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The expansion of aquaculture is resulting in sites being installed over a diversity

of substrate types, leading to different potential chemotherapeutant degradation

scenarios. There is little to no information on the biodegradation and/or persistence of

chemotherapeutants at hard-bottom dominated aquaculture sites having little natural

sediment. In this study, we measured organic matter (OM) content and concentrations

of chemicals linked to finfish aquaculture activities (trace elements, antibiotics and

parasiticides) in flocculent matter samples collected close to cages at a site fallowed

for 2 years and at an active site, the latter being indicative of flocculent chemical

signature during production. Our results show persistence of flocculent matter after 2

years of fallow. The chemical signature of the samples confirms that Cu, Zn, Ca, and P,

present around fish cages, are direct markers of aquaculture wastes. Persistence of two

pyrethroids, one avermectin, and one antibiotic in grab samples show a potentially lasting

association between these chemicals and the OM from fish feed and wastes, even after

2 years. Overall, the concentrations measured do not indicate a direct lethal toxicity on

marine organisms (as per studies described in literature) except for Zn. Nevertheless, the

long-term persistence of a flocculent mixture rich in chemicals and the lack of information

on sublethal and synergistic effects on hard-bottom communities calls for caution and

additional studies.
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INTRODUCTION

Chemicals released from finfish aquaculture sites include cage antifoulants and disinfectants, as
well as anasthetics and compounds used to treat diseases (chemotherapeutants) such as antibiotics
and parasiticides. These compounds can accumulate in sediments, affect the diversity and fitness
of the local biota (i.e., non-target organisms), and promote antibiotic resistance in microbes
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(Burridge et al., 2010; White et al., 2016). Effects of aquaculture-
derived chemotherapeutants on non-target organisms depend
on their dissipation and degradation following release (Benskin
et al., 2016). In sediments, chemotherapeutants may undergo
chemically or biologically-mediated transformation, but co-
exposure to pesticides, antibiotics and/or trace metals used in
aquaculture may hinder their bacterial transformation leading
to increased persistence in sediments (Benskin et al., 2016). For
parasiticides such as pyrethroids (and likely other compounds
as well), degradation rates depend on several factors, including
temperature, light, pH, organic matter (OM) content, and
oxygen availability (Farghaly et al., 2013), which affect the
half-life of these substances (Benskin et al., 2016). Research
on the accumulation and degradation of chemotherapeutants
in sediments around aquaculture sites is needed to evaluate
dissipation rates (Benskin et al., 2016) and assess the potential for
adverse effects to benthic invertebrates (Van Geest et al., 2014). In
particular, the expansion of aquaculture in countries like Canada,
Norway, and New Zealand is resulting in sites being installed
over a diversity of substrate types such as hard-bottom leading
to different potential chemotherapeutant degradation scenarios.

Along the South Coast of Newfoundland (NL), Canada,
most salmonid farms are located in deep bays or fjords,
where predominantly hard bottom substrates (bedrock, rock or
cobble) contain localized depositional areas in protected seafloor
depressions (e.g., Anderson et al., 2005; Hamoutene et al., 2014).
Depth and bathymetry determine the location of patches of
fine-grained natural deposits (Anderson et al., 2005). Deposition
and resuspension are episodic and mostly driven by wind or
sporadic winter storms, current speed being generally low above
the seafloor (Schwinghamer et al., 1994; Salcedo-Castro and
Ratsimandresy, 2013; Hamoutene et al., 2016). Flocculent matter,
which is a viscous composite of decomposing fish feed, fish
feces, microbes and deposited OM (Salvo et al., 2015a), can be
seen in benthic video surveys at hard bottom sites. Flocculent
matter often co-occurs with indicators of organic enrichment
defined as bacterial mats and opportunistic polychaetes, and
its accumulation on hard substrates produces a dramatically
different substrate for benthic fauna and flora (Hamoutene
et al., 2014, 2016). There is no information on the potential
biodegradation and/or persistence of chemotherapeutants in
deposits of flocculent matter containing little to no natural
sediment.

This study aims tomeasure concentrations of chemicals linked
to aquaculture activities (such as trace metals, antibiotics and
paraciticides) in flocculentmatter samples collected close to cages
at a finfish site fallowed for 2 years. Some metals are valuable
tracers of aquaculture wastes because they are chemically stable
and can be quantified at low cost. In addition, background
concentrations of trace metals or other elements of interest
can generally be measured in surrounding sites (Yeats et al.,
2005). We chose to measure the following elements, some
of which can be related to aquaculture wastes in flocculent
samples: P, Ca, Cr, Fe, Co, Ni, Cu, Zn, Se, Cd, and Pb.
Aquaculture wastes can be highly enriched in Cu from cage
antifouling agents and in Zn, a component of salmon diets
(Richardson et al., 1985; Yeats et al., 2005; Skretting Informa,

