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Abstract

The objective of this study was to estimate the impact of infestation pressures on the
abundance of the parasitic sea louse, Lepeophtheirus salmonis, in the Bay of Fundy,
New Brunswick (NB), Canada, using the Fish-iTrends database for the years 2009-
2018. Infestation pressures were calculated as time-lagged weighted averages of the
abundance of adult female (AF) sea lice within a site (internal infestation pressure: I1P)
and among sites (external infestation pressure: EIP). The EIP weights were calculated
from seaway distances among sites and a Gaussian kernel density for bandwidths of
5 to 60 km. The EIP with a bandwidth of 10 km had the best fit, as determined with
Akaike's information criterion, and historical AF sea lice abundance. This estimated
dispersal distance of 10 km was similar to previous studies in Norway, Scotland and
in New Brunswick. The infestation pressures estimated from empirical AF sea lice
abundance within and among sites significantly increased the abundance of AF sea
lice (p < .001). This study concludes that sea lice burdens within Atlantic salmon
farms in the Bay of Fundy, NB, are affected by within site management and could be

improved by synchronizing treatments between sites.
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salmon welfare by rasping mucus, skin and underlying tissue causing

the potential for increased mucus production, skin wounds (Johnson

The Atlantic salmon, Salmo salar (Linnaeus: WoRMS, 2020), aqua-
culture industry in the Bay of Fundy, New Brunswick (NB), Canada,
has been exposed to the parasitic sea louse, Lepeophtheirus salmonis
(Krgyer: WoRMS, 2020), since its early development in the 1980s
(Hogan & Trudeau, 1989) and its presence has required management
since the mid-1990s (Hogans, 1995). L. salmonis negatively affects

et al,, 2004; Tully & Nolan, 2002) and immunocompromising its
host (Fast, 2014). Moreover, sea lice have been identified as a po-
tential transmission route for the infectious salmon anaemia virus
(ISAv), which itself can cause high mortality rates in Atlantic salmon
(Nylund et al., 1993, 1994), and can be further exacerbated by sea
lice infection (Barker et al., 2019).
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Atlantic salmon producers seek to reduce sea lice abundance on
their fish to mitigate the negative effects caused by this parasite and
to keep in check the potential for adult female sea lice to reproduce.
The control of L. salmonis involves increased costs of production
due to decreased growth rate and treatment (Abolofia et al., 2017;
Costello, 2006).

Aside from industry-wide measures such as fallowing and single
year class area management, control options for sea lice include the
use of chemotherapeutic agents and non-medicinal operations (see
Overton et al., 2019, for review). The effectiveness of these treat-
ments varies with the drug or operation used, timing, method of ap-
plication, sea lice life stage, season, pretreatment abundance level
(Gautam et al., 2017b), frequency of application (Revie et al., 2005)
and potential resistance of sea lice to the drug (e.g. emamectin
benzoate [Slice®, Merck Animal Health]; Igboeli et al., 2012; Jones
et al., 2012; Westcott et al., 2008).

The Fish-iTrends is a Web-based data management system that
compiles data on sea lice and their treatments in Atlantic salmon
marine sites for the province of NB and other Atlantic provinces
(Gautam et al., 2016; additional details found in Appendix S1). This
database aggregates sea lice counts for certain life stages from all
aquaculture sites in their respective Bay Management Areas (BMA;
additional details in Chang et al., 2011).

The sea louse undergoes multiple moults in its 8 life stages (see
Johnson & Albright, 1991; updated by Hamre et al., 2013). The life
stages of note are the adult male and female sea lice, the planktonic
stages (nauplii | and Il, and copepodid), and the pre-adult stages (I
and Il). The planktonic stages are passively transported by water cur-
rents (Amundrud & Murray, 2009). Water salinity and temperature
affects the rate of development, mortality (Groner et al., 2016; Stien
et al., 2005) and attachment of each life stage (Tucker et al., 2000).
Sea lice development was more rapid at higher water tempera-
tures (Hamre et al., 2019; Stien et al., 2005), while salinities below

22 ppt reduced survival (Groner et al., 2016). Modelling of sea lice
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infestation therefore often accounts for maturation and mortality in
relation to water salinity and temperature (e.g. Revie et al., 2005).

Modelling the effective distance that planktonic sea lice travel
can be accomplished with multiple methods: physical and biophys-
ical models, and empirical methods (e.g. plankton tows in Nelson
et al., 2017). Physical models are numerical (i.e. oceanographic)
models of currents that respond to temperature, depth, wind and
other physical characteristics of the water body (e.g. Murray &
Gillibrand, 2006). The physical models can be adjusted with biologi-
cal estimates of mortality, survival and development rates of the sea
lice (e.g. Revie et al., 2005; Asplin et al., 2011, 2014).

A different approach to the estimation of dispersal distance
and the impact of sea lice among aquaculture sites is with the use
of the concept of infestation pressure. Simply, infestation pres-
sure is a measure that represents the dose of exposure of parasitic
stages of sea lice to potential fish hosts. The infestation pressure
can originate from within a site (internal infestation pressure, or IIP)
and be derived from neighbouring sites (external infestation pres-
sure, or EIP). Both sources of infestation pressure can be calculated
using several methods (e.g. Aldrin et al., 2013, 2019; Kristoffersen
et al., 2013, 2014, 2018). Cantrell et al., (2018, 2019) defined infes-
tation pressure as the density of particles representing sea lice using
a biophysical model in the Broughton Archipelago, British Columbia
(BC). Sandvik et al., (2016) defined infestation pressure on a scale of
low (0-1 louse) to high (>10 lice) resulting from a biophysical model
informed from field data. The present study, among others (e.g.
Elghafghuf et al., 2020), propose data-driven methods for the esti-
mation of infestation pressure.

