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Pyrethroid pesticides used to control ectoparasitic sea lice in salmon aquaculture are released in effluent plumes
from cage sites and have the potential to adversely affect non-target organisms. Pyrethroids have been shown to
be highly toxic to crustaceans, but the toxicity of the pyrethroid-based anti-sea lice pesticides AlphaMax® (active
ingredient (a.i.) deltamethrin) and Excis® (a.i. cypermethrin) has not been thoroughly studied for non-target,
marine benthic crustaceans such as amphipods. The amphipod Echinogammarus finmarchicus, which is ubiqui-
tous in near-shore environments in the northern Atlantic Ocean, was collected from the field for use in
laboratory toxicity tests. Amphipods were exposed to the two pesticides in 1- and 24-h water-only, single-
pulsed exposures and 10-day spiked sediment tests. In water-only tests, immobility occurred within 1- or 24-h
of exposure to the highest test concentrations and delayed mortality and immobility were observed following
exposure to lower concentrations as well. Effect thresholds ranged from 6.7-70 ng/L for deltamethrin and
20-220 ng/L for cypermethrin. Organisms exposed to sediment were affected within 2-4 days; resulting 10-d
LC50s were 16 and 80 ng/g (dry weight) for deltamethrin and cypermethrin, respectively. Results suggest that
amphipods in an effluent plume may be exposed to aqueous concentrations of pyrethroids sufficient to cause
adverse effects, including delayed toxicity. In contrast, the 10-day sediment LC50s were much higher than
(limited) reported environmental concentrations in sediment. Overall, these results suggest a low potential for
risk from sediment exposures for a northern Atlantic species of amphipod that inhabits the near-shore environ-

ment where cage aquaculture sites are located.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Infestation of ectoparasitic sea lice in salmon aquaculture requires
the treatment of fish, often by immersion in a pesticide bath. The pesti-
cide is then released from the aquaculture site (i.e.,, from a tarped net
pen or specialized well boat) into the marine environment where
non-target organisms may also be exposed. Studies of pesticide disper-
sion from aquaculture sites have found that effluent plumes are detect-
able 2 to 5.5 h post-release at distances 0.9 to 3 km from the cage site,
with pesticide concentrations that represent 1/1000 to 1/2000 of the
pre-release concentrations (Ernst et al., 2001, 2014). Pesticides dis-
persed into the intertidal zone can also partition into bottom sediments,
where they could impact benthic species (Ernst et al., 2001). Pyre-
throids are some of the most toxic pesticides known (Smith and
Stratton, 1986), and it was their low toxicity to mammals and high
toxicity to crustaceans that led to their use as treatments for sea lice in-
festations (Haya et al.,, 2005). Pyrethroids affect nerve transmission by
interfering with sodium (Na™) channels (Miller and Adams, 1982),
resulting in depolarization and repetitive firing of nerve endings,
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leading to eventual paralysis and death (Crane et al., 2011; Haya et al.,
2005). Among the pyrethroids, deltamethrin is considered to be the
most toxic to non-target organisms (Haya, 1989).

The anti-sea lice pesticide formulations AlphaMax® and Excis® are
emulsifiable concentrates containing 1% of the synthetic pyrethroids
deltamethrin or cypermethrin as the active ingredient, respectively.
Both pesticides are effective against all attached stages of sea lice
including adults (Burridge et al., 2010; Haya et al., 2005). Treatment of
salmon is either a 40-minute bath with AlphaMax® at a target concen-
tration of 2.0 pg/L deltamethrin (SEPA, 2008) or a 1-h bath with Excis®
at a target concentration of 5.0 pg/L cypermethrin (SEPA, 1998). Both
pesticides are registered or approved for use in a number of salmon-
producing nations (Burridge et al., 2010). In Canada, however, Excis®
was only applied under a research permit in the mid 1990s and was
never approved for emergency use (Chang and McClelland, 1996,
1997), while AlphaMax® was registered for use in southwest New
Brunswick in 2009 and 2010 (HC-PMRA, 2010).

Deltamethrin and cypermethrin have very low water solubility (<2
and 4 pg/L, respectively) and a log Kow of 4.6 and 4.5, respectively
(Tomlin, 1994; Vershueren, 1996). Both chemicals are not expected to
persist in the aqueous phase, but are known to absorb to particles
and accumulate in sediments. The half-lives for deltamethrin and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaculture.2014.08.025&domain=pdf
http://dx.doi.org/10.1016/j.aquaculture.2014.08.025
Unlabelled image
http://dx.doi.org/10.1016/j.aquaculture.2014.08.025
Unlabelled image
http://www.sciencedirect.com/science/journal/00448486
www.elsevier.com/locate/aquanline

234 J.L. Van Geest et al. / Aquaculture 434 (2014) 233-240

cypermethrin in marine sediments have been estimated at approxi-
mately 140 days (Gross et al., 2008) and 35 to 80 days (SEPA, 1998),
respectively. As a result, multiple anti-sea lice treatments may re-
sult in accumulation of these chemicals in sediments near cage
sites, where they may affect benthic invertebrates (Haya et al.,
2005). The commercial formulations AlphaMax® and Excis® are
prepared with emulsifiers to retain the active ingredients delta-
methrin and cypermethrin in solution during the bath treatment.
As a result, the formulation may affect the distribution of pesti-
cide between water and sediment and, depending on the rate of
breakdown of emulsifiers, non-target benthic organisms may be
exposed to these pyrethroids via a number of phases, including
water, sediment, or ingestion of contaminated organic particles.
In addition, the presence of emulsifiers has been shown to
have varying influence on the toxicity of pyrethroids compared
to technical-grade forms (cf. Coats et al.,, 1989; Haya, 1989;
Osterberg et al., 2012).

Sensitivity to these pyrethroid pesticides varies among non-target
species. Amphipods were found to be the most sensitive species to
AlphaMax® in water in both standard 96-h exposures and 1-h single-
pulse exposures, when compared to stage Il and IV lobster and Crangon
shrimp (Fairchild et al., 2010). These tests used a standard test organism
(Environment Canada, 1998) Eohaustorius estuarius, a species of amphi-
pod found in the Pacific Ocean. However, the toxicity of AlphaMax® has
not been investigated for an amphipod species from the Atlantic region
of Canada, where various treatments of sea lice infestations in salmon
aquaculture have occurred since the mid-1990s (Jones et al., 2012).
Toxicity data are also limited for Excis® and for exposures to either
chemical in sediment. The objective of the present study is to examine
the toxicity of the anti-sea lice pesticides AlphaMax® and Excis® to an
indigenous (Atlantic) species of amphipod using aqueous and sediment
exposures.