2014). Fish manure may contain relatively high concentrations of
Mn, Cd, Cr, Pb, Fe, and Zn (Naylor et al., 1999) and those
metals might be enriched in aquaculture wastes. Among the
potential chemotherapeutants used in salmonid aquaculture,
two broad spectrum antibiotics (amoxicillin and florfenicol)
and three parasiticides (two pyrethroids: cypermethrin and
deltamethrin; and one avermectin: emamectin benzoate [EB])
were alsomeasured as part of this study. Amoxicillin is a β-lactam
antibiotic that is effective against gram positive and gramnegative
bacteria and used in the aquaculture industry as a treatment
for furunculosis (Burridge et al., 2010). Florfenicol is employed
to treat furunculosis and classical vibriosis in salmon (Lunestad
and Samuelsen, 2008). Pyrethroids are used to treat sea lice
infestations and administered as bath treatments under different
formulations: AlphaMax R© (2.0 µg·L−1 deltamethrin; Scottish
Environmental Protection Agency (SEPA), 2008) and Excis R©

(5.0 µg·L−1 cypermethrin; Scottish Environmental Protection
Agency (SEPA), 1998). While Excis R© has not been approved
for use in Canada, it was applied in the mid-1990s under a
research permit. AlphaMax R© was registered for sea lice control in
southwest New Brunswick in 2009 and 2010, and is used in other
countries (Health Canada-Pest Management Regulatory Agency
(HC-PMRA), 2010; Benskin et al., 2016). EB, also used against
sea lice, is administered through feed and acts on muscle and
nerve tissues in invertebrates (Roy et al., 2000). As resistance
toward EB has increased, this parasiticide has been been used
less frequently, and has been replaced with alternatives such as
diflubenzuron, teflubenzuron, deltamethrin, and cypermethrin
where authorized (Langford et al., 2014).

In terms of persistence in the environment, β-lactams
(amoxicillin) and florfenicol are generally not considered to
be problematic (e.g., Miranda and Rojas, 2007; Burridge et al.,
2010). However, avermectins and pyrethroids have low water
solubility, may bind to particulate matter, and tend to accumulate
in marine sediments (Scottish Environmental Protection Agency
(SEPA), 1999; Burridge et al., 2010). Cu and Zn were also
found to be persistent at aquaculture sites (Yeats et al., 2005).
In NL sites, flocculent matter, bacterial mats and opportunistic
annelids remained present after 15 months of fallowing, likely
due to low temperatures and low water currents (Hamoutene
et al., 2016; Salvo et al., 2017a,b). We hypothesize that some
chemotherapeutic compounds may persist in the flocculent
matter remaining at the fallow site due to the elevated OM
content, paucity of natural sediment and expected paucity of
associated infauna, together with cold temperatures and low
current speeds. Results are discussed in relation to the OM
content and concentrations of samples collected at an active
site, the latter being indicative of the chemical signature (i.e.,
overall range of all measured chemicals present in the sample)
of flocculent matter during production.

MATERIAL AND METHODS

Study Sites
Sites are located on the South Coast of NL; exact locations
are confidential as per industry agreements. The fallowed
site is dominated by hard bottom substrates (bedrock and
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boulders) and has been stocked with Atlantic salmon Salmo
salar (Linnaeus, 1758) intermittently since 2005 with a first
production cycle of 485,000 fish harvested in 2008. After 2009,
this site held fish for a year and was restocked in 2010 with
882,000 fish. Important fish mortality occurred in 2012 due to
a decrease in dissolved oxygen in the cages, which resulted in
remaining fish being either harvested ormoved to another site. In
2013, salmon were reintroduced for the most recent production
cycle with 57,000 fish harvested a year later in 2014. At the
time of sampling in 2016, the site was in fallow for two years.
Samples were collected on September 7, 2016 along two different
transects (directions) at the following distances to cage: Transect
1 (south - 3S) sampled at cage edge (n = 2), and single samples
at 20, 40, 80, 120, and 160m from cage edge; Transect 2 (west
- 8W) consisting of one sample at cage edge and one sample at
40m. Along transects, depths were fairly similar across stations,
varying between 67 and 84m.

In addition to the fallow site, 3 samples were collected at
an active site as an indication of “production” values. Sampling
occurred on October 25, 2016 while the site was in production
for 5 months with 620,000 fish. Similarly to the previous site, this
one was in production before, with a harvest date of June 2015
(649,000 fish) prior to a restocking in May 2016. Three samples
were collected: two at cage edge (depths of 91 and 65m) and one
at 20m (depth of 95m) from net pens. Logistical limitations in
obtaining grab samples at depths greater than 100m restricted
our ability to perform additional sampling further from cages at
the active site. The substrate type as determined in one of the
production site stations consisted of boulders with hard packed
sand.