Elghafghuf et al., (2020) evaluated multiple estimation ap-
proaches for infestation pressure using Fish-iTrends data from the
aquaculture sites in Grand Manan, NB (see Figure 1). Five methods
were evaluated using a multivariate autoregressive state-space
model. The IIP and EIP were calculated using the fixed lag approach

of mean reported adult female (AF) sea lice abundance with a time

FIGURE 1 The Bay of Fundy,

New Brunswick, Canada, study area
demonstrating Bay Management Areas
(BMA) and Atlantic salmon aquaculture
sites. Sites included (black circle) and
excluded (grey circle) from the final
multivariable linear mixed model

for the abundance of adult female
Lepeophtheirus salmonis. Abundances

of sea lice were not available from sites
from Maine, USA (white circle). The
locations of sites and BMA were adapted
from the New Brunswick Bay of Fundy
Marine Aquaculture sites map of 2017
(Department of Energy and Resource
Development/Agriculture, Aquaculture,
and Fisheries 2017)

10 20 km
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lag of one to four weeks (Kristoffersen et al., 2013) and other ap-
proaches (Aldrin et al., 2019; Kristoffersen et al., 2014, 2018). The
fixed lag approach had the lowest Akaike's information criterion
(AIC) for the model that included both the IIP and EIP. The authors
concluded that an EIP calculated with the abundance of sea lice
weighted by a Gaussian KDE bandwidth of 12.5 km resulted in the
lowest AIC (Elghafghuf et al., 2020).

The bandwidth of the Gaussian KDE may be taken to repre-
sent the dispersal of planktonic sea lice among neighbouring sites.
Kristoffersen et al., (2013) determined the model with the lowest
AIC had a kernel-weighted intensity of mean-reported abundance of
gravid AF sea lice adjusted with a KDE of 30 km. Other reports sug-
gest a range of dispersal distances from 7 to 200 km. The variation in
dispersal distance is the result of highly variable environmental con-
ditions such as wind (Salama et al., 2018), current speed and direc-
tion (Asplin et al., 2014), distance from shore (Penston et al., 2004),
methodology to obtain the estimate, among others.

The dispersal of sea lice, for the whole of the Bay of Fundy, NB,
has not been previously estimated. Our objective was to estimate
the impact of the IIP and EIP on the abundances of sea lice for the
Bay of Fundy, NB. This information has implication for the manage-
ment of the NB aquaculture industry as it may suggest the need for
a different BMA design for the synchronization of site production
cycles (i.e. stocking and harvesting), as well as for synchronizing
mitigation strategies among sites to maximize efficiency. The Fish-
iTrends database offers the opportunity for empirical estimation of
the maximum dispersal distance of sea lice using modelling of the IIP,

EIP and treatments.

2 | MATERIALS AND METHODS
2.1 | Study area and population

All available sea lice (L. salmonis) information from aquaculture sites
in the Bay of Fundy, New Brunswick (Figure 1), between July 2009
and November 2018, were retrieved from the Fish-iTrends data
management system and included in this study. Data consisted of
routine counts of pre-adult and adult male (PAAM) and AF (with and
without egg strings) sea lice on Atlantic salmon from several cages
at each site during their production cycle (additional details found in
Appendix S1; see Gautam et al., 2016 for detailed sampling descrip-
tion). The Bay of Fundy adjoins the state of Maine, USA (Figure 1),
and data on sea lice abundance and active sites from the Maine aqg-

uaculture industry were not available for this study.
2.2 | Selection and preparation of the
outcome and abundances

Adult female sea lice were selected as the outcome for modelling. AF

sea lice counts had lower variance than PAAM sea lice counts during
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comparison of audit technician and site staff counts, suggesting
higher repeatability of AF sea lice counts within cages (EImoslemany
et al., 2013). This is perhaps not surprising since PAAM sea lice
counts are based purely on morphology, which include two life
stages with a disproportionate sex ratio (i.e. pre-adult males and fe-
males, and adult males). In addition, AF sea lice develop more slowly
than their male counterparts (Hamre et al., 2019); therefore, the rate
of population growth is limited by this slowest life stage.

Sea lice abundances were calculated for each observation (i.e.
count date; Equation 1). The normalized counts of sea lice are the

count of sea lice divided by the number of fish with the offset of 1.

Abundance of AF (t) = In ((AF;. + 1)/no. fish) (1)

where AF is adult female sea lice for ¢ that is cage within site i and time
t (day).

Caligus elongatus and L. salmonis chalimus sea lice were also re-
corded, but were not considered suitable to be included in the mod-
elling due to their small numbers.

2.3 | Data structure

Sea lice abundances were measured at the cage level. The aquacul-
ture industry is hierarchically structured with multiple cages within
sites and multiple sites within BMAs. Regulations stipulate when
sites can stock and harvest fish within BMAs (production cycles);
therefore, cages and sites were uniquely identified according to their
specific production cycle within BMAs.

Observations (counts) occurred as repeated measurements of
sea lice throughout the production cycle. Observations were further
grouped into segments, where a segment was defined as the first
observation after a topical treatment followed by all additional ob-
servations until the following treatment within a production cycle.
This organization of observations into segments also allowed us to
account for the treatment effect on lice abundance.

A segment was limited to a single cohort of salmon, as defined by
salmon with the same fish group identifier, cage, site and production
cycle. The fish group identifier was used in the Fish-iTrends database
to follow groups of salmon that were sometimes split or moved be-
tween multiple cages during the production cycle, including at the
time of a well-boat treatment.

Descriptors for the segments included their length (the num-
ber of days from the start to the end of the segment, including the
treatment date), size (the number of observations that contribute
to the segment) and maximum gap (the largest number of days be-
tween observations of a segment). Short segments occurred when
there were multiple treatments in short succession within a cage.
Evaluation of the segments using the length, size and maximum gap
information identified segments with extreme length, size and max-
imum gap that resulted in the creation of strict inclusion criteria for

modelling.
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2.4 | Defining internal and external
infestation pressure

The internal and external infestation pressures were estimated
using a fixed lag approach, similar to Elghafghuf et al., (2020) and
Kristoffersen et al., (2013). The fixed lag is the time for AF sea
lice to produce eggs and develop into a new generation of AF and
PAAM sea lice. The lag time for PAAM sea lice abundance was set
at 28 days and for AF sea lice abundance at 21 days. These lag times
were chosen based upon a combination of a literature review, and
the estimated most rapid development at the sea temperature an-
nual maximum in the study area (15°C near Saint Andrews, NB
[World Sea Temperature, 2020]). The closest analog to our settings
was an estimated AF sea lice that contributed to the next generation
of PAAM sea lice at a neighbouring site with a lag of approximately
four weeks at water temperatures of 14°C (Aldrin et al., 2019).

