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Recent failure to control sea-louse outbreaks on salmon in the Broughton Archipelago, British Columbia: 
Supplemental methods and results


Data of sea lice on wild salmon
In 2015, we collected juvenile pink and chum salmon by beach seine and transferred them to buckets containing seawater, from which we haphazardly selected individuals and placed them in clear plastic bags containing seawater.  We identified the life stage (copepodid, chalimus, or motile) of sea lice on each selected fish using a 16 × magnification hand lens, and for motile stages we also identified species (L. salmonis or Caligus clemensi; Fig. S 1).  (Copepodid lice can also be identified to species using a hand lens, although this distinction was ambiguous in early years and so we ignore copepodid species for inter-annual comparisons; see Annual louse estimates for details.) After a recovery period, we released the fish at their locations of capture. These monitoring procedures received ethics approval from the animal care review committee at the University of Alberta. In previous years, methodology included using long-handled dip nets to collect salmon (2001-2003) and identification of sea lice under a dissecting microscope (2001-2004).  The detailed sampling and identification methods and their potential biases have been discussed elsewhere (Morton and Williams 2003, Krkošek et al. 2005, Morton et al. 2005, Peacock et al. 2013).
[image: ]
[bookmark: _Ref317425842]Fig. S 1. The different louse stages and species identified during wild salmon monitoring. The categories are color-coded to show which were included in the estimates shown in Figs 1 and S 5: blue = motiles, red = chalimus, yellow = copepodid.
[bookmark: _Ref317426447]Annual louse estimates
[bookmark: _GoBack]We used model-based estimates of louse abundance, rather than simply calculating the average louse abundance, because the period of sampling was different among years and likely affected louse abundances (there tend to be fewer sea lice on juvenile salmon at the beginning and end of the migration period; Patanasatienkul et al. 2015, Rees et al. 2015). Using a hierarchical model, we were able to account for sampling week as a random effect and thus minimize the bias introduced by different sampling windows. For the summary of 2015 data only, this inter-annual bias was not an issue, so we simply bootstrapped confidence intervals on the mean number of sea lice (see Details of the 2015 epizootic, below).
In the main text, we present model estimates of motile L. salmonis per wild juvenile salmon (Fig. 1). These estimates were subsetted from a model that included other stages of L. salmonis. Here, we present the abundance of those different stages as well as the prevalence of L. salmonis. In estimating the abundance of different stages, we assumed that unidentified copepodids and unidentified adults (the majority of which were from 2001) were L. salmonis (Fig. S 1). Published reports (Morton and Williams 2003) and trends in the proportion of motile lice that are L. salmonis over the total abundance of motile lice (Fig. S 2) suggest that it is fair to assume that the unidentified lice were mainly L. salmonis, and it is the simplest assumption we can make.  The interannual trends were affected little by different assumptions, since the number of lice that were unidentified in years other than 2001 was low. We were not able to identify chalimus-stage sea lice to species using a hand lens, and so the estimates of chalimus may be biased high by the inclusion of some Caligus lice. This is an unavoidable consequence of our live sampling methodology, and is why we report the abundance of motiles only in the main text.
[image: ]
[bookmark: _Ref317421306]Fig. S 2. The mean proportion of motiles that were L. salmonis (y-axis) increased with the mean number of motiles of all species (x-axis). Using the relationship for data from 2002-2015 (open points and dotted line), when motile lice were identified to species, we infer that the proportion of motile lice that would have been L. salmonis in 2001 was >95% (solid point). 

We estimated the abundance and prevalence from 2001 to 2015 using generalized linear mixed-effects models (Table S 1).  In both cases, fixed effects included year and for abundance, the louse stage was also included as a fixed effect. Random effects included week of the year and location:year combination. Lice were overdispersed among hosts, and so in the model of abundance, we assumed that the number of lice were distributed among hosts according to the negative binomial, with the over-dispersion parameter of the negative binomial distribution fit as a free parameter (k in Table S 1). 
We fit the model in JAGS (Plummer 2003), interfacing with R through the package rjags (Plummer 2011). Priors on parameters and hyperparameters are given in Table S 1. When fitting the model, we ran three parallel MCMC chains, and allowed an adaptation phase of 1000 iteration followed by 5000 iterations of burnin, using the subsequent 5000 iterations to construct the posterior samples. 

[image: ]
[bookmark: _Ref317402289]Fig. S 3. The mean (x-axis) and variance (y-axis) in the number of L. salmonis per host, of (a) copepidid, (b) chalimus*, and (c) motile stage. Each point represents a unique sampling site (location/date combination). *Chalimus lice cannot be identified to species using our methodology, and so counts of chalimus may include Caligus spp.