Grab Sampling/Waste Collection
To identify stations where grab sampling was achievable, we used
underwater video monitoring following a procedure designed for
NL regulatory purposes (Department of Fisheries and Oceans
(DFO), 2012; Mabrouk et al., 2014). Flocculent matter appeared
as a non-consolidated layer, into which the cage supporting
the video camera would sink on contact. Flocculent matter was
collected using an Eckman grab (6× 6× 10 inches). Grab content
was transferred into 500mL HDPE bottles, 20mL scintillation
vials and 50mL plastic centrifuge tubes for chemotherapeutant,
OM and elemental analysis, respectively. Samples were kept at
4◦C on board and immediately frozen upon returning to the
laboratory (−20◦) until processing.

Wastes (i.e., degraded feed pellets and fish faces) were also
collected in our tank room facility. A nitex bag was secured to
the outflow drain of a 2,700 L fiberglass tank holding 20 adult
Atlantic salmon (age ∼6 years) for 3 days; fish were fed similar
food as at NL aquaculture sites. Contents were poured into a 10 L
bucket and allowed to settle; after siphoning out water, material
was collected and stored at 4◦C until processing.

Organic Matter Analysis
Flocculent matter samples were freeze-dried and OM was
quantified by loss-on-ignition (4 h, 450◦C) using duplicates from
each station.

Waste samples from tanks (n = 5 subsamples) were dried
for a minimum of 48 h at 80◦C before assessing OM content by
loss-on-ignition (4 h, 450◦C).

Chemotherapeutant Analyses
Standards of analytical standard grade amoxicillin trihydrate,
deltamethrin, florfenicol, cypermethrin and emamectin benzoate
(Sigma-Aldrich, St. Louis, Mo, USA) were used with no
additional purification. Organic solvents [dichloromethane,
acetonitrile (ACN) and methanol] and water (H2O) were
purchased in Optima UPLC Grade from Fisher Scientific. Stock
multi-component solutions were prepared in a solution of ACN:
H2O (80:20, v/v). We prepared working solutions by diluting
stock solutions with distilled water.

Approximately 2 grams of sample were weighed and left
over 24 h to dry at 80◦C. The percent moisture was calculated
with 0.11% relative standard deviation. An Acquity UPLC with
a BEH C18 column (2.1 × 50mm, 1.7µm particle size) was
coupled to a XEVO TQ-S mass spectrometer equipped with
an electrospray ionization source (Waters, Milford). Gradient
combination of ACN and water with 0.1% HCOOH was used
as mobile phase at a flow rate of 0.4 mL·min−1. The mass
spectrometer was operated in full scan with a scan range
of 100-900 m/z and in multiple reaction monitoring mode
for each compound using appropriate parameters. Calibration
curves for compound determination were obtained by linear
regression from analysis of multi-component solutions made in
various concentration ranges for each compound: 10.00–1,000.00
mg·L−1 for cypermethrin, deltamethrin and florfenicol, 1–100.00
mg·L−1 for emamectin benzoate and 5.00–500.00 mg·L−1 for
amoxicillin, with R2-values > 0.97. All analyses were done in
triplicate and expressed per dry weight of sample. The detection
limits for the chemotherapeutants are indicated between
brackets in ng.g−1 dry weight: amoxicillin trihydrate (0.00584),
deltamethrin (0.23647), florfenicol (0.11713), cypermethrin
(0.02839), and emamectin benzoate (0.00068).

Elemental Analyses
All samples were freeze-dried before elemental analyses were
performed at the CREAIT ICP-MS lab (Memorial University,
Canada) between February and March 2017. Sample aliquots
(0.05–0.1 g) were weighed into Savillex R© PFA screw cap vials
before closed-vessel digestion was carried out (1mL distilled 16M
HNO3 + 1mL 30% H2O2) at approximately 70◦C during 12 h
in successive steps. Once completed, samples were dried and
then suspended with 5mL of distilled 6M HCl (to ensure the
extraction of trace metals from any remaining OM). After 1 h in
an ultrasonic bath, samples were kept at 100◦C overnight before
assessing weight when cooled. Solutions were then centrifuged
for∼30min at 7,000 rpm and the supernatant was dried. Samples
were thereafter converted to nitrates by adding 0.5mL of distilled
16M HNO3 and fluxing capped on the hotplate for a few hours,
after which they were dried again. In preparation for analysis,
samples were brought back into solution with 12mL of distilled
0.2M HNO3 and further diluted to a total of∼3000-fold.

Elements were measured using a Perkin Elmer Elan DCR
II Quadrupole Inductively Coupled Plasma Mass Spectrometer,
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usingmulti-element external calibration solutions and Sc, Re, Rh,
and Th as internal standards to monitor for instrumental drift,
similarly to the method of Friel et al. (1990). During the course
of this study, QA-QC was assured by processing and analyzing a
procedural blank, a mussel reference material (NIST 2977), three
duplicate samples, and one replicate. We measured the following
compounds: P, Ca, Cr, Fe, Co, Ni, Cu, Zn, Se, Cd, Pb.