The dose of exposure of infectious stages of sea lice to poten-
tial fish hosts within a site (lIP) was represented by the triangular-
weighted, 15-day average of AF and PAAM sea lice abundances
divided by the sum of the weights at a site 21 and 28 days prior
to an observation, respectively. The EIP consisted of the triangular-
weighted temporal and Gaussian KDE-weighted spatial average
abundance of AF sea lice at other sites 21 days prior to an obser-
vation (additional details found in Appendix S1). Gaussian KDE
weights used seaway distances among study sites, which were cal-
culated with the ‘gdistance’ package, version 1.3-1 (van Etten & de
Sousa, 2019) in R (R Core Team, 2020). Averages of AF and PAAM
sea lice abundances were calculated across all observations (whether
part of a segment or not) for a site, and no adjustments were made

for observations that occurred prior to and after treatments.

2.5 | Baseline abundance of adult female sea lice

The abundance of sea lice after a bath treatment was hypothesized
to be associated with the abundance of AF and PAAM sea lice prior
to the application of the treatment (Gautam et al., 2017a). Gautam
etal., (2017a) defined a treatment as the application of azamethiphos
(Salmosan® Vet, Benchmark Animal Health) or hydrogen peroxide
(Interox® Paramove® 50™, Solvay Chemicals Inc.) using a tarp enclo-
sure or well-boat. The abundance of sea lice prior to a treatment was
defined as the baseline abundance of AF sea lice and was identified
for each segment. The baseline abundance of AF sea lice was the
first observation within 7 days prior to and including the treatment
date, provided it was indicated in the database as a pretreatment
count on the treatment date; observations also had to belong to the

same cohort of salmon.

2.6 | Topical and in-feed treatments

The topical treatments at the start of a segment were assigned to all

the observations within that segment. Hydrogen peroxide (Interox®

Paramove® 50™ and Aquaparox 50™, Alpha Chemical Limited) treat-
ments were combined into a single category. Azamethiphos treat-
ments were categorized according to their method of application:
tarpaulin, skirt or well-boat.

A dichotomous variable was created to represent the applica-
tion of an in-feed treatment (emamectin benzoate, teflubenzuron
[Calicide®, Nutreco ARC Ltd], and avermectin [lvomec®, Boehringer
Ingelheim, and Noromectin®, Norbrook Laboratories Ltd.]) for a
group of fish (i.e. cage level) prior to the start of a segment: present
(1) and absent (0).

2.7 | Surface sea temperature

The UKMO OSTIA SST product (UK Met Office, 2005) was utilized
for the sea surface temperature (hereafter, temperature) of the study
area. This remote sensing product was selected instead of the in
situ temperature measurements to avoid missing values and incon-
sistencies in measuring technique. Thakur et al., (2018) found that
the UKMO OSTIA SST product had the highest concordance cor-
relation coefficient and index of agreement compared to measure-
ments of temperature taken on aquaculture sites in the Broughton
Archipelago between 2003 and 2016.

Daily temperature values were extracted for the duration of the
study for the centroid location of each aquaculture site polygon uti-
lizing the ‘raster’ package, version 3.0-12 (Hijmans et al., 2019) in
R. The spatial resolution was 1/20 degrees, which is approximately
6 km at the 45 degree latitude of the Bay of Fundy, NB; sites that

occupied the same temperature grid shared temperature values.

2.8 | Modelling
2.8.1 | Inclusion criteria

Segment inclusion for modelling was strict. Segment length was con-
strained to 5 and 300 days, inclusive. Segment size was constrained
to three and 20 observations, inclusive. Segments with a large gap
between observations (greater than and equal to 90 days) were ex-
cluded. The BMAs 5 and 6 were not included in the modelling of the
outcome as the BMA 5 is a conservation area for wild salmon and
BMA 6 is for species other than Atlantic salmon. Moreover, there
were no segments in the BMA 6 and only 4 segments with 13 obser-
vations in the BMA 5. A sensitivity analysis was performed to evalu-
ate the effect of the strict inclusion criteria on the model (additional

details found in Appendix S1).

2.8.2 | Multivariate linear mixed model

A multilevel mixed-effects linear regression (Pinheiro & Bates, 2000)
was used to model the abundance of AF sea lice. The mixed-effects

model is robust, improves the estimation of standard errors where
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there is clustering of the outcome and allows the assignment of an
error correlation structure. Random effects included the site cycle,
cage cycle and segments. BMA was set as a fixed effect.

Models were fit with the restricted maximum likelihood esti-
mation unless nested models were compared. The AIC was used
to compare models with different residual correlation structure,
different random effects levels and the EIP with different band-
widths. The final model was utilized to compare the EIP calculated
with bandwidths of 5-60 km. The model was fit with an exponential
correlation structure to the errors, stratified by three temperature
profiles (low = 3-7°C, medium = 8-19°C and high = 12-16°C). The
exponential correlation structure was selected to account for non-
uniform time gaps between observations.

The model assumptions of linearity, homogeneity of variance
and normality of residuals were assessed graphically for each level of
the hierarchy (additional details found in Appendix S1). The linearity
of temperature effects was evaluated using locally weighted scat-
terplot smoothing (LOWESS) plots of the outcome against the tem-
perature for each treatment. A quadratic regression and fractional
polynomial regression were used to evaluate other transformations
of the interaction term that could improve the model fit.

The effect of the loss of observations with the inclusion of
the baseline . predictor was evaluated (additional details found in
Appendix S1). The predicted temperatures for each treatment were
calculated for the BMA 1 at the median values (in brackets) of IIP,,
(1.5), Py pp (2.0), EIP, at 10 km (0.3) and baseline, ¢ (2.3).

All analyses, unless otherwise specified, were carried out in
Stata® (2019, StataCorp), and statistical significance was set at
p <.050.