2. Materials and methods
2.1. Organism collection and holding

Amphipods and sediment were collected in June, 2013 from tide
pools at Sam Orr's Pond along Passamaquoddy Bay, in the Bay of
Fundy region of New Brunswick (NB), Canada. During the outgoing
tide, amphipods were found among partially exposed rockweed,
which was shaken above sieves, and the organisms were then trans-
ferred to pails containing seawater. The species was identified as
Echinogammarus finmarchicus (by R. Milne, Atlantic Reference Centre,
St. Andrews, NB; based on Bousfield, 1973), an amphi-Atlantic
(ie., both sides of the northern Atlantic), shallow-water gammaridean
amphipod, that is considered a dominant species of tide pools along
bedrock surf coasts and salt marsh pools. Intertidal surface sediment
was collected from exposed depositional areas by collecting the top
~5 cm of sediment with a scoop or shovel and was stored in the labora-
tory at ~4 °C until use.

Once at the laboratory (Department of Fisheries and Oceans
Canada — DFO, St. Andrews Biological Station in St. Andrews, NB),
organisms were sorted using a 2-mm sieve and held in 10-L plastic
pails to which mesh substrates, fresh seawater, and air stones were
added. Organisms retained on the 2-mm sieve were used in testing;
these amphipods were 10-20 mm in length, which was within the
size range listed for mature adults of this species (Bousfield, 1973). All
water used for holding the organisms and for the toxicity tests was
the main laboratory supply of sand-filtered (0.2 um) seawater (~30
parts per thousand salinity, source Passamaquoddy Bay, NB). Organisms
were provided a 12:12 hour light:dark photoperiod with a maximum
light intensity of 2 Ix and all holding/testing vessels were kept in a
10 + 2 °C water bath. Amphipods were held for a minimum of 2 days
(d) and maximum of 10 d before use in testing (Environment Canada,
1998).

2.2. Water-only toxicity tests

To examine the toxicity of AlphaMax® and Excis® from acute ex-
posure in water, amphipods were exposed to 1- or 24-h single pulses
of either pesticide. Stock solutions of each pesticide formulation
were prepared in seawater and spiked into large volumes of seawa-
ter, which were mixed and distributed in 900-ml volumes to 1-L
glass jars. Tests for the 1- and 24-h single pulses were run concur-
rently using the same batch of test solutions with exposure concen-
trations ranging from 6-200 ng deltamethrin/L and 32-10,000 ng
cypermethrin/L (nominal), plus seawater-only controls. At test initi-
ation, water from one replicate jar/test concentration was collected
for water quality (temperature, pH, dissolved oxygen, salinity) and
for chemical analysis (deltamethrin or cypermethrin) using pre-
cleaned glass sample jars. Ten amphipods were added to each repli-
cate, with three replicates per test concentration per single-pulsed
exposure. The tests were static, with no aeration of water and no
substrate. After 1- or 24-h exposure, organisms were transferred to
clean water and then monitored again at 96 h. After the 1-h expo-
sure, water was pooled from the three replicates for chemistry. Con-
currently with the 24-h exposure, chemistry-only replicates
(without organisms) were sampled at 3, 6, 12, and 24 h for two treat-
ment concentrations/pesticide (12.5 and 50 ng/L deltamethrin and
100 and 1000 ng/L cypermethrin, nominal) to examine chemical
loss over time. Water samples (0.5-0.9 L volumes) were preserved
with dichloromethane (DCM; ~5% v/v in sample), shaken for
15 min, and refrigerated at ~4 °C until chemical analysis. Amphipod
survival was determined after 96 h and immobilized organisms
(i.e., unable to swim) were examined under a dissecting microscope
to confirm mortality.

2.3. Sediment toxicity tests

The toxicity of sediment-borne AlphaMax® and Excis® to amphi-
pods was examined in 10-d tests. The concentration series for these
tests were selected based on preliminary range finding tests and ranged
from 6-200 ng deltamethrin/g and 9-300 ng cypermethrin/g (dry
weight, nominal concentration), plus un-spiked controls. On the day
before the start of the test (Day —1), 150 ml of sediment (~4 cm
depth) and 600 ml seawater were added to 1-L glass jars. Sediment
had the following characteristics: density of 0.44 g dry weight/ml, 67%
moisture, 87% sand, 13% silt/clay, and 3% total organic carbon (TOC).
Stock solutions of each pesticide formulation prepared in seawater
were spiked into jars containing sediment and water, rather than into
sediment, as this is more reflective of field conditions where the chem-
ical is added to the water. Jars were sealed and placed on a reciprocating
shaker on high for 5 min, then in a water bath overnight with overlying
water in each test jar aerated via a Pasteur pipette through a hole in a
loosely fitted lid. At test initiation (Day 0), overlying water and settled
sediment were collected from three replicates/test concentration for
measurement of water quality and pesticides. Twenty amphipods
were added to each replicate, with three replicates per test concentra-
tion. General observations of amphipod condition (mobile or immobile)
were noted daily, but could not be accurately quantified due to difficulty
in seeing all organisms in the test jars. Affected organisms were not
removed and examined until the end of the test. At test termination,
overlying water was carefully decanted from the test jars and collected
for chemical analysis. Organisms were sieved from the surface layer of
sediment, rinsed, and transferred to a shallow pan with water to assess
survival. Sediment was then collected for chemistry and frozen until
chemical analysis.

All concentrations reported herein are as the active ingredient delta-
methrin or cypermethrin and expressed on a dry weight basis in sedi-
ment, with target nominal concentrations based on the assumption of
100% adsorption to sediment.
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2.4. Chemical analyses

Samples were analyzed for deltamethrin, cypermethrin, sediment
particle size, and sediment TOC at the University of New Brunswick
(Saint John, NB, Canada) following standard methods. For water sam-
ples, a liquid-liquid extraction was completed using a separatory funnel
and DCM (US EPA, 1996a). PCB 30 and PCB 204 were added to samples
as surrogates prior to extraction. Each sample was extracted two times
with DCM, which was then collected and combined for analysis. The ex-
tract was concentrated using a Biichi Rotavapor R200 and further con-
centrated with an N-Evap™ 112 nitrogen evaporator to a final volume
in isooctane.

Sediment samples were freeze dried, and the percent moistures
were determined gravimetrically. PCB 30 and PCB 204 were added
to samples as surrogates prior to extraction. The freeze-dried sam-
ples were extracted using an Accelerated Solvent Extractor (ASE
300; Dionex), with 50:50 DCM:hexane (US EPA, 1996b). Extracts
were concentrated using a Biichi Rotavapor R200 and an N-Evap™
112 nitrogen evaporator to a final volume in 50:50 DCM:hexane. Ex-
tracts for sediment were run through a J2 Scientific Automated Gel
Permeation Column to remove interfering compounds (US EPA,
1996¢), re-concentrated, and then added to a Florisil column and
eluted with a series of non-polar to polar solutions. Separate frac-
tions containing PCB surrogates and deltamethrin or cypermethrin
were solvent transferred to isooctane, and then further concentrated
to a final volume.