Statistical Analyses
OM content of wastes sampled from tanks was not used for
statistical analyses, but rather to provide an estimate of fish waste
organic content. Similarly, we performed no direct comparisons
between chemical data collected at the fallowed site and at the
production site, but considered the latter to be indicative of the
chemical signature of an active site.

For correlation and multivariate analyses, pyrethroids
were pooled together per sample (i.e., cypermethrin and
deltamethrin). The validity of the approach is supported by
the general chemistry of cypermethrin and deltamethrin.
They are structurally similar, differing only in the halogen
substituents (cypermethrin: C22H19Cl2NO3 and deltamethrin:
C22H19Br2NO3), share common metabolic/degradation
pathways leading to similar intermediate and final products,
and have similar half-lives (Krieger, 2010). Therefore, the
summed measurements indicated the total environmental
load of pyrethroids, which should be reflected in the samples.
Correlations were completed between all pairs of parameters
using Spearman rank order correlations in SIGMAPLOT 13.0
software. In addition, multivariate analysis was performed in
PRIMER 7.0 and PERMANOVA+ add-on (Anderson et al., 2008;

Clarke et al., 2014; Clarke and Gorley, 2015). Concentrations
of trace elements, pyrethroids and antibiotics were combined
in a single data set and data were log(x+1) transformed. A
principal components analysis (PCA) was run on normalized
data. For PERMANOVA testing, we used Euclidian distances.
PERMANOVA was run on the complete dataset testing OM as
covariate, and distance from cage as a fixed factor using 99,999
permutations and type 3 sums of squares (unbalanced design);
Monte Carlo testing was used to correct P when permutations
were limited.

RESULTS

Range of Chemical Analyses and
Correlations
Ranges of values of all chemical analyses completed at the
fallowed and production sites are summarized in Table 1 and
correlations between parameters in Table 2.

The average OM content and standard deviation in the
samples from tanks housing salmon equalled 47.7 ± 3.1%. OM
content of the flocculent samples collected at the fallowed site
varied between 8.3 and 41.4%, and between 29.5 and 56.4%
at the production site. Florfenicol was not detected in any
of the flocculent samples. A high variability was detected in
chemotherapeutant concentrations with compounds such as
cypermethrin, EB, and amoxicillin below detection limits in
some samples and reaching a maximum of 70.352 ng·g−1 for
cypermethrin.

Correlations indicated that OM decreased significantly with
distance to cage (Table 2). Similarly, Zn, Cd, and pyrethroid

TABLE 1 | Concentration of OM, elements, and chemotherapeutants (median and range) contained in 9 samples of flocculent matter collected at a fallowed site and 3 at

a production site (5 months).

Measurement Fallow (n = 9) Production (n = 3)

Median Range Median Range

Organic matter (%) 15.60 8.26–41.38 52.76 29.48–56.37

Cypermethrin (ng.g−1) 0.000 0.000–70.352 0.000 0.000–0.497

Deltamethrin (ng.g−1) 0.833 0.039–3.176 2.275 0.885–2.746

EB (ng,g−1) 0.000 0.000–0.058 2.810 1.129–41.779

Amoxicillin (ng.g−1) 0.098 0.000–1.118 0.717 0.628–2.295

P (ppm) 2,221.00 1,036.00–24,393.00 38,331.50 15,545.00–45,666.00

Ca (ppm) 11,021.00 7,634.00–62,784.00 86,865.50 38,566.00–124,109.00

Cr (ppm) 31.80 18.60–36.30 13.00 10.80–89.70

Mn (ppm) 324.00 261.00–343.00 205.50 187.00–248.00

Fe (ppm) 19,136.00 8,238.00–21,647.00 7,521.00 3,752.50–9,590.00

Co (ppm) 6.56 2.16–6.94 2.22 0.85–3.55

Ni (ppm) 23.95 11.60–28.70 8.07 6.01–45.80

Cu (ppm) 38.10 27.40–64.00 59.40 39.30–66.00

Zn (ppm) 103.00 58.40–664.00 615.00 299.00–726.50

Se (ppm) 3.41 2.47–4.13 1.62 1.51–2.10

Cd (ppm) 0.61 0.38–1.03 1.09 0.43–1.47

Pb (ppm) 24.05 10.90–29.40 8.79 4.37–16.60

Units are ng·g-1 of dry weight and ppm.
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concentrations were significantly negatively correlated with
distance to cage; P, Ca, and Cu showed the same tendency but
with P values exceeding 0.100. Interestingly, P, Ca, Cd, Zn, and Cu
showed a tendency to be positively correlated with OM contents
but P values were > 0.1. On the other hand, Cu, Zn, and Cd
were correlated to each other as well as to pyrethroids, Ca, and
P. Similarly, Cr, Mn, Fe, Co, Ni, and Se were positively correlated
with each other. Among chemotherapeutants, only amoxicillin
appeared to be significantly positively correlated to EB.