[bookmark: _Ref318959084]Table S 1. Description of the hierarchical models fit to the abundance of sea lice of each stage on individual juvenile salmon, and prevalence of sea lice among salmon captured at a site.
	Model component
	Response

	
	Abundance
	Prevalence

	Data model

	
	

	Process model
	

	

	Parameters
	



	



	Hyperparameters
	

	



i = site, where each site is a unique beach seined sample at a location/date
f = fish number, different replicate fish collected from the same site i
j = stage of lice (copepodid, chalimus or motile) collected from fish f from site i
yi = year that site i was sampled (2001-2015)
wi = week of the year that site i was sampled (9-31,32; 23 levels)
li = location of site i (Burdwood, Glacier, Wicklow; 3 levels)
ni = number of fish sampled at site i

For the model of prevalence, we used a binomial (logit link) generalised linear model with the same random effect structure described in the previous paragraph (Table S 1, Fig. S 4).  Summaries of parameter estimates and convergence diagnostics for all three models (abundance by stage, summed abundance and prevalence) are given in a supplemental Excel file. The overdispersion parameter for the negative binomial distribution of sea lice was 0.612 (0.590, 0.634). The random effects for location:year and week were both important, and came out as similar in magnitude for both the models of abundance and prevalence (Fig. S 6, Fig. S 7).

[image: ]
[bookmark: _Ref318959750]Fig. S 4. Model-estimated prevalence of sea lice (± 95% credible intervals), calculated as the proportion of juvenile salmon sampled that had at least one louse of any species or stage.

[image: ]
[bookmark: _Ref309888705]Fig. S 5. Model-estimated abundance (± 95% credible intervals) of L. salmonis* sea lice by stage. *Note that chalimus stage sea lice could not be distinguished to species, and so the estimates of L. salmonis for those stages may include Caligus. In 2003, the fallowing of farms along a major juvenile salmon migration route was mandated by the BC provincial government, resulting in fewer farmed salmon in the area that year.

[bookmark: _Ref317423096][image: ]
[bookmark: _Ref317854920]Fig. S 6. Posterior distributions for the precision (i.e., 1/variance) in random effects for (a) year:location and (c) week from the model of abundance by stage. The conditional estimates for the random effect sizes are shown in (b) and (d).
[image: ]
[bookmark: _Ref318960866]Fig. S 7. Posterior distributions for the precision (i.e., 1/variance) in random effects for (a) year:location and (c) week from the model of prevalence. The conditional estimates for the random effect sizes are shown in (b) and (d).
Details of 2015 epizootic
We summarized the progression of the 2015 sea louse epizootic on wild juvenile salmon by plotting the mean and 95% bootstrapped confidence intervals of the abundance of sea lice each week in April, May and June. Confidence intervals were estimated by bootstrapping: we resampled with replacement from the lice per fish at each location and week and calculated the mean of this bootstrapped sample. We repeated this 10 000 times to obtain 10 000 different bootstrapped means, and computed the 2.5% and 97.5% quantiles of the bootstrapped means.  Fig. S 8 shows abundance per fish of motile stage L. salmonis and the generalist sea louse, Caligus clemensi. Fig. S 9 summarizes the different stages of L. salmonis found each week at each of the three sites that we monitored (Glacier, Burdwood and Wicklow, corresponding to locations 4, 5 and 6 in Fig. 3 of the main text).