PCB 103 and PCB 198 were added as internal standards to final
extracts just prior to analysis. Extracts were analyzed by gas chromatog-
raphy with electron capture detection (GC-ECD) and quantification
using an internal standard calibration and standard methods (Hladik
et al.,, 2009; US EPA, 1995). Quality assurance/quality control proce-
dures performed on each set of 10 samples included: surrogates,
calibration checks, a method blank, and a method spike. The method
detection limit (MDL) for deltamethrin and cypermethrin in water
was 1-2 ng/L (based on 1- and 0.5-L sample volumes) and reporting
limits ranged from 7-14 ng/L based on the MDL, method blanks, and
individual sample volume. The MDL for deltamethrin and cypermethrin
in sediment was 2 ng/g.

2.5. Test endpoints

An LC50 or EC50 (i.e., concentration causing lethality or other ef-
fect in 50% of organisms) with 95% Confidence Intervals (C.I.) was
determined for each test according to Stephan (1977) using the com-
puter program Toxstats. These endpoints were calculated based on
the mean response in each treatment and mean measured concen-
trations of deltamethrin and cypermethrin. Concentrations of pesti-
cide reported as “less than reported value” were close to detection
limits and were set equal to the reported value for the purpose of cal-
culating average exposure concentrations. Measured concentrations
for 1-h water-only exposures were considered to be the average of
the concentrations measured at time (T) = 0 and 1 h. Average mea-
sured concentrations for the 24-h water-only exposures were deter-
mined according to Zitko et al. (1977) as follows. For treatments for
which time-point sampling occurred (12.5 and 50 ng/L deltamethrin
and 100 and 1000 ng/L cypermethrin, nominal), an average concen-
tration for that treatment was calculated using the area under the ex-
ponential degradation curve fit to the measured data. The ratio
between this time-weighted average concentration and the T=0h
measured concentration was determined and averaged for the two
treatment time-series per pesticide. All T = 0 h measured data
were multiplied by this average ratio to calculate 24-h time-
weighted average water concentrations for all treatments. For sedi-
ment, the concentrations measured at the beginning and end of
each test were averaged for each treatment (n = 6) and used to cal-
culate endpoints.

Table 1
Measured concentrations of deltamethrin from AlphaMax® in water from 1- and 24-h
tests with amphipods (n = 1/concentration).

Nominal T=0h %of T=1h 1-haverage 24-haverage®
concentration ng/L nominal ng/L ng/L ng/L

ng/L

0 <7 - nm - -

6.25 <13 - <14 <14 <6.6

125 <12 <96 <14 <13 <6.1

25 19 76 18 19 9.6

50 31 62 29 30 16

100 54 54 39 47 27

200 240 120 140 190 na

nm — not measured.
na — not applicable, treatment not included in 24-h exposure.
< Less than reported value, close to detection limits.

2 Time-weighted average based on Zitko et al. (1977) using average area under the
exponential degradation curve of 12.5 and 50 ng/L measured data. Average adjustment
factor of two treatments was 0.51.

3. Results
3.1. Chemical concentrations

Measured concentrations of deltamethrin at T = 0 h in the water-
only tests ranged from 54 to 120% of nominal concentrations
(Table 1). The 12.5 and 50 ng/L (nominal) treatments were sampled
over time, and concentrations of deltamethrin decreased exponentially,
with an average loss of 77% of the initial concentration by 24 h (Fig. 1).

Measured concentrations of cypermethrin at T = 0 h in the water-
only tests ranged from 47 to 65% of nominal concentrations (Table 2).
The 100 and 1000 ng/L (nominal) treatments were sampled over
time, and concentrations of cypermethrin decreased, with an average
loss of 36% of the initial concentration by 24 h (Fig. 2). Loss of
cypermethrin over time did not fit an exponential degradation curve
as well as data for deltamethrin; however, these data were used to
calculate an average concentration of cypermethrin over the 24-h
period.

In AlphaMax®- and Excis®-spiked sediment, average measured
concentrations of deltamethrin and cypermethrin on Day 0 ranged
from 21-47% and 35-237% of nominal concentrations in sediment,
respectively (Table 3). On average, sediment concentrations across all
treatments decreased by 33% between Days 0 and 10. Deltamethrin
and cypermethrin measured in overlying water of sediment tests on
Day 0 represented <4% of the amount added to the test jars (data not
shown). Therefore, the disparity between nominal and measured
sediment concentrations was not attributed to the active ingredient
remaining in solution due to the pesticide formulation.

35
< m 125ng/L
2 307, © 50ng/L
< o Expon. (12.5 ng/L)
= 25 4 S~ Expon. (50 ng/L)
5 20 -
e
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o 15 2
e " & oo RE=002
£ 10 Tl
2 ARDRNE S
g 5 y=12.715¢0068x g
3 0 R2=0.7825
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Time (h)

Fig. 1. Loss of deltamethrin from AlphaMax® formulation in water during 24-h test with
amphipods. Nominal water concentrations at T = 0 were 12.5 and 50 ng/L (n = 1/time).
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Table 2
Measured concentrations of cypermethrin from Excis® in water from 1- and 24-h tests
with amphipods (n = 1/concentration).

Table 3
Measured concentrations of deltamethrin and cypermethrin in sediment in 10-d tests of
AlphaMax®- or Excis®-spiked sediment with amphipods (n = 3/concentration).

Nominal T=0h %of T=1h 1-haverage 24-haverage®
concentration ng/L nominal ng/L ng/L ng/L

ng/L

0 <7 - - - -

32 15 47 15 15 12

100 65 65 50 58 54

320 160 50 150 160 130

1000 570 57 460 520 470

3200 1900 59 1700 1800 1600

10,000 5000 50 6200 5600 4100

nm — not measured.
< Less than reported value.

@ Time-weighted average based on Zitko et al. (1977) using average area under the
exponential degradation curve of 100 and 1000 ng/L measured data. Average adjustment
factor of two treatments was 0.83.