3 | RESULTS

3.1 | Descriptive statistics of the observations
modelled

There was a total of 11,658 observations and 2,398 segments
included in the final multivariable linear mixed model for the

TABLE 1 Number of observations and
segments per hierarchical level
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abundance of AF sea lice in Atlantic salmon sites in the Bay of Fundy
between 2009 and 2018. Segments had on average 8.3 observations
across an average of 70.2 days. The BMA 1, 2A, 2B, 3A, 3B and 3C
were included and had an average of 1,943.0 observations per group
and 400.0 segments per group (Table 1). Observations were most
frequent in the BMA 1 and 2A (48.1% and 28.9%, respectively). The
most frequent observations were found in the highest temperature
category (12-16°C), followed by the middle (8-11°C), and lowest cat-
egories (3-7°C; Table 2). A total of 62 sites produced 114 site cycles;
28 sites (45.2%) had a single production cycle, 19 sites (30.7%) had
2, 12 sites (19.4%) had 3, and 3 sites (4.8%) had 4 production cy-
cles. There was a total of 685 cages that produced a total of 1,001
cage-cycles.

The normalized count of AF sea lice (AF count divided by the
number of fish counted and offset by 1) was strongly right skewed.
Therefore, these observations were log-transformed to obtain the
abundance of AF sea lice (Equation 1). The abundance of AF sea lice
(i.e. outcome [Equation 1]) had a mean of 1.20 (SD 1.52). The IIP,,
and EIP,. had means of 1.15 (SD 1.34) and 0.28 (SD 0.36), respec-
tively (Table 3). The baseline, had mean was 1.84 (SD 1.44). The
IIPo Ay Was 1.96 (SD 1.20). The inclusion of baseline ,¢ as a predictor
in the model resulted in the loss of 6,104 observations and 1,325
segments. The average EIP,. with a bandwidth of 10 km was 0.28
(SD 0.36). The range of seaway distances among the centroid loca-
tions of sites in our study area was 0.4 to 79.2 km. The median sea-
way distance for the modelled sites was 26.1 km.

Azamethiphos was applied the most frequently (n_, . = 7,021,
Neeg = 1,491) of all the treatments (Figure 2). The tarpaulin method

obs

of application was the most common method of application for
= 5,491, Neeg = 1,228). The Hydrolicer® use
obs = 98,
Ny = 12). Treatments were applied differently within the study
area. Deltamethrin (Alpha Max®) was applied in the BMA 1 and 2a
and only prior to 2012 (when it was available for emergency use).
The Hydrolicer® (Hydrolicer Production AS) was utilized in the BMA
3A and 3B. Azamethiphos, warm water and hydrogen peroxide

azamethiphos (n_,.

was started in 2018 and had the fewest applications (n

treatments were applied in most of the BMAs at some point during
the study period. The choice of treatments varied by temperature,

Observations per group Segments per group

Group var. No. groups Min. Mean Max. Min. Mean Max.
BMA 6 86 1,943.0 5,609 18 400.0 1,173
Site 62 6 356.5 698 1 38.7 178
Site-cycle? 114 1 102.3 418 1 21.0 121
Cage 685 1 17.0 80 1 3.5 17
Cage-cycle® 1,001 1 11.6 53 1 2.4 11
Segment?® 2,398 1 4.9 19 n/a n/a n/a

Note: n = 11,658, n/a = not applicable.

?Nested groups of the final multivariable linear mixed model for the abundance of adult female
Lepeophtheirus salmonis with an external infestation pressure weighted with a kernel density
estimate that had a bandwidth of 10 km.
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TABLE 2 Number of observations (number of segments)
categorized by the Bay Management Areas (BMA) and three
temperature profiles (temp. cat.)

BMA\Temp. cat. 3-7°C 8-11°C 12-16°C Total BMA
1 422 2,384 2,803 5,609
(89) (461) (623) (1,173)
2A 235 1,064 2,072 3,371 (679)
(33) (174) (472)
2B 108 209 249 (50) 566 (115)
(25) (40)
3A 126 258(52) 594 (127) 978(212)
(33)
3B 202 506 340 (60) 1,048
(39) (102) (201)
3C 0(0) 0(0) 86 (18) 86 (18)
Total temp. cat. 1,093 4,421 6,144 11,658
(219) (829) (1,350) (2,398)

where deltamethrin and the Hydrolicer® treatments were applied
at higher temperatures (range 8.8-15.1°C and 11.2-15.6°C, respec-
tively) compared to other treatments (range 1.8-16.2°C). The mean
normalized count of AF sea lice after hydrogen peroxide treatments
at each temperature was lower than the mean normalized count of
AF sea lice for other treatments.

The application of an in-feed treatment prior to a segment oc-
= 2,053). The mean

abundance of AF sea lice after topical treatment was not significantly

curred for most of the modelled segments (nseg
different following the application of in-feed treatment (t = -0.66,
p =.509).

3.2 | Final model

The final multilevel mixed-effects linear regression model included
the variables 1IP,., IIPp, o\, EIP,e weighted with a KDE bandwidth
of 10 km, baseline,, BMAs, temperature and treatments, and their
interaction (Table 4). It had site cycle, cage cycle, and segment ran-
dom effects with an exponential correlation structure to the er-
rors, stratified by three temperature profiles. The in-feed treatment
dichotomous variable was non-significant (coefficient = -0.092,
p = .179) and was not retained in the final model. No violations of
model assumptions of linearity, homoscedasticity and normality

were observed.

3.3 | Fixed effects
3.3.1 | Internal and external infestation pressures
The 1IP,¢ and 1P, A\, Were significant predictors in the final model

(both p < .001). An increase of the IIP, by one unit affected the

abundance of AF sea lice by a factor of 1.207 (i.e. a relative increase

of 20.7%) when other predictors remained constant. Similarly, a
one unit increase in the 1P, 5\, resulted in a relative increase of the
abundance of AF sea lice by 11.0%.

The EIP,. with a KDE bandwidth of 10 km was a significant pre-
dictor for the outcome (p < .001). The predictor remained significant
at p < .001 for KDE bandwidths of 5-60 km. The coefficient of the
EIP, had a bimodal distribution with increasing KDE bandwidths; a
peak occurred at the 13 km bandwidth (Figure 3 [range for 40-60 km
not displayed in graph]). The estimated coefficient was smallest at a
bandwidth of 5 km and had a second nadir at 25 km. The model fit
with the EIP, weighted with a KDE with a 10 km bandwidth had the
lowest AIC. The AIC decreased with KDE bandwidths of 5 to 9 km
with a range of AAIC of 0.4 to 24.8. The AAIC increased to 51.0 at
40 km. The abundance of AF sea lice increased by 61.2% for every
increase of one unit of the EIP,. 10 km predictor when other predic-

tors remained constant.