[image: ]
[bookmark: _Ref310593859][bookmark: _Ref317422971]Fig. S 8. The average motile lice per fish (± 95% bootstrapped confidence intervals) each week at three sites in the Broughton Archipelago (Glacier, Burdwood and Wicklow) corresponding to locations 4, 5 and 6 in Fig. 3 of the main text.  Blue points are motile L. salmonis and red points are motile Caligus clemensi.
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[bookmark: _Ref310593901][bookmark: _Ref317422981]Fig. S 9. The progression of the 2015 sea louse epizootic on juvenile wild salmon, shown as the mean number of copepodite, chalimus*, preadult and adult L. salmonis per wild juvenile salmon (pink and chum) each week in April, May and June 2015 for the three sites we monitored (Glacier, Burdwood and Wicklow, corresponding to locations 4, 5 and 6 in Fig. 3 of the main text).  *Note that identification of species at the chalimus stage is difficult using a hand lens, and so estimates of the number of chalimus include L. salmonis and C. clemensi. Points are the mean abundance and bars indicate 95% bootstrapped confidence intervals.
Predicted mortality
We used estimates of total abundance of L. salmonis per wild juvenile salmon to calculate predicted mortality of pink salmon due to sea lice. The total abundance of L. salmonis was estimated using the same model presented above in section Annual louse estimates, but fit to the sum of copepodid, chalimus and motiles as done by Peacock et al. (2013). We calculated the percent mortality due to sea lice in year i as Mi = 1- exp(-cLi), where c = 0.190 (95% CI: 0.087, 0.299) is the estimated per louse mortality from Peacock et al. (Peacock et al. 2013) and Li is the average number of sea lice per out-migrating juvenile salmon in year i. To calculate confidence intervals on mortality estimates including uncertainty in the parameter c and in our louse estimates Li, we used a Monte Carlo approach as follows:
1. Draw 1000 values of Li from the posterior densities for year i, yielding Li,j, j = 1:1000,
2. Draw 1000 values of c from a normal distribution with mean and standard deviation as estimates by Peacock et al. (2013), yielding cj,
3. Calculate Mi,j = 1- exp(-cj Li,j),
4. Compute the 2.5% and 97.5% quantiles of Mi,j, yielding lower and upper confidence bounds on Mi, respectively.
[image: ]
[bookmark: _Toc436908880]Fig. S 10. (a) The estimated change in survival (log[recruits/spawners]) over the total L. salmonis per wild juvenile pink salmon from Peacock et al. (2013).  Horizontal line shows no change.  Solid and dashed grey diagonal lines show the model-estimated effect and 95% confidence interval, and points are the partial residuals from pink salmon populations in the Broughton Archipelago, BC, for juvenile salmon migration years 2000-2009. The red line shows the estimated change in survival based on the 2015 infestation level. (b) The estimated percent mortality due to sea lice in pink salmon populations, calculated as1 – e –cL (Krkosek et al. 2011), ranged from 84% for juveniles migrating in 2001 to less than 4% for juveniles migrating in 2009. Mortality due to sea lice in 2015 is predicted to be 22% (95% CI: 9-38%). Note the low predicted mortality for salmon that migrated to sea in 2003 when eleven salmon farms in the Broughton Archipelago were fallow (Morton et al. 2005).
5. 

[image: ]
Fig. S 11. Average forklength (mm) of juvenile pink and chum salmon sampled during the outmigration from 2001 to 2015.  Salmon were, on average, larger in 2015 at the same point in their migration, suggesting they may have emerged from the rivers earlier compared to previous years. Alternatively, juvenile salmon may have experienced higher growth rates during early marine life in 2015 than in previous years.

[bookmark: _Ref301083015]Emamectin benzoate (EMB) bioassays
We carefully removed pre-adult sea lice from juvenile pink and chum salmon, transported the lice to Salmon Coast Field Station (Fig. 3) in seawater-filled plastic containers, and held them on ice for up to 12 hours until we began bioassays.  In petri dishes, we exposed male and female pre-adult stage-II L. salmonis to EMB-seawater solutions at concentrations of 0 parts per billion (ppb), 15 ppb, 30 ppb, 60 ppb, 90 ppb, and 180 ppb for 24 hours. Temperature during exposures, conducted on ice, varied by up to 10°C with a mean temperature change from the start of experiments of -3.5°C.  After exposures, we examined the lice under a dissecting microscope and classified them as alive, if they displayed normal swimming behaviour and could adhere to the petri dish, or moribund/dead, otherwise (Westcott et al. 2008). 
We analysed the proportion of sea lice that survived exposure to EMB using binomial generalized linear mixed-effects models.  Each model had a continuous fixed effect for EMB concentration and a random effect for trial date that accounted for the non-independence of sea lice collected at the same site on the same day. We fit a total of 15 models that included combinations of additional fixed effects: sex (of the louse), year, sex:year interaction, year:concentration interaction and sex:concentration interaction (Table S1). We compared models using Akaike’s Information Criterion (AIC; Akaike 1973, Burnham and Anderson 2002).  Because there was no clear top model, we used model averaging to calculate predicted survival from the top models accounting for 95% of cumulative Akaike weight (Burnham and Anderson 2002; Table S2, bold) to estimate the effective concentration at which 50% mortality of L. salmonis is expected.  We performed analyses in R (R Development Core Team 2015) using the packages lme4 (Bates et al. 2014) and AICcmodavg (Mazerolle 2014). 
[bookmark: _Ref317426287]Table S 2. All models fit to survival data from EMB bioassays.
	model
	fixed effect

	
	sex
	concentration*
	year
	sex:year
	sex:concentration
	concentration:year

	1
	x
	x
	x
	x
	x
	x

	2
	x
	x
	x
	x
	x
	 

	3
	x
	x
	x
	 
	x
	x

	4
	x
	x
	x
	x
	 
	x

	5
	x
	x
	x
	x
	
	

	6
	x
	x
	x
	
	x
	

	7
	x
	x
	x
	
	
	x

	8
	x
	x
	x
	 
	 
	 

	9
	x
	x
	
	
	
	

	10
	
	x
	x
	
	
	

	11
	 
	x
	 
	 
	 
	 