3.2. Biological effects

3.2.1. Toxicity of AlphaMax® in water

Within 1-h of exposure to AlphaMax®, all amphipods in the highest
test concentration (190 ng/L measured) were immobilized on the
bottom of the test jars. At 96 h, 97 4+ 3% mortality (mean + SE) was
observed in this treatment. Delayed toxicity, which included mortality
and immobility, was observed in the two next highest treatments (47
and 30 ng/L), with a total of 47 4 23% and 20 4 10% of organisms
being affected (mortality + immobility) at 96 h (Fig. 3A). Less than
10% of amphipods were dead or immobile in the three lowest test
concentrations. Mortality in control organisms was 4 + 4% and immo-
bility was not observed.

After the 24-h exposure to AlphaMax®, all amphipods in the highest
test concentration (27 ng/L measured) showed no movement and all
organisms in the two next highest treatments (16 and 9.6 ng/L)
appeared immobilized and were on their backs with their legs
twitching. At 96 h, 100% mortality was observed in the highest treat-
ment. Some of the organisms that were immobilized after 24 h in the
16 and 9.6 ng/L treatments subsequently died after 96 h, while others
remained immobilized or recovered sufficiently to swim, and a total
of 63 £ 3% and 37 & 9%, respectively, remained affected (mortality +
immobility) at 96 h (Fig. 3A). Delayed toxicity, which included
mortality and immobility, was observed in the two lowest test concen-
trations with 31-45% of organisms being affected. Mortality in control
organisms was 3 + 3% and immobility was not observed.

Estimates of LC50s (mortality) and EC50s (total organisms affected;
mortality + immobility) based on the average measured concentration
of deltamethrin and mean response at 96 h were calculated for both 1-
and 24-h single-pulse exposures (Table 4). As would be expected,

—~ 1000
B m 100 ng/L
= © 1000 ng/L
S 8001 Expon. (100 ng/L)
g s T Expon. (1000 ng/L)
S 6004 o
2 P
3 © y = 573440005 7T oo
g 4007 R? = 0.1595 o
£
©
£ 200 y = 60.09g0-017x
§ R?=0.7335
o = =
0- . i i : u
0 5 10 15 20 25
Time (h)

Fig. 2. Loss of cypermethrin from Excis® formulation in water during 24-h test with am-
phipods. Nominal water concentrations at T = 0 were 100 and 1000 ng/L (n = 1/time).

Nominal sediment Day 0 Day 10 Day 0 and 10
concentration ng/g Average SE  %of Average SE  Average SE
ng/g nominal ng/g ng/g
AlphaMax®
0 <24 04 - <13 04 <18 0.3
6 <2.8 0.8 <47 <21 12 <25 0.7
13 44 14 34 <2.6 16 <35 1.1
25 7.8 25 31 4.1 1.8 59 1.6
50 11 40 21 6.5 14 86 2.1
100 30 14 30 24 15 27 9.4
200 54 9.5 27 42 6.4 48 5.7
Excis®
0 <2.0 0o - <2.0 0 <20 0
9 21 1.2 237 15 40 18 24
19 33 1.5 174 24 3.0 29 2.5
38 47 49 124 35 49 41 42
75 48 13 64 26 52 37 7.8
150 66 14 44 47 84 57 8.4
300 106 9 35 65 9.0 86 11

< Less than reported value.

thresholds for the 1-h exposure were higher than for the 24-h exposure,
by approximately 7 times. For both exposure durations, LC50s were
approximately 1.5-times higher than EC50s.

—&— 1+95 h mortality
--0F- 1+95 h total affected
—A— 24+72 h mortality
—4A—-24+72 h total affected

1 10 100 1000
Deltamethrin concentration (ng/L)

100

% amphipods affected

80

60

40

20

1 10 100 1000
Cypermethrin concentration (ng/L)

10000

Fig. 3. Acute toxicity of A) AlphaMax® and B) Excis® in water to the amphipod
Echinogammarus finmarchicus. Organisms were exposed for 1 or 24 h and then monitored
at 96 h. (*) indicates the lowest concentration at which organisms were immobilized after
1- or 24 h exposure. Total affected includes mortality + immobility at 96 h. Toxicity data
are means = SE of n = 3 replicates (10 organisms/replicate). Concentrations are average
measured concentrations of active ingredient.
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Table 4

Estimates of LC50s and EC50s for Echinogammarus finmarchicus exposed to AlphaMax®
and Excis® in water (95% confidence intervals in brackets). Organisms were exposed for
1 or24 h and then monitored at 96 h. Thresholds are derived from average measured con-
centrations of active ingredient.

Pesticide (active
ingredient)

1 hexposure + 95 h 24 h exposure + 72 h

LC50 ng/L EC50" ng/L LC50 ng/L EC50% ng/L
AlphaMax® 70 (63-80) 47 (43-53) 9.4 (8.1-11) 6.7 (2.6-18)
(deltamethrin)
Excis® 220 (130-390) 180 (140-220) 77 (70-83) 20 (17-24)

(cypermethrin)

@ Total affected includes mortality + immobility.

3.2.2. Toxicity of Excis® in water

Within a 1-h exposure to Excis®, all amphipods in the two highest test
concentrations (5600 and 1800 ng/L measured) showed no movement
and all organisms in the next highest treatment (520 ng/L) appeared
immobilized and were on their backs with their legs twitching. At 96 h,
100% mortality was observed in the two highest treatments and 50 4
25% mortality was observed in the 520 ng/L treatment in which organ-
isms had been immobilized after the 1-h exposure (Fig. 3B). Delayed tox-
icity was also observed in other exposure concentrations (15 to 160 ng/L),
with 10 to 43% of organisms being affected (mortality + immobility) at
96 h. No effects were observed in control organisms.

After the 24-h exposure to Excis®, all amphipods in the three
highest test concentrations (4100, 1600, and 470 ng/L nominal ) showed
no movement and all organisms in the two next highest treatments
(130 and 54 ng/L) appeared immobilized and were on their backs
with their legs twitching. At 96 h, 90-100% mortality was observed in
the four highest test concentrations (Fig. 3B). Immobilized organisms
in the 54 ng/L treatment did not appear to recover, as 60 4+ 12% of or-
ganisms remained affected (mortality + immobility) at 96 h. Delayed
mortality (20 £+ 10%) was observed in the lowest test concentration
(12 ng/L). No effects were observed in control organisms.

As would be expected, thresholds for the 1-h exposure were higher
than for the 24-h exposure, by approximately 3 and 9 times, respectively,
for the LC50s and EC50s (Table 4). The 1-h LC50 was 1.2-times higher
than the EC50 and the 24-h LC50 was approximately 4-times higher
than the associated EC50. This latter difference between the 24-h thresh-
olds is attributed to one treatment (54 ng/L) in which a larger proportion
of organisms were immobilized (40 + 6%) rather than dead (20 + 6%),
which was not typically observed in other treatments for either pesticide.

