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INTRODUCTION

Salmonid rickettsial septicemia (SRS) or piscirick-
ettsiosis is caused by Piscirickettsia salmonis, a
Gram-negative facultative intracellular bacterium
(Fryer et al. 1990). This pathogen causes chronic in -
fections in salmonid species with 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 preva-
lent infectious disease in farmed salmonids in Chile
(Sernapesca 2013), and is the main cause of mortality
due to infectious diseases in all farmed salmonid spe-
cies (Atlantic salmon, rainbow trout and coho salmon)
(Sernapesca 2012a, 2014). In 2014, pisci rickettsiosis-

related mortality accounted for approximately 75%
of all mortality due to infectious diseases in Atlantic
salmon in Chile (Sernapesca 2015a). Typically, fish
are diagnosed with this disease approximately 6 mo
post salt-water transfer (Rees et al. 2014). Interven-
tions to control losses include vaccinations, early har-
vest, and antibiotic treatment.

Although antibiotics currently available for com-
mercial 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
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reported only partial success with antibiotic treat-
ments against piscirickettsiosis in Chile (Branson &
Diaz-Munoz 1991, Cvitanich et al. 1991, Almendras
& Fuentealba 1997).

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 iso-
lates were resistant to oxytetracycline and florfeni-
col, 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 fail-
ure 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 of treatment failure. The lack of clinical
trials is, in part, due to the fact that under field con-
ditions 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 compar-
isons. It is possible, however, to assess the associa-
tion 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 treat-
ments (Gustafson & Ellis 2006, Jones et al. 2012,
Arriagada et al. 2014), but they have not been used
to evaluate SRS treatments.

Under the regulations of the Servicio Nacional de
Pesca y Acuicultura (Sernapesca), the Chilean Natio -
nal 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 accept-
able, including direct tissue IFAT and PCR (Ser-
napesca 2012b). Companies that are members of
SalmonChile, the Chilean salmon farmer’s associa-
tion, provide the same information on SRS to the
Instituto Tecnológico del Salmón (Intesal), the techni-
cal branch of SalmonChile, which provides an oppor-
tunity 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.

MATERIALS 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 re -
gions 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 ‘undeter-
mined.’ Further, SRS requires a post-mortem exami-
nation and, as it is sometimes subclinical, its classifi-
cation varies depending on the farm staff. For these
reasons, we chose to use total mortality in our analy-
sis 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 wk
prior to and 3 wk after the first antibiotic treatment
for SRS; pens that had additional antibiotic treat-
ments (i.e. within 3 wk 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 com-
pany 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, labora-
tory-confirmed diagnosis of SRS, as required by Ser-
napesca when an antibiotic treatment is delivered at
a farm (Sernapesca 2003). Our analyses were con-
ducted at the pen level.

Statistical analysis

To assess the efficacy of antibiotics against pisci -
rickettsiosis in commercial operations in the absence
of untreated controls, we first had to define a suc -
cessful treatment event. We chose to use a post-treat-
ment 3-wk average mortality rate above 0.1% as our
criterion for a failed treatment. We chose this mortal-
ity cut-off because it was consistent with other stud-
ies (Jakob et al. 2014, Rees et al. 2014), and our
industry partners felt it was within the normal base -
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line 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 fail-
ure 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 temper-
ature 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 oxytet-
racycline and florfenicol. These were included in our
model as a categorical variable with 2 levels. Al -
though data on flumequine was also available, the
number of observations was not sufficient to assess
the effect of this antibiotic and control for con-
founders such as the farm effect. We log-transformed
the 3-wk 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, quad-
ratic terms were evaluated for all continuous vari-
ables. 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 p-values (p < 0.1)
to select relevant predictors. We retained only inter-
action 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 quad-
ratic terms. Likelihood ratio tests were used to evalu-
ate the effect of removing variables involved in inter-
action 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 observa-
tions (Pearson residuals above or below 3) were also

examined by running the models with and without
these data and comparing conclusions. Stata® ver-
sion 13.1 (StataCorp) was used for all statistical
analyses, and version 14 was used to obtain pre-
dicted probabilities.