3.3.2 | Baseline abundances of AF sea lice

The baseline,, was a significant predictor in the final model
(p < .001). A one unit increase in the baseline,; resulted in an in-
crease of 33.3% of the AF sea lice abundance when other predictors

remained constant.

3.3.3 | Temperature, treatments and their interaction

Treatments and the treatment-temperature interaction were
significant predictors in the final model (Wald Chi-square tests,
p <.001). A quadratic regression and polynomial regression of tem-
perature with default powers and two dimensions did not provide
an improvement to the linear treatment-temperature interaction.
The association between the abundance of AF sea lice and tem-
perature was linear for most treatments; the azamethiphos applied
by skirt and warm water by well-boat treatments had a slight curve,
while the azamethiphos applied by tarpaulin had a stronger curving
trend line.

The abundance of AF sea lice decreased with increasing tem-
perature for the treatments deltamethrin, and azamethiphos applied
by tarpaulin and well-boat as demonstrated in Figure 4 using median
values for the average abundances of AF sea lice in BMA 1. With
the same reference values, the estimated abundance of AF sea lice
increased with increasing temperature for the treatments azamethi-
phos applied by skirt, warm water and hydrogen peroxide.

At the median temperature (11.7°C), deltamethrin, azamethip-
hos by well-boat, warm water and hydrogen peroxide treatments
were estimated to decrease AF sea lice abundances by 4.0%, 34.8%,
38.0%, and 28.5%, respectively (data not shown; snapshot of data
from Figure 4). The application of azamethiphos by skirt resulted in
an increased of the abundance of AF sea lice by 46.2% at the median

temperature.
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TABLE 3 Descriptive statistics for the variables potentially predicting the outcome variable of the abundance of adult female (AF)
Lepeophtheirus salmonis sea lice

Mean (SD) abundance of AF sea

Variable Variable description Mean (SD) lice after treatment AIC
1IP,¢ Temporal weighted average abundance of AF sea  1.15(1.34) 31,511
lice with 21 day time lag
IPpaam Temporal weighted average abundance of PAAM 1.96 (1.20) 32,094
with 28 day time lag
EIP,; Temporal and KDE spatial weighted average 0.28 (0.36) 31,852
abundance of AF sea lice with 21 day time lag
Baseline Abundance of AF sea lice within and including 1.84 (1.44) 31,327
7 days prior to topical treatment
Temperature Sea surface temperature from UKMO OSTIA 11.34 (2.49) 32,374
product (°C)
Treatment Topical treatment that was applied at the start of
a segment
Azamethiphos 1.90(1.29) 32,479
Tarpaulin
Azamethiphos Skirt 1.51 (1.64)
Azamethiphos 0.84 (1.69)
Well-boat
Deltamethrin 1.80(1.07)
Treatment
Warm water 1.31(1.27)
Hydrolicer® 2.43(0.94)
Hydrogen peroxide 0.78 (1.39)
In-feed treatment Emamectin benzoate or avermectin was applied
to a cage prior to the start of a segment
No 1.18 (1.67) 32,483
Yes 1.20(1.43)

Note: Results of the univariate linear mixed model are summarized by the Akaike's information criterion (AIC; null model AIC = 32,486). SD: standard
deviation; IIP: internal infestation pressure; PAAM: pre-adult and adult male sea lice; EIP: external infestation pressure; n = 11,658.

3.3.4 | Bay management areas

The BMAs were non-significant in the final model (Wald Chi-square
test, p = .108). The univariate linear mixed model with the BMAs
produced an AIC of 32,478, which was slightly smaller than the null
model AIC of 32,486. The BMAs were retained as a fixed effect in
the final model as a potential cofounder.

3.4 | Random effects

The site-cycle random effect had a variance of 0.14 (95% confidence
interval [CI] 0.10-0.21). The variances of the cage-cycle and random
effects were near zero. The residual variances accounted for 80.0
to 91.6% of the total variance in the final model. The intraclass cor-
relation coefficient (ICC) for 2 observations in the same site-cycle
was between 0.09 and 0.20. The autocorrelation of the errors was
between 0.92 and 0.94 per day difference.

4 | DISCUSSION

4.1 | Contributions of internal and external
infestation pressure

This study had the objective to estimate the impact of the infesta-
tion pressures on the abundances of sea lice for the Atlantic salmon
aquaculture sites of the Bay of Fundy, NB. The estimated infestation
pressures had a significant impact on the abundance of AF for the
NB aquaculture sites.

The model estimated the EIP had a dispersal distance of AF
abundance of 10 km for the NB aquaculture sites using empirical
evidence. This displacement distance is near the extrapolated 8 km
proposed by Nelson et al., (2017) based on approximate mean flow
rates of 10 cm/s around sites. This result was similar to previously
reported estimates from Norway (Aldrin et al.,, 2013), Scotland
(Amundrud & Murray, 2009; Gillibrand & Willis, 2007; Murray &
Gillibrand, 2006) and Grand Manan (Elghafghuf et al., 2020). Other



PARENT ET AL.