3.2.3. Toxicity of AlphaMax® and Excis® in sediment

Amphipods stayed mainly at the sediment-water interface through-
out the 10-d sediment tests and their swimming caused some resuspen-
sion of sediment into the overlying water and oxidation of the surficial
layer of sediment, as indicated by its color (personal observation, J. Van
Geest). Organisms exposed to the highest test concentration (48 ng/g
measured) of AlphaMax®-spiked sediment appeared immobilized by
Day 2 (data not shown). At 10 d, 95 £ 3% mortality (mean 4= SE) was ob-
served in this treatment and 52 4 6% and 37 4 9% mortality was ob-
served in the two next highest treatments (27 and 8.6 ng/g; Fig. 4).
Overlying water in replicates from the three highest test concentrations
was clear by the end of the test, likely because of reduced activity of the
amphipods. Mortality ranged from 12-22% in the other test concentra-
tions (2.5-5.9 ng/g) and was 10 4 3% in the controls. The estimated
10-d LC50 (95% C.1.) was 16 (14-19) ng/g based on average measured
concentrations of deltamethrin in sediment.

Some of the organisms exposed to the highest test concentration
(86 ng/g measured) of Excis®-spiked sediment appeared immobilized
by Day 4 (data not shown). At 10 d, 57 4+ 3% mortality was observed
in this treatment and 25 + 3% mortality in the next highest treatment
(57 ng/g; Fig. 4). Overlying water in replicates from the two highest
test concentrations was clear by the end of the test, indicative of
reduced organism activity. Mortality ranged from 5-13% in the

100
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60 -
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Fig. 4. Toxicity of AlphaMax® and Excis® in 10-d sediment tests to the amphipod
Echinogammarus finmarchicus. Toxicity data are means 4 SE of n = 3 replicates (20 organ-
isms/replicate). Sediment data are means + SE of measured concentrations of active
ingredient on Days 0 and 10 (n = 6).

other test concentrations (18-37 ng/g) and was 12 + 6% in the controls.
The estimated 10-d LC50 (95% C.I.) was 80 (72-94) ng/g based on
average measured concentrations of cypermethrin in sediment.

4. Discussion

In the present study, amphipods were exposed to AlphaMax® and
Excis® in water in single-pulse exposures to reflect the acute nature
of pesticide effluent plumes from aquaculture sites. With both pesti-
cides, an increased response was observed with the longer exposure
duration, as would be expected. This was reflected by the 3- to 9-fold
difference between 1-h and 24-h thresholds, which is comparable to
similar studies of other marine crustaceans exposed to these pesticides
(cf. Burridge et al.,, 2014 and DFO unpublished data in Table 5). Amphi-
pods that received a 1-h single-pulse exposure showed greater variabil-
ity in response at the end of the test in treatments where partial effects
were observed, compared with the 24-h exposures. For AlphaMax®, the
response curve from the 24-h single-pulse exposure was shifted to
lower concentrations because loss of deltamethrin over time was
accounted for in the exposure estimates. The 1- and 24-h response
curves for Excis® were at similar concentrations because loss of
cypermethrin over time was minimal. Despite some of these noted
differences between the 1-h and 24-h single-pulse exposures, the
general shapes of the response curves were similar for each of the two
pesticides. Thresholds for tests with Excis® were 3- to 8-times higher
than those with AlphaMax®, which is consistent with other research
indicating that deltamethrin is more toxic than cypermethrin.

Distinguishing between lethality and immobility is necessary to
report absolute effects, and in the present study, as much as a 4-fold
difference was observed between LC50 and EC50 thresholds. However,
immobility is an equally important endpoint, equivalent to ecological
death, because in the field an immobilized organism is unable to feed,
seek shelter, or avoid predation. Other studies have found irreversible
immobility to be a sensitive endpoint in the amphipod E. estuarius
exposed to AlphaMax® and have reported EC50s that are 2.4- to
3.8-times lower than associated LC50s (cf. Fairchild et al., 2010 and
EC-ALET unpublished data in Table 5).

Delayed toxicity, rather than recovery, was typically observed
following single-pulse exposures to AlphaMax® and Excis®. Organisms
immobilized after 1- or 24-h exposures to higher test concentrations
typically did not recover by 96 h and organisms unaffected right after
the pesticide exposure were later immobilized or dead. In the present
study, delayed effects were observed in up to 50% of organisms in a
test treatment following pesticide exposure. Delayed toxicity has been
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Table 5

Summary of acute toxicity of AlphaMax® and Excis® in water to marine crustaceans. Thresholds are concentrations of active ingredient (95% confidence intervals in brackets).
Species — life stage Exposure (+ recovery) LC50 ng/L EC50° ng/L Temperature °C Reference
AlphaMax® (deltamethrin)
Lobster stage [ 1Th+95h 3.4 (1.5-6) 10 Burridge et al. (2014)
Eohaustorius estuarius 1Th+95h 13 (4.8-36) 5.5 (5.1-6) 15 Fairchild et al. (2010)
Mysis sp. 1h+95h 14 (11-18) 13 Burridge et al. (2014)
Lobster adult 1h+95h 19 (3.9-34) 8.5 Burridge et al. (2014)
Lobster stage III 1Th+95h 37 (25-53) 20 Fairchild et al. (2010)
Echinogammarus finmarchicus 1h+95h 70 (63-80) 47 (43-53) 10 This study
Crangon septemspinosa 1h+95h 142 (104-194) 15 Fairchild et al. (2010)
Lobster stage [ 24h+72h 0.8 (0.6-1) 12 Burridge et al. (2014)
Lobster stage II 24h+72h 0.6 (0.3-1) 12 Burridge et al. (2014)
Lobster stage IV 24h+72h 1.7 (0-4.8) 12 Burridge et al. (2014)
Mysis sp. 24h+72h 1.4 (0-3.6) 12 Burridge et al. (2014)
Echinogammarus finmarchicus 24h+72h 9.4 (8.1-11) 6.7 (2.6-18) 10 This study
Lobster adult 24h+72h 15 (11-19) 12 Burridge et al. (2014)
Crangon septemspinosa 24h+72h 27 (14-40) 12 Burridge et al. (2014)
Eohaustorius estuarius 48 h + 48 h 16 (13-19) 4.2 (1.8-9.6) 15 EC-ALET unpublished®
Excis® (cypermethrin)
Lobster stage II 5min + 12 h 660-1690 10-12 Pahl and Opitz (1999)
Praunus flexuous 1h+95h >142 14 DFO unpublished
Echinogammarus finmarchicus 1h+95h 220 (130-390) 180 (140-220) 10 This study
Lobster stage II 12h+12h 58-365 10-12 Pahl and Opitz (1999)
Lobster adult 24 h 140 10 Burridge et al. (2000b)
Praunus flexuous 24h+72h 33 (25-44) 14 DFO unpublished
Echinogammarus finmarchicus 24h+72h 77 (70-83) 20 (17-24) 10 This study
Lobster stage [ 48 h 180 (20-320) 10 Burridge et al. (2000b)
Lobster stage Il 48 h 120 (60-180) 10 Burridge et al. (2000b)
Lobster stage III 48 h 60 (30-90) 10 Burridge et al. (2000b)
Lobster stage IV 48 h 120 (80-170) 10 Burridge et al. (2000b)
Lobster adult® 48 h 81 15 Burridge et al. (2000a)
Eohaustorius estuarius 48 h 1000-3600 7-40 15 Ernst et al. (2001)
Amphiporeia virginiana 48 h 6900-7400 3.4-30 15 Ernst et al. (2001)
Amphiporeia virginiana 48 h + 48 h 12 (0-20) 15 Ernst et al. (2001)