Multivariate Analyses
In the PCA analysis, PC1 and PC2 explained 56.5 and 25.5% of
the variation, respectively, for a total of 86.0%. No single variable
drove the distribution of stations. Along PC1, the variability
observed was explained (i.e., eigenvalues >0.24; listed below)
in decreasing order by Co (−0.336), Fe (−0.335), amoxicillin
(0.332), Pb (−0.314), Ni (−0.310), Ca (0.299), Zn (0.286), Cr
(−0.282), P (0.276) and Cu (0.247) and along PC2 by pyrethroids
(0.437), Cd (0.415) and to a lesser extent by Cu (0.284), P (0.283),
Zn (0.269), and Cr (0.26). Among the three stations located
closest to cage edge (Figure 1, in brown), station 8W differed
from the two 3S stations due to a higher % OM (i.e., deposition)
at the former and a higher concentration of pyrethroids at
the latter stations. PERMANOVA analyses showed that OM
is a significant (P > 0.01) co-variable, confirming the trends
detected with Spearman correlations: stations further away from
cages tended to be closer in composition and linked to a lower
deposition (OM). On the other hand, there was no significant
effect of distance to cage on the variability observed between
stations (though probability is close to 0.05 with P = 0.0625)
(Table 3).

DISCUSSION

Organic Matter Content and Origin
OM contents ranged from 8.3 to 41.4% at the fallowed site
and 29.5–56.4% at the production site. Anderson et al. (2005)
reported lower values of sedimentary OM (2–23%) at NL
aquaculture sites. NL finfish farm sites exhibited a high variability
in substrate composition, with little or no natural sediments:
out of a series of grab attempts at 23 aquaculture sites on the
south coast of NL, only 44.5% resulted in samples that could
be used to perform sulfide and redox measurements (i.e., with
a substrate thickness > 5 cm; Hamoutene et al., 2014). Sites
sampled by Anderson et al. (2005) contained natural sediments
from which sulfide and redox measurements were feasible;
in contrast, substrates at our study sites were dominated by
bedrock and cobble, suggesting that fine sediments were rare and
flocculent matter consisted mostly of aquaculture wastes (feed
pellets, fish faces). OM content at our sites was similar to that
of the degraded pellets and faces collected from a salmon tank
(47.7%) and to the organic carbon composition of fresh fish
feed pellets (50%; Corner et al., 2006), further supporting the
aquaculture origin of samples. The latter was also substantiated
by the negative correlation of OM content with distance to cage.
Likewise, PERMANOVA analyses result show that OM content
was a significant factor explaining variability in the concentration
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FIGURE 1 | PCA representation of stations at the fallow site according to element and chemotherapeutant concentrations, after log+1 transformation and

normalization of data. Circle sizes are relative to % OM and colors indicate distance to cage.

TABLE 3 | PERMANOVA on data from all chemical analyses combined after log x + 1 transformation, and matrix of similarity based on Euclidian distance.

Source DF Mean squares Pseudo-F P (perm) Number of permutations P(MC) Estimate of variation (Sq.root)

OM 1 12.991 16.057 0.0359 1,355 0.025 1.5626

Distance 5 4.738 5.8562 0.1424 84,405 0.0624 1.7952

Residuals 2 0.80906 0.89948

Total 8

Model was run using 99,999 permutations.

DF, degrees of freedom; Sq.root, square root; MC, Monte-Carlo p test.

Bold values denote statistical significance at P < 0.05.

of chemicals indicative of aquaculture deposition. Other sources
(e.g., primary producers, outputs from sewage or fish processing
plants) may contribute to the OM content of samples collected
near fish farms (Yeats et al., 2005). In the context of our study,
these alternate anthropogenic contributions are likely low given
the absence of other industries or communities in this remote
area. Nevertheless, natural sedimentation can also contribute
to the OM content measured at the seafloor: pristine sites
around the NL coast recorded from 2 to 35% OM (median: 8%)
(Anderson et al., 2005). Despite a 2-year fallow period, OM-rich
flocculent matter was present at the former production site,
suggesting persistence of aquaculture deposits. The fallowed site
studied here has experienced several cycles of production and
falls into the Keeley model (Keeley et al., 2015) showing that
ecosystem recovery is more difficult at sites having experienced
multiple production cycles. In addition, the current speeds
measured near the substrate in NL are often below 10 cm·s−1