1978 Wl L EY% Journal of \

Fish Diseases # ¥~

o
@
] &
A Al ®
A
@ |
- o
% 3
F o
%S o
o I5)
c
8 e . Q
-
et <
@
5 o
2 53
=3 F o
3] Q
< « A @
~ A
a A
Aard
&
o LS
- T T T T T Q
5]
0 10 20 30 40

KDE bandwidth (km)

"—! 95 % Cl e Estimated coefficient for EIP A AlC

FIGURE 2 Boxplots of the mean normalized count of adult
female (AF) Lepeophtheirus salmonis sea lice after treatment

(AF count divided by the number of fish counted and offset

by 1) included in the final multivariable linear mixed model

with an external infestation pressure weighted with a kernel
density estimate that had a bandwidth of 10 km. Counts were
categorized by treatment (D: deltamethrin, AT: azamethiphos
tarpaulin, AS: azamethiphos skirt, AW: azamethiphos well-boat,
WW: warm water, Hy: Hydrolicer® and HP: hydrogen peroxide)
and temperature profiles (L: 3-7°C, M: 8-11°C and H: 12-16°C).
n=11,658

studies estimated larger dispersal distances between 20 and 30 km
(Krkosek et al., 2005; Asplin et al.,, 2011, 2014; Kristoffersen
et al., 2013; Salama et al., 2013, 2016; Aldrin et al., 2019). The vari-
ability in the estimate of the EIP is likely a response to differing envi-
ronments and modelling approaches. Water current characteristics,
for example, are drastically different in Scotland (Murray et al., 2011)
and NB, and likely have a large effect on the dispersal distance es-
timated. Modelling approaches likely also affect the estimate of the
EIP; Aldrin et al. (2013), Aldrin et al. (2019) estimated 10 km and
20-30 km for two Norwegian rivers using different models with data
from the Norwegian aquaculture industry.

The infestation pressure within sites (standardized estimated
coefficient [IP,.: 0.165, 95% ClI 0.137-0.192) was an important pre-
dictor in the model. Our estimated IIP was larger than the estimate
of zero for Grand Manan produced in the state-space model by
Elghafghuf et al., (2020). This difference in IIP may be due to the
transition matrix of the state-space model accounting for the devel-
opment of PAAM to AF.

The 1P\, Standardized coefficient (0.075, 95% CI 0.054-
0.096) was smaller than the other two estimated infestation pres-
sures. This suggested the count of PAAM sea lice is not as important
in estimating the abundance of AF sea lice. One reason may be that
PAAM sea lice is a combination of adult males, and pre-adult that
will mature into female and male in an approximate 1:1 ratio (Hamre
etal., 2019).

The standardized estimated coefficient of the EIP,, (0.114, 95%
Cl 0.089-0.138) was smaller than the standardized coefficient of the
IIP,, but not the 1P, 5\, The larger impact of the [IP compared to the

EIP in this model may be associated with the length of time necessary
to complete topical treatments at a site. Nelson et al., (2017) captured
planktonic lice at higher concentrations near farms and posited sites
amplify sea lice densities, and planktonic lice are rapidly displaced
from sites, but concentrate in proximity to the originating sites. Aldrin
et al.,, (2013) estimated the IIP of lice abundance was larger than the
EIP. Based on hydrodynamic models, Adams et al., (2012) noted a
higher rate of self-infestation compared to external infestation and
concluded self-infestation may result in positive feedback, meaning
that the population of sea lice on the site would increase over time
because of the reproductive output of AF sea lice. Conversely, EIP
was greater than IIP for Grand Manan (Elghafghuf et al., 2020) and
Chile (Kristoffersen et al., 2013). These authors had multiple hypothe-
ses for the larger effect of the EIP compared to the IIP: asynchronous
treatments, better treatment effectiveness against adults compared
to the juvenile life stages (Elghafghuf et al., 2018, 2020), flushing out
of the planktonic life stages prior to the infestation of that site and
improved management of sea lice infestation at their site compared
to the infestation at their neighbours’ sites. The methodology for es-
timation of IIP, EIP, environmental characteristics, sea lice densities
and management, and aquaculture industry may all contribute to the
differences in the effects of the EIP compared to the IIP.

Another source of variation in the estimates of infestation pres-
sures are the lag times. In this study, the infestation pressures were
defined by fixed lag times of 21 (AF) and 28 days (PAAM) to produce
the outcome of the abundance of AF. Elghafghuf et al., (2020) found
that a fixed lag of three weeks produced the best model fit for the
outcome of the abundance of PAAM. In other studies (e.g. Aldrin
etal., 2017, 2019), lags of approximately three to four weeks resulted
in infestation at neighbouring sites. This lag suggests planktonic lice
removed from a site by currents disperse at a low concentration
(Nelson et al., 2017). During the approximate three to four weeks
dispersal, the nauplii (I and ) lice develop into the copepodid prior to
the encounter with a neighbouring site. The effect of lag time on the
infestation pressures is unknown and should be evaluated in future
sensitivity studies.

The standardized coefficient of the baseline,; (0.272, 95% ClI
0.241-0.304) was larger than that of the infestation pressures. This
was a surprising finding and suggests the infestation pressure within
sites is more important for mitigation of sea lice compared to the in-
festation pressure originating from other sites. We hypothesize the
effect is larger than the estimated infestation pressures because the
baseline, is the abundance prior to treatment and not an average of
abundances over a 15-day window as for the [IP,, IIPp, .y and EIP ..

These estimates of the internal and external infestation pressures
for the Bay of Fundy, NB, have implications for the management of
sites. The larger IIP compared to EIP suggests that improvement of
mitigation strategies for within site control of sea lice has the poten-
tial to decrease the IIP, which contributes to maintaining the infes-
tation within a site (Aldrin et al., 2013). The EIP of 10 km suggests
that neighbouring sites within 10 km should apply synchronous treat-
ments. This implies that the majority of sites in the Bay of Fundy, NB,

need to have the common goal for sea lice treatment timing because
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TABLE 4 Multivariable linear mixed

model for the abundance of adult female Variable
(AF) Lepeophtheirus salmonis sea lice with IIP,e
an external infestation pressure weighted 1P
. . . PAAM
with a kernel density estimate that had a EIP
bandwidth of 10 km AF
Baseline ¢

Temperature (°C)

Treatment

Azamethiphos Tarpaulin

Azamethiphos Skirt

Azamethiphos Well-boat

Deltamethrin
Warm water
Hydrolicer®

Hydrogen peroxide
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Treatment-Temperature interaction

Azamethiphos Tarpaulin x Temp
Azamethiphos Skirt x Temp
Azamethiphos Well-boat x Temp

Deltamethrin x Temp

Temperature-treatment interaction

Warm water x Temp
Hydrolicer® x Temp

Hydrogen peroxide x Temp

BMA
1
2A
2B
3A
3B
3C

Constant

Coefficient 95% Confidence interval  p-value
0.188 0.156, 0.219 <.001
0.095 0.069,0.121 <.001
0.478 0.374,0.581 <.001
0.287 0.254,0.320 <.001
-0.111 -0.126, -0.096 <.001
Baseline <.001
-1.966 -2.624,-1.307