2 Immobility.

b Personal communication P. Jackman, Environment Canada-Atlantic Laboratory for Environmental Testing (EC-ALET).

¢ Repeated exposure mean test concentration.

observed in other studies of acute, single-pulse exposure of invertebrates
to pyrethroids. Following a 1-h pulse exposure to 100 or 300 ng/L
esfenvalerate, delayed mortality was observed in 70-100% of juveniles
and 15% of adults of the freshwater amphipod Gammarus pulex, within15
d post-exposure (Cold and Forbes, 2004). Delayed mortality in 25-75% of
organisms occurred between Days 2 and 10 in the freshwater cladoceran
Daphnia magna, following a 24-h pulse exposure to 600 to 3200 ng/L
fenvalerate (Reynaldi and Liess, 2005). The delayed toxicity observed in
these and the present study demonstrates the importance of monitoring
for effects after a single-pulsed exposure.

The toxicity of these pesticides varies across non-target species and
previous studies found the amphipod E. estuarius to be more sensitive to
AlphaMax® than stage Il and IV lobster and Crangon shrimp in both 1-h
single-pulsed and standard 96-h exposures (Fairchild et al., 2010). More
recent studies have examined the acute toxicity of AlphaMax® in
single-pulsed 1- and 24-h exposures of shrimp and various life stages
of lobster (Burridge et al., 2014) and 48-h exposures of E. estuarius
(see summary in Table 5). E. finmarchicus in the present study was
less sensitive to AlphaMax® than larval stage lobsters, Mysid shrimp,
and E. estuarius, and was more sensitive than Crangon shrimp. Acute
toxicity data for Excis® (or even technical grade cypermethrin) are lim-
ited for exposures <24 h (Table 5). E. finmarchicus was less sensitive to
Excis® than the shrimp Praunus flexuous in 1- and 24-h single-pulsed
exposures. In 48-h exposures to Excis® all lobster life stages were
more sensitive than the amphipods E. estuarius and Amphiporeia
virginiana (Burridge et al., 2000a, 2000b; Ernst et al., 2001). Although
it is not possible to directly compare all the studies because of the differ-
ent test conditions, E. finmarchicus appears to be at lower risk from
aquaculture pesticide use than other non-target marine crustaceans.

Effluent plumes of anti-sea lice pesticides from aquaculture sites have
been detected several hours post-release, at concentrations equivalent to

1000- to 2000-fold dilutions of the pre-release concentrations (Ernst
et al., 2001). The 1-h thresholds determined for E. finmarchicus in the
present study represent 23- to 43-fold dilutions of the associated aquacul-
ture treatment concentrations. Work on modeling effluent plumes from
aquaculture sites (by Ernst et al., 2001, 2014 and Page et al., DFO unpub-
lished) suggests that dilutions of these magnitudes could occur>1to 2.5 h
post-release of effluent from a cage site. Therefore, amphipods within the
vicinity of an effluent plume may be exposed to aqueous concentrations
above the 1-h thresholds for a sufficient duration to cause adverse effects,
including delayed toxicity. The 24-h thresholds in the present study rep-
resent 65- to 300-fold dilutions, which are predicted to occur around
aquaculture cages within 3-4 h post-release (Ernst et al., 2001, 2014
and Page et al., DFO unpublished), but effects are not expected from a sin-
gle anti-sea lice treatment because amphipods are unlikely to be exposed
to threshold concentrations for as long as 24 h. However, it is possible that
multiple cages are treated at one site within a short time frame (i.e., same
day or subsequent days), and this could increase both the pesticide con-
centrations and the length of time over which non-target organisms are
exposed to toxic concentrations.

Few studies have examined the toxicity of these pyrethroids in
sediments to marine organisms, despite sediment being a potential
sink. Spiked-sediment studies with other amphipod species have
reported the following 10-d LC50s (95% C.L): 0.54 (0.48-0.61) ng/g for
E. estuarius exposed to AlphaMax® in sand (EC-ALET, 2014, personal
comm.), 8 (6.4-9.6) ng/g for Corophium volutator exposed to Excis® in
sediment (Mayor et al., 2008), and 11 ng/g for E. estuarius exposed to
technical grade cypermethrin in formulated sediment (Anderson et al,
2008). However, it is important to note that these thresholds are
based on nominal concentrations of active ingredient, which are less
conservative than measured concentrations. E. finmarchicus was much
more tolerant than these two other amphipod species to deltamethrin
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and cypermethrin in sediment, by approximately 30- and 10-times, re-
spectively (based on measured values versus the above nominal LC50s).
These differences in sensitivity may partly be attributed to the much
smaller size of amphipods in those studies (~5 mm adults), which may
have increased uptake of the chemical into the animals due to their higher
surface area to volume ratio (Sprague, 1995). Cold and Forbes (2004) ob-
served that smaller adults (7-8 mm) of the freshwater amphipod
Gammarus pulex were up to 1.5-times more sensitive to the pyrethroid
esfenvalerate than larger adults (10-14 mm) in 24- to 96-h water-only,
lethality tests. Juveniles (<3 mm) of both G. pulex and Gammarus fossarum
were reported to be 14- to 22-times more sensitive to deltamethrin than
adults (>7 mm) in 48-h water-only, lethality tests (Adam et al., 2010).
The lower sensitivity of E. finmarchicus observed in the present study
may be attributable to organism size and not solely, species-specific sen-
sitivity. In comparison to sediment tests, E. finmarchicus was only 5-times
more tolerant to deltamethrin in water-only tests than E. estuarius (cf.
Fairchild et al,, 2010 in Table 5). This suggests that sediment-specific fac-
tors may also influence the differences in relative sensitivity observed be-
tween studies, but without measured concentrations in the other
sediment studies it is difficult to speculate on this further.