	12
	x
	x
	
	
	x
	

	13
	
	x
	x
	
	
	x

	14
	
	x
	
	
	x
	

	15
	 
	x
	 
	 
	 
	x


*Emamectin benzoate concentration

Table S 3. Model selection statistics for all models fit to survival data from EMB bioassays (Table S1).
	model   
	negative 
log-likelihood
	number of  parameters
	ΔAICc
	Akaike weight
	cumulative 
Akaike weight

	14
	-125.323
	4
	0.000
	0.224
	0.224

	11
	-126.692
	3
	0.669
	0.160
	0.385

	9
	-126.111
	4
	1.575
	0.102
	0.487

	10
	-126.275
	4
	1.905
	0.086
	0.573

	12
	-125.289
	5
	2.019
	0.082
	0.655

	8
	-125.623
	5
	2.687
	0.059
	0.713

	15
	-126.691
	4
	2.736
	0.057
	0.770

	6
	-124.785
	6
	3.116
	0.047
	0.818

	13
	-126.019
	5
	3.478
	0.039
	0.857

	5
	-125.087
	6
	3.721
	0.035
	0.892

	2
	-124.043
	7
	3.755
	0.034
	0.926

	7
	-125.362
	6
	4.271
	0.026
	0.953

	3
	-124.603
	7
	4.876
	0.020
	0.972

	4
	-124.882
	7
	5.433
	0.015
	0.987

	1
	-123.949
	8
	5.710
	0.013
	1.000



[image: ]
Fig. S 12. Results of emamectin benzoate (EMB) resistance assays reported in Saksida et al. (2013) and this study.  Shown are effective concentrations of EMB at which survival of sea lice was 50% (EC50), as estimated from bioassays using pre-adult male (blue) and female (red) L. salmonis.


Temperature
[image: ]
Fig. S 13. a) Location map showing the region of the map from Fig. 3 in the main text and the location of BC lighthouses from which we obtained sea surface temperatures (Fisheries and Oceans Canada 2015), b) predictions versus observations of linear regression used to predict deviations in sea surface temperature at Pine Island, using data at the other three locations, and c) the actual (solid grey) and predicted (dotted) time series at Pine Island lighthouse, depicted as normalized deviations from the mean.

Comparison to Marine Harvest (2015) study
A study commissioned by Marine Harvest Canada[footnoteRef:1] sampled juvenile pink and/or chum salmon* from nine sites throughout the Broughton (Fig. S 14 top; yellow points), three of which were near our sites that we visited two days later (Fig. S 14 top; blue points). Marine Harvest reported that 26.1% of juvenile salmon sampled in the Broughton in June were infected with sea lice of any stage, L. salmonis or Caligus spp.. Our study found much higher prevalence - 50.9% - during the same week. However, closer examination of their data shows considerable spatial variability in prevalence, and indicates that the two studies may not be so far apart. Direct comparison of adjacent sampling sites (polygons A, B, and C on map; Fig. S 14) from this study on June 19, 2015 and the Marine Harvest report on June 17 and 18, 2015 are more comparable. Including only those Marine Harvest sites in proximity to ours (i.e., sites 15, 18 and 21), the prevalence in the Marine Harvest study is 42.7%.  [1:  The report is available at see http://bcsalmonfarmers.ca/bc-salmon-farmers-association-2016-sea-lice-report/. The specific Broughton report and associated data are posted at http://marineharvest.ca/globalassets/canada/pdf/asc-dashboard-2016/broughton-archipelago-sea-lice-2015.pdf] 


Note: in analyzing the Marine Harvest data from the Broughton report, we had to make several assumptions:
1. There were some errors in the identification of species in the Marine Harvest study, and so we pooled the data on pink and chum salmon. 
2. Marine Harvest sampled one coho salmon, but we excluded this here since we did not examine coho in our study. The one coho sampled did not have any lice, changing the overall prevalence in the Marine Harvest study to 25.9% if included. 
3. The Marine Harvest report variably states that four fish were sampled at site 6 (Brent Bay) or that those four fish were sampled at site 7 (Shelterless Bay). We report this sample as coming from site 6 (Brent Bay).

[image: ]
[bookmark: _Ref317857420][bookmark: _Ref317857439]Fig. S 14. Top: A map showing the sample sites in the Marine Harvest study in yellow and this study in blue. Areas A, B, and C show where there are corresponding sites from the two studies. Bottom: The prevalence of sea lice at sample sites from Marine Harvest on June 17 and 18 (yellow) and this study on June 19, 2105 (blue). The horizontal dotted yellow line indicates the overall prevalence of sea lice from the Marine Harvest study (26.1%), the horizontal dashed yellow line indicates the prevalence for only those sites from the Marine Harvest study that are in spatial proximity to our sites (i.e., sites 15, 18 and 21; 42.7%) and the horizontal dashed blue line indicates the prevalence on June 19, 2015 at our three sites (50.9%). Numbers on top of the bars are the number of fish sampled at that site.
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