-1.492 -2.066, -0.919

-0.953 -3.573,1.668

-3.074 -3.630, -2.517

0.932 -3.564, 5.427

-2.134 -2.387,-1.881

Baseline <.001
0.200 0.149,0.252

0.091 0.042,0.139

0.078 -0.141,0.297

0.222 0.176,0.267

-0.020 -0.363,0.323

0.154 0.131,0.176

Baseline .108
-0.015 -0.230, 0.200

-0.269 -0.571,0.033

0.269 -0.043,0.581

-0.005 -0.257,0.247

-0.494 -1.196,0.208

1.521 1.284,1.758

Note: Temperature: sea surface temperature; lIP: internal infestation pressure; EIP: external
infestation pressure; PAAM: pre-adult and adult male sea lice; n = 11,658.

more than 75% of sites had less than 1 km seaway distance from their
nearest neighbour (Chang et al., 2011). The limited number of well-
boats and tarpaulin systems presents a logistical constraint to syn-
chronizing the treatments of entire sites in tandem; in-feed sea lice
treatments are a potential method for the synchronized treatment
of sea lice at multiple sites that avoids the requirement for additional
equipment purchases. The EIP also has implications for the stocking
of sites after fallowing and shortly after treatments because under
these scenarios the sites have low to no abundances of sea lice (Aldrin
et al., 2013; Kristoffersen et al., 2013, 2014).

4.2 | Treatments and temperature

Temperature had a significant effect on sea lice abundance.

Temperature is an important controlling factor for sea lice as

demonstrated under laboratory (Hamre et al., 2019), simulation and
modelling (Revie et al., 2005; Stien et al., 2005; Stucchi et al., 2011),
and field conditions (Samsing et al., 2016). The time spent in each
life stage was observed to decrease with increasing temperature
(Samsing et al., 2016; Stien et al., 2005). Samsing et al., (2016) ob-
served that the proportion of copepodids that successfully attached
out of the total number of copepodids in the suspension (infestation
success) was highest at 10°C compared to 5°C and 20°C.

The effects of temperature on the outcome varied by treat-
ment. There are multiple contributing factors to this association:
the treatment dosage and exposure time, method of application and
efficacy. Sea lice treatments are prescribed within an acceptable
range of dosage and exposure time (Burridge et al., 2010). For ex-
ample, hydrogen peroxide prescription guidelines are for application
between 8 and 13°C (Overton et al., 2017, 2019); at low tempera-

tures, there is poor treatment efficacy (Treasurer et al., 2000); and
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FIGURE 4 Estimated exponentiated coefficient and 95%
confidence interval (Cl) for the external infestation pressure (EIP)
predictor weighted with a Gaussian kernel density estimate (KDE)
and the Akaike's information criterion (AIC) reported from the
multivariable linear mixed model for the abundance of adult female
(AF) Lepeophtheirus salmonis sea lice where the bandwidth of the
KDE was increased from 5 to 40 km. Scale is the mean normalized
count of AF sea lice after treatment (AF count divided by the
number of fish counted and offset by 1)

at high temperatures, there is potential for high salmon mortality
(Thomassen, 1993). Between 8 and 13°C, the dosage of hydrogen
peroxide needed to achieve similar efficacy decreases with increas-
ing water temperature (Overton et al., 2017, 2019).

We found that the effect of hydrogen peroxide treatments was

diminished with increasing temperature. Perhaps the exposure time

was shortened for the application of hydrogen peroxide treatments
at higher water temperatures, resulting in decreased activity time
on the sea lice and thus reduced effectiveness of this treatment. An
alternative, proposed by Overton et al., (2017), was to apply hydro-
gen peroxide treatment to salmon pumped from cages into the well-
boat that contains cold sea water chilled on the boat or sourced from
greater depths or a land-based facility.

The abundance of AF sea lice was decreased after warm water
treatment, but this effect was diminished with increasing tempera-
tures. This finding may be due to the acclimation of the sea louse to
temperature change stress. Under laboratory settings, nauplii were
demonstrated to adapt to a temperature rise of 20°C after acclima-
tion at 10°C (Borchel et al., 2018). The ability to survive a drastic rise
in temperature was dependent on the acclimation temperature as
demonstrated with the water flea, Daphnia pulex (Leydig; Williams
et al, 2012).

The method of application influenced the treatment response on
the abundance of AF sea lice. Azamethiphos by skirt resulted in an
increase of the abundance of AF sea lice as compared to the tarpau-
lin and well-boat methods of application for all temperatures. We
suggest that the skirt provided poor control of the treatment com-
pared to the other 2 methods of application. The skirt application
method involved enclosing only the sides of a cage while keeping
the bottom open and stopped being used in the region by 2013. The
tarpaulin and well-boat methods provide complete enclosure of the
water used for treatment, and since 2013 have been the only avail-
able methods to administer azamethiphos.

The predictor of in-feed treatment applied prior to a segment
was non-significant in the final model. We anticipate the effect
was minimal because in-feed treatments were frequently applied,
and there may be resistance to the in-feed treatments (e.g. Jones
et al., 2013; Whyte et al., 2013) reducing the impact of the variable
in the model. Additionally, this predictor was particularly prone to
information bias, where treatment durations may not have over-
lapped very well with segment lengths. Specifically, segments may
have been mislabelled if the duration of the application of in-feed
treatment extended only a few days into the segment and the half-
life of the chemotherapeutic agent was shorter than the length of
the segment. In-feed treatments do not have an immediate sea lice
response and have a much longer duration of impact making them
more difficult to assess independently of the other factors. Proper
evaluation of in-feed treatments would require a different modelling
approach than was used in this study.

4.3 | Hierarchical levels

The BMA are a unique example of zonal health management and
were retained in the model despite being a non-significant predictor.
This finding may imply that the BMA boundaries are not optimally
effective for the management of L. salmonis; importantly, the BMA
were designed for the management of ISAv and not specifically for
sea lice (Chang et al., 2011).
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Most of the variance in the abundance of AF sea lice occurred
at the residual level; the variance was strongly temperature depen-
dent. The estimated ICC for cage-cycle were much lower than the
ICC estimated from another study in our study area. ElImoslemany
et al.,, (2013) reported clustering of cages within sites with ICC val-
ues of 0.60 for AF and 0.78 for PAAM sea lice counts reported in
2011. This discrepancy may be due to the exclusion of treatments
and the use of segments. Elmoslemany et al., (2013) excluded treat-
ments as a variable in the analyses; this would increase the variability
explained at the cage level. Our analysis included segments as a hi-
erarchical level within cage-cycles. The inclusion of segments would

reduce cage level clustering.