There is limited environmental data for pesticide concentrations in
sediments related to aquaculture use and chemical monitoring around
aquaculture sites is not a requirement in every jurisdiction, Canada
included. The Scottish Environmental Protection Agency (SEPA)
conducted surveys around marine fish farms and reported concentra-
tions of cypermethrin in sediment ranging from 0.03 to 7.2 ng/g dw
(SEPA, 2004, 2005, 2006, 2007), with most sites below the SEPA
predicted-no-effect-concentration (PNEC) of 2.2 ng/g. Deltamethrin
was not included in those surveys, despite its use in Scottish aquacul-
ture and there being a proposed PNEC of 0.33 ng/g (SEPA, 2008). The
10-d sediment LC50s reported for E. finmarchicus in the present study
are much higher than reported environmental concentrations in
sediment, assuming cypermethrin concentrations would reflect those
for deltamethrin. For this amphipod species, this suggests a low poten-
tial for acute toxicity from sediment exposures; however, this does not
consider chronic exposure. While the SEPA PNECs for deltamethrin
and cypermethrin in sediment are well below the thresholds for
E. finmarchicus, they may not be sufficiently protective for a more sensi-
tive amphipod such as E. estuarius. The lack of environmental chemistry
data for sediment around cage sites remains a large source of uncer-
tainty when assessing the potential for adverse effects to benthic
invertebrates.

5. Conclusions

The toxicity of the sea-lice pesticides AlphaMax® and Excis®
have not been thoroughly studied for sensitive non-target crusta-
ceans such as marine amphipods in both aqueous and sediment
exposures. Results of 1-h single-pulsed exposures in the present
study with the amphipod E. finmarchicus suggests that organisms
in the vicinity of effluent plumes could potentially be exposed to
toxic concentrations of deltamethrin and cypermethrin for suffi-
cient duration to cause lethality or immobility, even delayed ef-
fects after exposure. In sediment tests, the 10-d LC50s reported
for E. finmarchicus for these pesticides are much higher than
the existing environmental data, suggesting low potential for
risks via this route of exposure. However, other species of am-
phipods appear to be more sensitive. Regardless, the lack of envi-
ronmental chemistry data in sediment around cage sites remains
a large source of uncertainty when assessing the potential for ad-
verse effects to benthic invertebrates. The risk to benthic inverte-
brates would be dependent on the magnitude and extent of
pesticide accumulation in sediment, which would be influenced
by treatment frequency, and physical, chemical, and oceano-
graphic conditions.

Acknowledgments

We would like to thank M. Lyons, E. Gross, K. Ross, D. Wong, and K.
MacKeigan (DFO) for assistance in the collection of amphipods and
sediment and A. Mercer (University of New Brunswick, Saint John,
NB) for physicochemical analyses of water and sediment samples.
Funding for this project was through the NSERC Canadian Integrated
Multi-Trophic Aquaculture Network (NETGP 372815 - 08) and the
Program for Aquaculture Regulatory Research, Department of Fisheries
and Oceans.

References

Adam, O., Degiorgi, F., Crini, G., Badot, P., 2010. High sensitivity of Gammarus sp. juveniles
to deltamethrin: outcomes for risk assessment. Ecotoxicol. Environ. Saf. 73,
1402-1407.

Anderson, B.S., Lowe, S., Phillips, B.M., Hunt, J.W., Vorhees, ]., Clark, S., Tjeerdema, R.S.,
2008. Relative sensitivities of toxicity test protocols with the amphipods Eohaustorius
estuarius and Ampelisca abdita. Ecotoxicol. Environ. Saf. 69, 24-31.

Bousfield, E.L., 1973. Shallow-water Gammaridean Amphipoda of New England. ©National
Museums of Canada. Cornell University Press 0-8014-0726-5.

Burridge, L.E., Haya, K., Waddy, S.L., Wade, J., 2000a. The lethality of anti-sea lice formula-
tions Salmosan® (azamethiphos) and Excis® (cypermethrin) to stage IV and adult
lobsters (Homarus americanus) during repeated short-term exposures. Aquaculture
182, 27-35.

Burridge, L.E., Haya, K., Page, F.H., Waddy, S.L, Zitko, V., Wade, ]., 2000b. The lethality of
the cypermethrin formulation Excis® to larval and post-larval stages of the
American lobster (Homarus americanus). Aquaculture 182, 37-47.

Burridge, L., Weis, J., Cabello, F., Pizarro, J., Bostick, K., 2010. Chemical use in salmon
aquaculture: a review of current practices and possible environmental effects.
Aquaculture 306, 1-23.

Burridge, L.E., Lyons, M.C., Wong, D.K.H., MacKeigan, K., Van Geest, ].L., 2014. The
acute lethality of three anti-sea lice formulations: AlphaMax®, Salmosan®,
and Interox®Paramove™50 to lobster and shrimp. Aquaculture 420-421,
180-186.

Chang, B.D., McClelland, G., 1996. Alternative treatments for sea lice in farmed salmon.
Final Report. Department of Fisheries and Oceans Science High Priority Project
#9015 (28 pp.).

Chang, B.D., McClelland, G., 1997. Sea lice research and monitoring. Final Report.
Department of Fisheries and Oceans Science High Priority Project #9019 (52 pp.).

Coats, J.R., Symoniks, D.M., Bradburys, P., Dyer, D., Timson, L.K., Atchinson, G.J., 1989.
Toxicology of synthetic pyrethroids in aquatic organisms: an overview. Environ.
Toxicol. Chem. 8, 671-679.

Cold, A., Forbes, V.E., 2004. Consequences of a short pulse of pesticide exposure for
survival and reproduction of Gammarus pulex. Aquat. Toxicol. 67, 287-299.

Crane, M., Gross, M., Maycock, D.S., Grant, A., Fossum, B.H., 2011. Environmental quality
standards for a deltamethrin sea louse treatment in marine finfish aquaculture
based on survival time analyses and species sensitivity distributions. Aquac. Res. 42,
68-72.

EC-ALET (Environment Canada-Atlantic Laboratory for Environmental Testing), 2014.
Personal communication P. Jackman.

Environment Canada, 1998. Biological test method: reference method for determining
acute lethality of sediment to marine or estuarine amphipods. Reference Method,
Environmental Protection Series 1/RM/35 (56 pp.).

Ernst, W., Jackman, P., Doe, K., Page, F., Julien, G., Mackay, K., Sutherland, T., 2001.
Dispersion and toxicity to non-target aquatic organisms of pesticides used to treat
sea lice on salmon in net pen enclosures. Mar. Pollut. Bull. 42, 433-444.