(the critical resuspension velocity defined by Cromey et al., 2002),
and only exceed this threshold <3% of the time; therefore, the
resuspension of wastes is rare (Hamoutene et al., 2016). Site depth

and water stratification (Wildish et al., 2004) can also be affect
the dispersal of OM at aquaculture sites. Both the production
and fallowed sites are located in areas with comparable mean
current speeds at 10m depth (4 and 5 cm.s−1, respectively) and
at 5m above the seafloor (3 cm.s−1 at both sites) (Hamoutene
et al., 2016; see sites 3 and 4, Table 1). Similarly, the bottom
temperatures averaged 6.0 and 6.5◦C at the production and
fallowed sites respectively. However, some differences exist in
temperature ranges (measured during 50 days in the fall) with
2–9.2◦C for the production site and 2.4–15.2◦C at the fallowed
site (Hamoutene et al., 2016). Low temperatures (Anderson
et al., 2005) may slow recovery processes, and accumulated OM
could sustain opportunistic taxa over long periods and limit the
recruitment of epibenthic organisms (Brooks et al., 2004; Salvo
et al., 2017a). However, some authors question the temperature
effect on recovery in cold environments, arguing that native
microbial populations are adapted to local conditions (Arndt
et al., 2013). Notably, low oxygen conditions were recorded at
the study site where growers experienced fish mortality likely
due to hypoxia in the water column. Lack of oxygen can clearly
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influence rates of degradation and explain the persistence of OM
rich deposits.

Persistence of Chemicals Measured and
Association With Aquaculture
Metals and Other Elements

Elements such as Cu, Cd, Zn, or Pb in sediments surrounding

aquaculture sites are often linked to OM and used as aquaculture
markers (Chou et al., 2002; Mendiguchía et al., 2006). In our

study, Zn and Cd were the only metals whose concentrations
were negatively correlated to distance to cage, and tended

toward a correlation with OM (P = 0.0769 and 0.124 for Zn

and Cd, respectively). Milligan and Law (2005) also reported
correlations between Zn concentration and OM deposition at

aquaculture sites. In addition, Cu, Zn, and Cd concentrations
were highly correlated to P and Ca, which are enriched in

manure. Concentrations of P and Ca at the production site

have a tendency to be higher (no statistical comparisons were
completed) than in the fallowed site, indicating recent fish faces

deposition. Certain elements (Cu, Zn, P) can be considered to be

direct tracers of aquaculture waste (feed, faces, and anti-fouling
agents) while others (U, Cd, Mo,) are indicative of sedimentary

organic enrichment and anoxia (Sutherland and Yeats, 2011).
Interestingly, there was a lack of significant effect of distance
to cage on the chemical signature of flocculent matter in the
PERMANOVA. This could reflect the higher number of stations
close to cages (0 and 20m), which hinders our ability to identify
gradients of deposition (only observable in distance-correlations
of some single elements) for all chemicals combined. In addition,
indicators of organic enrichment can be patchily distributed, and
the effect of distance to cage on waste distribution is complex,
non-linear and dependent on current direction (e.g., Hamoutene
et al., 2015). The higher OM content at the near-cage 8W
station coincided with greater amounts of the aquaculture feed
markers Cd, Cu, Zn, P, Ca, and contrasted with high amounts of
pyrethroids on the 3S transect stations. These differences could
be due to current directions on the treatment days; pyrethroid
bath treatments (with well boats or tarp usage) were likely
administered such that dispersion resulted in accumulation on
one side of the site.

At some salmon farms, concentrations of Cu and Zn in
sediment below cages range between 48 and 150 mg·kg−1 (ppm)
dry weight for Cu, and can be as high as 400 mg·kg−1 (ppm)
for Zn (Debourg et al., 1993; Burridge et al., 1999; Chou et al.,
2002; Brooks and Mahnken, 2003). The Cu values measured at
our fallowed site ranged between 27.40 and 64.00 ppm, close to
what has been measured in active farms elsewhere and at our
production site (39.3–66.0). Similarly, Zn concentrations at the
fallowed site varied between 58.4 and 664.0 ppm (299.0–726.5
ppm at production site) with a significant decrease with distance
to cage showing a potential depositional gradient of fish wastes.
Newer salmon feed formulations include lower concentrations of
Zn, as manufacturers have switched to using zinc methionine, a
form which is more bioavailable (Nash, 2001; Skretting Informa,
2014). Therefore, the amount of Zn introduced to marine
environments should be decreasing with time (Burridge et al.,

2010). The remaining Cu and Zn flocculent concentrations
after 2 years of fallow highlight the persistence of aquaculture
wastes. However, sedimentary Zn remediation potential varies:
at some sites, post-fallow sedimentary concentrations of Zn and
other contaminants under cages declined to background levels
(Brooks and Mahnken, 2003), whereas elsewhere, post-fallow
concentrations remained relatively similar over 5 years (Smith
et al., 2005). In NL, the hard-bottom substrates and nature of the
flocculent matter precludes direct comparisons with soft bottom
sites.

Other elements measured as part of this study (Fe, Co, Ni,
Se, Cr, Pb) were not correlated to OM, distance to cage, or P
and Ca but were correlated with each other. Without a detailed
composition of potential natural depositional flows feeding into
the OM collected at aquaculture sites, statements on their exact
origin remain speculative and require further investigation.

