. In our analysis, we found that, on average, the larger fish had the highest
tissue concentrations, supporting the idea that differences in concentration are led by
differences in consumption. This finding suggests there is no easy solution for this
problem. Increasing the dose to compensate for the proportion of fish with low levels of
antibiotic may expose a proportion of the population to very high concentrations of
antibiotics, which may lead to longer withdrawal periods or even the manifestation of
adverse effects.
Other factors may also explain some of the overall variation, particularly factors
associated with the treatment event, such as dose, feeding frequency, medicated feed
mixing, or day of the treatment.
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The findings of our SRS treatment analyses have several direct implications for
producers. First, farmers may be able to improve their antibiotic treatments by applying
them very early in the disease process. Also, producers should try to improve the
delivery of antibiotic treatments so that more fish receive a dose that is sufficient to
inhibit P. salmonis. Although we could not test different strategies to improve the
delivery of in-feed antibiotics, our analyses suggest that variation within pens may be
due to a hierarchical issue; therefore, strategies to minimize hierarchical feeding
behaviors may help address this problem.
Future research to improve treatment efficacy will need to address the delivery of infeed antibiotics to ensure more consistent and appropriate levels of medication in fish
are achieved. Further, more research is necessary to identify the critical points in the
process of delivering in-feed antibiotics to large populations of fish. Currently, very
little is known about the effects of different methods of incorporating the antibiotic
product in the pellet and the effect of feeding frequency on consumption and absorption
of antibiotics.
Given the poor success rates of antibiotic treatments for SRS and the fact that globally,
all food production industries are striving to reduce the use of antibiotics, an alternative
to managing this disease is to prevent exposure to the P. salmonis. To do this
effectively, producers must understand and target sources of the bacteria. We focused on
identifying these potential sources of infection for farmers so they can mitigate
exposure.
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We identified infections from the previous production cycles, and infected neighbors as
the most likely sources of P. salmonis for farms that become infected with this
bacterium. We assessed the effect of the bacterial load from the previous cycle by
looking at the difference in risk over time between farms that experienced an outbreak in
the previous cycle and farms that did not. We did not find any difference in the risk of
disease on farms within the first 6 months post saltwater exposure, regardless of the
length of fallowing and the previous cycle’s disease history, suggesting fallow periods
longer than three months are effective at reducing the level of pathogen in an area. We
did observe a slight increase in risk of disease for rainbow trout farms fallowed less than
3 months if they had a history of SRS in the previous cycle, which suggests fallow
periods shorter than 3 months may not be adequate to reduce all levels of exposure to P.
salmonis. The other significant source of infection for farms in our study was infected
neighbors within 10 km; however, this effect was smaller than we expected.
The findings of this study suggest that farmers may be able to achieve a significant
reduction in risk on farms that experienced SRS in the previous cycle if they fallow for
at least three months. Conversely, fallowing for less than three months in farms with a
history of SRS may lead to a higher risk of becoming infected with P. salmonis during
the first 12 weeks of the production cycle; however, this association was only evaluated
for rainbow trout farms.
Future research should focus on better defining the neighbor effect in the industry. To
improve our estimation of exposure we need to better understand two key components:
the estimation of the infective load from the source farm, and the strength of the
connections between farms. This knowledge will permit the implementation of
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simulation models to determine the biocapacity of areas to minimize transmission of this
bacterial pathogen between farms. Identifying whether there is a critical mortality
threshold that farms need to remain below to reduce the risk of infection to their
neighbors, and whether there is a minimal distance between farms or spatial
configuration where transmission is minimized, will help policy makers with regulations
on treatment strategies and farm siting. Reducing transmission between farms will likely
result in an overall reduction in the use of antibiotics in the industry.
In summary, we have provided the industry and authorities with new insights on the
topics of treatment and control of piscirickettsiosis. We identified that factors other than
resistance might influence the probability of success of oral antibiotic treatments and we
discussed the issues with oral delivery of antibiotics in farmed fish populations. We also
explored the role of different sources of P. salmonis in the occurrence of
piscirickettsiosis and assessed the effectiveness of fallowing under the current
regulations. With our research, we provide evidence to support that the current practice
of fallowing for three months is effective and that treating when mortality is low may
increase the probability of success. Finally, we propose hypotheses that need to be tested
to advance our knowledge about the epidemiology of the disease to improve the
sustainability of the salmon industry in Chile by simultaneously reducing the spread of
P. salmonis and the need for antibiotics to treat the disease.
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