RESULTS

Descriptive statistics

The outcome and significant predictors in our final
model were summarized using descriptive statistics
(Table 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 aver-
age weight when the data were stratified by product
(Table 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.
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Variable Florfenicol Oxytetracycline Total
Statistic (n = 1694) (n = 320) (n = 2014)

Water temp. (°C)
Mean 11.57  11.07  11.49  
SD 1.22 1.18 1.23
Min. 7.40 9.00 7.40
Max. 15.20  14.20  15.20  

Fish weight (kg)
Mean 2.00 0.87 1.82
SD 1.18 0.47 1.17
Min. 0.18 0.11 0.11
Max. 5.60 2.00 5.60

Fish mortality before treatment (%)
Min. 0.01 0.01 0.01
25th percentile 0.04 0.05 0.04
Median 0.07 0.08 0.07
75th percentile 0.15 0.13 0.15
Max. 2.33 2.14 2.33

Fish mortality after treatment (%)
Min. 0.01 0.01 0.01
25th percentile 0.05 0.06 0.05
Median 0.09 0.09 0.09
75th percentile 0.22 0.15 0.21
Max. 11.77  1.75 11.77  

Treatment failed (%)
48.1 43.8 47.4

Table 1. Summary statistics of antibiotic treatment efficacy 
predictors and outcome by product
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Logistic regression model

Our final model for the probability that mortality
post-treatment is >0.1% in pen i (pi) included the
 following predictors:

where prod is antibiotic product, m is the mortality
pre-treatment, t is the temperature when the treat-
ment started, and w is average fish weight.

Overall mortality before treatment, antibiotic prod-
uct, and fish weight were significantly (p < 0.01)
associated with the probability of treatment failure,
as was the quadratic term for mortality before treat-
ment (p < 0.01); however, the effect of temperature
was not significant in our final model (p = 0.09)
(Table 2).

Interpretation of the relationship between the pre-
dictors 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 interac-
tion 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 mor-
tality after the treatment (treatment failure); this rela-
tionship was different for each antibiotic product,
although they shared a similar curvature (Fig. 1).

More specifically, we found that the
pre-treatment mortality rate was sig-
nificantly 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 flor-
fenicol (p < 0.01). Weight was not sig-
nificantly 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 re -
sponse to treatment (Table 2).

We predicted, using our final
model, that when florfenicol was ap -
plied to 1 kg fish with weekly mortal-
ity rates at 0.1%, the probability of
treatment failure was, on average,
44.5%. Likewise, the average proba-
bility of treatment failure for the same
group of fish treated with oxytetracy-

logit( )

ln( )0 1 2 3

p

m w t A B
i

prod prod i prod i i company farmi i i i i

=
β + β + β + β + +
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Term Coefficient SE p OR (95%CI)

Intercept −0.06  0.36

Log pre-treatment mortality 1.44 0.14 <0.01a 4.20 (3.19−5.53)

(Log pre-treatment mortality)2 −0.41  0.08 <0.01b 0.67 (0.57−0.78)

Fish weight 0.67 0.14 <0.01a 1.95 (1.47−2.58)

Water temperature 0.23 0.13 0.09b 1.25 (0.97−1.63)

Product
Oxytetracycline −2.01  1.07 <0.01b 0.13 (0.02−1.10)

Product × log pre-treatment mortality
Oxytetracycline 1.07 0.38 <0.01a 2.91 (1.39−6.11)

Product × Weight
Oxytetracycline −2.01  0.84 0.02a 0.13 (0.03−0.70)

Random effect Variance SE ICC (95%CI)

Company 0.87 0.54 0.11 (0.04−0.29)
Farm 3.74 0.83 0.58 (0.48−0.68)

aObtained using a likelihood ratio test for a reduced model without the
term in question and all its interactions

bObtained using a Wald test

Table 2. Summary of our final logistic model for the probability of antibiotic
treatment failure. Coefficients, significance, and odds ratios (OR) are given for
fixed effects; variances and intraclass correlations are given for random 

effects. 95%CI: 95% confidence interval
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cline was predicted to be 41.0% (Table 3). In general,
our model predicted higher failure rates with increas-
ing pre-treatment mortality rates, and higher failure
rates for florfenicol treatments with increasing fish
weight (Table 3).

DISCUSSION

We assessed the effects of selected predictors on
SRS mortality and found that results varied, depend-
ing on the product used (oxytetracycline or florfeni-
col), 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 post-treatment mortality
was above our failure threshold (i.e. 0.1%) (Fig. 1). In
fact, predictions from our model suggest that when
1 kg fish with mortality of 0.5% are treated with
either florfenicol or oxytetracycline the probability of
failures are 59.6% and 78.1%, respectively (Table 3).
If the same size fish were treated when the mortality
level was only 0.05%, then the probability of treat-
ment failure was predicted to be much lower for both
products (Table 3).