Chemotherapeutants

Degradation half-lives of chemotherapeutants can differ
according to sediment type (Ernst et al., 2001; Meyer et al., 2013),
presence of bacteria/opportunistic species, OM concentration
and oxygenation state. Deltamethrin was shown to degrade
slowly at 10◦C, whether incubated by itself or under its
commercial formulation (t1/2 = 330 ± 107 and 201 ± 27.1
d respectively). At colder incubation temperatures (4◦C),
deltamethrin only degraded significantly when in its commercial
formulation (t1/2 = 285 ± 112 d) (Benskin et al., 2016).
Cypermethrin adsorbs extensively and rapidly to organic carbon,
with an overall mean organic carbon adsorption partition
coefficient of 350,000 (Maund et al., 2002). Cypermethrin
degradation was shown to be influenced by soil type: experiments
indicated that this compound breaks down more rapidly in soils
that are OM-poor or comprised of sandy clay and sandy loam
compared to clay (US Environmental Protection Agency,
1989). The half-life of cypermethrin in soil is 2–8 weeks under
aerobic conditions, with greater persistence under anaerobic
conditions (US Environmental Protection Agency, 1989).
The sediment concentrations obtained in our study varied
between 0.00 and ∼4.00 ng·g−1, with two higher values of
cypermethrin (66.82 and 70.35 ng·g−1) below cages at the
fallowed site. This indicated persistence beyond timelines
described by some authors, considering that our site has been
in fallow for 2 years. Depletion of deltamethrin was observed in
sediments treated to hinder bacterial activity at 10◦C, indicating
that abiotic pathways were involved in its transformation
(Benskin et al., 2016). Abiotic processes are predominant under
reducing conditions (Tribovillard et al., 2006); these processes
may lead to the depletion or formation of complexes, and
the precipitation of sulfides and/or insoluble oxyhydroxides
(Tribovillard et al., 2006). While deltamethrin degradation
can occur through microbial action as well as hydrolysis and
photolysis (Farghaly et al., 2013; Meyer et al., 2013), it may
degrade less rapidly once adsorbed to OM-rich sediments
(similarly to cypermethrin) (Benskin et al., 2016). The sorption
of pyrethroids to flocculent matter is also highlighted by the
observed correlation between pyrethroids and both OM content
and distance to cage.
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Benskin et al. (2016) found that the shortest calculated half-life
for EB was of 404 days (for SLICE in inert sediments, at 4◦C) and
that EB biodegradation differed in incubations maintained with
and without oxygen. Our results confirm the persistence of EB
beyond two years (some might have been used during a previous
production cycle) within the conditions of NL hard-bottom
sites (low temperatures, low oxygen, and persistent OM). At
other salmon aquaculture sites, sedimentary EB concentrations
of 0.051–35 ng·g−1 wet weight were measured within 50–100m
from cages (Ikonomou and Surridge, 2013). These values are
comparable to the active site (ng·g−1 dry weight in our study) and
are slightly higher than what has been observed at the fallowed
site.

The β-lactam antibiotics (amoxicillin) occur naturally in the
environment and should undergo oxidation via biological and
physicochemical pathways (Armstrong et al., 2005). However, it
has been argued that antibacterial agents such as antibiotics resist
microbial degradation in sediment, but are mainly eliminated by
washing out (Samuelsen, 1989) or other mechanisms including
abiotic photolysis and hydrolysis (Pouliquen et al., 2007). The
persistence of amoxicillin in flocculent samples at the fallowed
site remains surprising even if at low levels (<1 ppm). In contrast
florfenicol, if present, was below the detection limit (i.e. < 16.2
µg·L−1). Smith and Samuelsen (1996) show that levels of other
antibiotics such as oxytetracycline in farm sediments reached 11
µg·g−1 with estimated half-lives ranging from 9 to 415 days. The
persistence of amoxicillin requires further investigation.

Potential Toxicity of Compounds
Trace Metals and Other Elements

Flocculent matter and fish wastes can be a food source for benthic
organisms, given their accessibility and high nutritive value (i.e.,
enrichment in lipids andω3 andω6 fatty acids; Salvo et al., 2015b;
White et al., 2016, 2017). Copper values above 50–150 mg·kg−1

exceed levels considered safe for various animal species (Debourg
et al., 1993; Burridge et al., 1999); similarly Zn values above
the threshold of 260 µg·g−1 exceed the apparent effects value
(Burridge et al., 2010). This suggests that Cu values measured
in our study are below toxic thresholds but Zn might have toxic
potential. However, the chemical form or structure of Cu and
Zn, and the degree to which these metals are bound to other
ligands greatly affect their toxicity (Newman and Unger, 2003).
Because elevated sedimentary concentrations of Cu and Zn co-
occur below salmon cages, they may interact with each other
(Burridge et al., 2010). While in some studies, the effects of Cu
and Zn were additive, they more frequently appeared to act in
an antagonistic manner, with Zn decreasing the toxicity of Cu
(Finlayson and Verrue, 1982; Newman and Unger, 2003). In
addition, any information on toxicity would have to be related to
the non-target species inhabiting aquaculture areas. Our values
suggest no Pb or Cd toxicity with probable effect thresholds in
marine sediments of 112 and 4.2 mg·kg−1 dry weight respectively
(Canadian Council of Ministers of the Environment (CCME),
1999). Iron can also exert adverse effects on aquatic organisms
(value of 19,136 ppm at the fallowed site); the chemical form of
Fe, as well as local pH and dissolved oxygen content influence
those effects by mediating bioavailability, speciation and the