4.4 | Study design and limitations
441 | Study design

This was a retrospective cohort study that utilized complex histori-
cal data with integral hierarchical structures. The linear mixed model
was selected because it is well adapted to these types of data. The
model allowed for estimation of infestation pressures in the Bay of
Fundy, NB, using the Fish-iTrends database.

The EIP was estimated from seaway distances between sites.
Ideally, the dispersion of sea lice that contribute to the estimated EIP
should be validated using sentinel cages (Salama et al., 2013; Sandvik
et al., 2016). However, there may be discrepancies between abun-
dances of sea lice measured at sites and from sentinel cages (Salama
et al., 2018). Alternatively, investigating the genetic parentage of
individual sea lice could improve the knowledge of lice dispersion
locally (Cantrell et al., 2020).

The EIP can also be estimated from hydrodynamic models.
Therefore, future research with these data will estimate the EIP using
an updated hydrodynamic model for the Bay of Fundy, NB. Multiple
estimates of the EIP will be generated for different scenarios such as
storm events with high winds and annual freshwater input second-
ary to snow and ice melting (i.e. spring freshet) using methods similar
to Filgueira et al., (2012). The EIP will be estimated from matrices of
averaged volumetric water exchange for each link of the finite ele-

ment grid of the hydrodynamic model (Filgueira et al., 2012).

4.4.2 | Limitations

The final model estimated the coefficients for the IIP and EIP that
are averages in time and space. The infestation pressures were es-
timated for many of the sites in the Bay of Fundy, NB, for the years
2009 to 2018. The application of different methods to the dataset
may reveal variability in the impact of infestation pressures esti-
mated (e.g. Cantrell et al., 2019; Kristoffersen et al., 2014).

The estimates of infestation pressure from this study demon-
strated the potential for larval infestation. The fixed lag approach

to the estimates of infestation pressure means that the biological
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effects of temperature cannot be separated from salinity. We know
from previous studies that low salinity increases sea lice mortality
rates and higher temperatures increase sea lice development rates
(Groner et al., 2016; Stien et al., 2005). Due to high tidal exchanges,
salinity in this area of the Bay of Fundy, NB, does not vary greatly
and remains near the optimal salinity (30 PSU; Chang et al., 2011;
Page et al., 2015) for sea lice development and infestation (Arriagada
etal., 2016; Bricknell et al., 2006). Therefore, a quantitative life cycle
approach could be applied (Kristoffersen et al., 2014) to evaluate
the rates of development and mortality in the light of temperature
variation in our study area. However, Elghafghuf et al., (2020) found
that the quantitative life cycle approach did not perform better com-
pared the fixed lag approach.

The fixed lag approach can be utilized to evaluate the effects
of temperature variation, and other environmental parameters such
as weather and wind when combined with hydrodynamic modelling.
Hydrodynamic models will inform the estimates of the EIP, and these
effects will be evaluated in future studies. The model was limited
to the available data in Fish-iTrends. There were no data from the
neighbouring Maine Atlantic salmon aquaculture sites in the Bay
of Fundy. There were no records of the spatial and temporal distri-
bution of cages within sites, and the number of salmon stocked in
cages. A sensitivity analysis evaluated a range of 270-840 thousand
stocked fish and found little change in the estimated coefficients for
the 1IP and EIP (Elghafghuf et al., 2020). Kristoffersen et al., (2014)
concluded that the EIP was proportional to the abundance of salmon
at neighbouring sites. Therefore, the Fish-iTrends database would
improve its usefulness for infestation pressure investigations if
stocking densities and fish biomass were included.

This model cannot characterize the movement of sea lice in and
out of sites (influx and outflux) as performed by other researchers
(Adams et al., 2012; Cantrell et al., 2018). Data on the interactions
between sites as performed with hydrodynamic connectivity studies
may provide useful information in conjunction to the findings in this
study.

Inherent to this retrospective cohort study is potential for
misclassification and selection bias, and measurement error.
Misclassification bias would occur when site staff counters re-
corded no sea lice (nobs = 733) when the fish was actually infested.
Measurement errors would occur due to the variability of site staff
counter experience (Elmoslemany et al., 2013). Measurement error
may be most likely to occur with larger numbers of sea lice on a fish
(Aldrin et al., 2013). Measurement error may be present in the UKMO
sea surface temperature remote sensing product as proximity to land
may result in temperature contamination of the temperature at low
resolutions. There is also the possibility for selection bias due to non-
random sampling of salmon (Gautam et al., 2016) and the use of the
baseline, predictor in the model. The baseline, reduced the total
number of observations and was evaluated further in a small sensitiv-
ity study (additional details found in Appendix S1). We expect these
biases and errors to be homogeneous across the study period and
area. Furthermore, we expect the presence of any biases or errors in

our model to move the effects towards the null hypothesis.
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5 | CONCLUSIONS

Our objective is to estimate the impact of the infestation pressures
on the abundances of L. salmonis sea lice for the Bay of Fundy, NB.
The abundance of AF sea lice was modelled using a multivariable lin-
ear mixed model to obtain estimates of the IIP and EIP using the Fish-
iTrends database. The effect of the IIP and EIP on the abundances of
AF was significant in the final model. The EIP with a Gaussian KDE
bandwidth of 10 km had the lowest AIC and represents the disper-
sal distance for infestation of a neighbouring site, which is consist-
ent with previous findings in regional and global areas with salmon
aquaculture. Future research will focus on improving the estimate
of the EIP with hydrodynamic data and evaluating the infestation
pressures under different scenarios. We conclude from this study
that site management of sea lice has its greatest impact on the site
in question and synchronizing treatments between sites remains an
important component of overall success in controlling sea lice at fish

farms in Bay of Fundy.
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