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 mortal-
ity, also had more fish infected with the pathogen,
and that the pathogen load within the tissues of indi-
vidual fish was higher. One reason for treatment fail-
ure may be because fish infected with P. salmonis
and in the later stages of the disease may have
reduced appetite and feed intake (Bravo & Campos

1989, Fryer & Lannan 1996). This phenomenon has
been observed with other salmonid bacterial dis-
eases (Pirhonen et al. 2003, Toranzo et al. 2005). As a
consequence, clinically diseased fish may not con-
sume 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. How-
ever, it is unlikely that re-infection of fish was the
reason for the high failure rates in this study, because
we selected a post-treatment period of only 3 wk 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 incuba-
tion period (Rozas & 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 dis-
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Weight     Product                                           Mortality before treatment (95%CI) (%)
(kg)                                       0.05                     0.1                     0.25                       0.5

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)

1               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)

1.5             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)
                Oxytetracycline       12.9* (0.0−26.1)           31.9 (9.5−54.3)           57.8 (30.2−85.4)           70.4 (42.7−98.1)

2               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)

Table 3. Predicted probability of antibiotic treatment failure (%) with 95% confidence intervals (95%CI; calculated using a
normal approximation and bounded between 0 and 100%) for different products used on fish of different weights and with
 different levels of pre-treatment mortality. Predictions only provided for scenarios represented in our dataset. *Significant 

difference between products at a particular combination of mortality before treatment and fish weight (p < 0.05)
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ease, P. salmonis is found in the brain tissue (Skar -
meta et al. 2000) and skin, which bio-accumulate
lower concentrations of florfenicol and oxytetracy-
cline than the kidney (Namdari et al. 1996, Arm-
strong et al. 2005). 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 ex -
plained by the fact that late in the disease process the
bacteria are no longer replicating rapidly and anti -
biotics 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. Interest-
ingly, our model predicted a slight decline in the
probability of failure for florfenicol as pre-treatment
mortality increased beyond 0.5% (Fig. 1). The pre-
dicted probability of failure for oxytetracycline treat-
ments 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 pro-
gresses through a population. Although there were
differences in the relationships between pre-treat-
ment mortality and treatment failure between prod-
ucts, it was very apparent that for the best results, in
all cases, anti biotics needed to be applied early in the
disease  process.

In order to treat fish early in the SRS disease pro-
cess, 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 treat-
ment success with antibiotics across all levels of pre-
treatment mortality, at least for florfenicol treatments.
Conversely, the fish weight did not significantly affect
the probability of treatment outcome for oxytetracy-
cline. Although this trend was not statistically signif-
icant it may reflect a difference in the pharmacoki-
netics 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 hus-
bandry practices and pharmacokinetics of the prod-
uct. In general, in Chile, pens with larger fish tend
to have a larger spread in the weights of the ani-
mals, as the industry does not grade for size during
the salt-water life cycle. This may increase the hier-
archical behaviour of fish and cause more fish in the
population to obtain less feed. To reduce competi-
tion 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 al.
1999). With respect to maintaining therapeutic lev-
els 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 flor-
fenicol at 11°C is 12 h (Martinsen & 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 com-
pared, they suggest that maintaining therapeutic
tissue concentrations in fish differs between prod-
ucts, and the product with the shortest half-life (flor-
fenicol) would be the hardest to maintain at thera-
peutic concentrations under these husbandry
conditions (i.e. 1 feeding per day). Products with
long half-lives, such as oxytetracycline, would bio-
accumulate in tissues. If the metabolism of these
drugs is not proportional to the fish weight then
larger fish may achieve a higher drug tissue con-
centration 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 prob-
ability of treatment failure, as the replication rate of
this pathogen is directly linked to temperature (Lare-
nas & Contreras 1997, Birkbeck et al. 2004), and the
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metabolism of antibiotics by fish is also temperature-
dependent (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.

It is possible that antibiotic resistance was the rea-
son for some of the poor responses to antibiotics ob -
served in this study. We observed a significant farm
effect, which would be consistent with this phenom-
enon. Although this may explain the general poor
treatment response in the industry and at the farm
level, the association between pre-treatment mor-
tality level and treatment success was assessed
within farms. In other words, even if there was some
level of resistance on farms, our analysis demon-
strates 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 trans-
mitted 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 resist-
ance between farms, as well as other unmeasured
factors at the farm level, such as stressors, co-infec-
tion with other pathogens, and management strate-
gies that may influence treatment response. Further,
our pen-level predictors, such as pre-treatment mor-
tality 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 farm-
level 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 treat-
ment 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 wk after diagnosis without
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 treat-

ment. To better understand how strongly our thresh-
old 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; how-
ever, the effects of the predictors remained signifi-
cant, as did our overall conclusions.

We also excluded pens that were re-treated within
3 wk 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.

CONCLUSIONS

Our results indicate that it is difficult to treat mor-
tality associated with SRS diagnosis, and that certain
factors, such as stage of the disease in the popula-
tion and fish weight at the time an antibiotic treat-
ment 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 dis-
ease process, they will have better success. Our
results also suggest that antibiotic treatment out-
comes may be influenced by husbandry practices
and drug pharmacokinetics. Future research should
focus on monitoring and improving treatment effi-
cacy 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 sensi-
tivity surveillance with standardized protocols
would be an invaluable tool to understand the role
of resistance in treatment failure.
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