physical form of iron. Conversely, iron plays a role in the
reoxidation and precipitation of sulfides accumulated below
fish farms (Holmer et al., 2005). Therefore, thresholds of iron
toxicity in sediments/flocculent might be difficult to establish.
We should also bear in mind that decreasing concentrations
of sedimentary metals are indicative of transport rather than
degradation. One of the mechanisms for the decline of metals in
sediments is release into the water column, which will increase
their bioavailability to other pelagic organisms (Burridge et al.,
2010).

Chemotherapeutants

Chemotherapeutants are designed to target key biochemical
patterns of groups of organisms and are not always species
specific. The mode of treatment (bath vs. fish feed) also
affects exposure of organisms and accumulation at the seafloor.
When discussing our results, we can only report studies
that have investigated chemotherapeutant toxicity to non-
target groups/species that are not always applicable to the NL
ecosystems.

In laboratory studies, arthropods were shown to be highly
sensitive to pyrethroids, while molluscs, echinoderms and fish
showed less pronounced effects (e.g., Burridge and Haya,
1997; Burridge et al., 1999). Marine amphipods exposed to
contaminated sediments showed effects within 2–4 days; 10-
d LC50s for deltamethrin and cypermethrin were 16 and 80
ng·g−1 (dry weight), respectively (Van Geest et al., 2014). The
toxicity of deltamethrin is greater than that of cypermethrin,
with tests revealing 3–8 times higher thresholds for Excis R©

than for AlphaMax R© (Van Geest et al., 2014). The SEPA
predicted-no-effect-concentration for cypermethrin is of 2.2
ng·g−1 compared to 0.33 ng.g−1 for deltamethrin (Scottish
Environmental Protection Agency (SEPA), 2008). Other than at
two locations below cages at the fallowed site, the pyrethroid
values measured in this study suggest no significant toxicity
on organisms as per the studies cited above. However, toxicity
thresholds described in the literature do not always take
into account OM content and composition. Cypermethrin
toxicity in Hyalella azteca (amphipod) and Chironomus tentans
(diptera) show decreases in toxicity observed with increasing
organic carbon content (Maund et al., 2002). This clearly
indicates that more studies are needed with local species and
sediments with different organic loads to properly characterize
toxicity thresholds. The lethality of EB to aquatic invertebrates
such as Nephrops norvegicus (Norway lobster) and Crangon
crangon (shrimp) was established at >68 mg·kg−1 (Scottish
Environmental Protection Agency (SEPA), 1999). For the marine
amphipod Corophium volutator the estimated 10-day LC50 of
avermectin in sediment was 180 µg·kg−1 dry weight (DW)
(Davies et al., 1998). Arenicola marina (polychaete) and Asterias
rubens (seastar) showed 10 d LC50s of 23 and 23,6 mg·kg−1

DW, respectively (Thain et al., 1997). Based on these values,
and similarly to pyrethroids, our results suggest low potential
toxicity of EB in the flocculent samples at the fallowed site.
However, sublethal effects and the consequences of long-term
exposure of local organisms to these compounds remain poorly
known.
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At aquaculture sites, antibiotics are usually administered in
feed, and can reach bacteria in the surrounding environment
following gut transit (Romero et al., 2012). Shellfish and wild fish
from nearby waters could also come into contact with antibiotics;
harvesting those resources could affect food safety (Samuelsen
et al., 1992). We found no information suggesting toxicity of
amoxicillin, the only antibiotic detectable as part of this study.
Antibiotics may select for antibiotic resistance in a diversity of
bacteria, and it is important to assess the risk posed by antibiotic
use at aquaculture sites (Romero et al., 2012).

Overall, our results show persistence of flocculent matter

at an aquaculture site in fallow for two years. The chemical
signature of the samples confirms that Cu, Zn, Ca, and P are

direct markers of aquaculture wastes and present around fish
cages. Persistence of two pyrethroids, one avermectin, and one

antibiotic in grab samples show a potentially lasting association
between these chemicals and the OM from fish feed and wastes
even after two years. Overall, the concentrations measured do
not indicate a direct lethal toxicity on marine organisms (as per
studies described in literature) except for Zn. Nevertheless, the
long-term persistence of a flocculent mixture rich in chemicals
and the lack of information on sublethal and synergistic effects on
hard-bottom communities call for caution and additional studies.

Detailed infauna analyses of samples that could be collected by

grabs around aquaculture sites could also be informative within
this context.
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