Ernst, W, Doe, K., Cook, A., Burridge, L., Lalonde, B., Jackman, P., Aubé, ].G., Page, F., 2014.
Dispersion and toxicity to non-target crustaceans of azamethiphos and deltamethrin
after sea lice treatments on farmed salmon, Salmo salar. Aquaculture. http://dx.doi.
org/10.1016/j.aquaculture.2013.12.017.

Fairchild, W.L., Doe, K.D., Jackman, P.M., Arsenault, ].T., Aube, ].G., Losier, M., Cook,
A.M., 2010. Acute and chronic toxicity of two formulations of the pyrethroid
pesticide deltamethrin to an amphipod, sand shrimp, and lobster larvae.
Canadian Technical Report of Fisheries and Aquatic Sciences. 2876 (vi +

34 pp.).

Gross, M., Maycock, P., Crane, M., 2008. Environmental assessment report for Alpha Max
according to VICH Phase I and II guidance. Unpublished Report WCA Environment
Ltd. Oxfordshire UK. 86 pp.

Haya, K., 1989. Toxicity of pyrethroid insecticides to fish. Environ. Toxicol. Chem. 8,
381-391.

Haya, K., Burridge, LE., Davies, .M., Ervik, A., 2005. A review and assessment of environ-
mental risk of chemicals used for the treatment of sea lice infestations of cultured
salmon. In: Hargrave, B. (Ed.), Handbook of Environmental Chemistry: Water
Pollution, Part M. vol. 5, pp. 305-341.

HC-PMRA (Health Canada-Pest Management Regulatory Agency), 2010. AlphaMax®
2010-3648. Date accessed 2013-11-15 http://pr-rp.hc-sc.gc.ca/1_1/view_label?p_
ukid=38119805.

Hladik, M.L.,, Smalling, K.L., Kuivila, K.M., 2009. Methods of analysis — determination of
pyrethroid insecticides in water and sediment using gas chromatography/mass
spectrometry. US Geological Survey Techniques and Methods. 5-C2 (18 pp.).


http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0005
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0005
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0005
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0130
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0130
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0140
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0140
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0020
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0020
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0020
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0020
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0025
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0025
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0025
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0030
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0030
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0030
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0035
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0035
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0035
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0035
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0145
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0145
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0145
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0150
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0150
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0040
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0040
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0045
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0045
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0050
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0050
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0050
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0050
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf4155
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0155
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0155
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0155
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0055
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0055
http://dx.doi.org/10.1016/j.aquaculture.2013.12.017
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0160
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0160
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0160
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0160
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0165
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0165
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0170
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0170
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0170
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0170
http://pr-rp.hc-sc.gc.ca/1_1/view_label?p_ukid=38119805
http://pr-rp.hc-sc.gc.ca/1_1/view_label?p_ukid=38119805
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0180
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0180
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0180

240 J.L. Van Geest et al. / Aquaculture 434 (2014) 233-240

Jones, P.G., Hammell, K.L., Dohoo, LR., Revie, C.W., 2012. Effectiveness of emamectin
benzoate for treatment of Lepeophtheirus salmonis on farmed Atlantic salmon Salmo
salar in the Bay of Fundy, Canada. Dis. Aquat. Org. 102, 53-64.

Mayor, DJ.,, Solan, M., Martinez, 1., Murray, L., McMillan, H., Paton, G.I, Killham, K., 2008.
Acute toxicity of some treatments commonly used by the salmonid aquaculture
industry to Corophium volutator and Hediste diversicolor: whole sediment bioassay
tests. Aquaculture 285, 102-108.

Miller, T.A., Adams, M.E., 1982. Mode of action of pyrethroids. In: Coats, J.R. (Ed.),
Insecticide Mode of Action. Academic Press, New York, pp. 3-27.

Osterberg, ].S., Darnell, K.M., Blickley, T.M., Romano, J.A., Rittschof, D., 2012. Acute toxicity
and sub-lethal effects of common pesticides in post-larval and juvenile blue crabs,
Callinectes sapidus. ]. Exp. Mar. Biol. Ecol. 424, 5-14.

Pahl, B.C., Opitz, H.M., 1999. The effects of cypermethrin (Excis) and azamethiphos
(Salmosan) on lobster Homarus americanus H. Milne Edwards larvae in a laboratory
study. Aquac. Res. 30, 655-665.

Reynaldi, S., Liess, M., 2005. Influence of duration of exposure to the pyrethroid
fenvalerate on sublethal responses and recovery of Daphnia magna Strauss. Environ.
Toxicol. Chem. 24 (5), 1160-1164.

Scottish Environmental Protection Agency (SEPA), 2004. The occurrence of chemicals
used in sea louse treatments in sediments adjacent to marine fish farms: results of
screening surveys during 2003. http://www.sepa.org.uk/water/water_regulation/
regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx.

Scottish Environmental Protection Agency (SEPA), 2008. Attachment XIV guidance
note on the licensing of discharges of AMX (deltamethrin) at marine cage
fish farms. http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/
marine_aquaculture/fish_farm_manual.aspx.

SEPA, 2005. The occurrence of chemicals used in sea louse treatments in sediments adja-
cent to marine fish farms: results of screening surveys during 2004. http://www.sepa.
org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_
and_publications.aspx.

SEPA, 2006. The occurrence of chemicals used in sea louse treatments in sediments adja-
cent to marine fish farms: results of screening surveys during 2005. http://www.sepa.
org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_
and_publications.aspx.

SEPA, 2007. The occurrence of chemicals used in sea louse treatments in sediments adja-
cent to marine fish farms: results of screening surveys during 2006. http://www.sepa.

org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_
and_publications.aspx.

SEPA (Scottish Environmental Protection Agency), 1998. SEPA policy on the use of
cypermethrin in marine fish farming risk assessment, EQS and recommendations.
Policy No. 30 (http://www.sepa.org.uk/aquaculture/policies/index.htm Policy No.
30).

Smith, T.M.,, Stratton, G.W., 1986. Effects of synthetic pyrethroid insecticides on nontarget
organisms. Residue Rev. 97, 93-120.

Sprague, J., 1995. Factors that modify toxicity, In: Rand, G. (Ed.), Fundamentals of Aquatic
Toxicology. Effects, Environmental Fate and Risk Assessment, 2nd ed. Taylor and
Francis, London, pp. 1012-1013.

Stephan, C.E., 1977. Methods for calculating an LC50. In: Mayer, F.L., Hamelink, J.L. (Eds.),
Aquatic Toxicology and Hazard Evaluation, ASTM STP 634. American Society for
Testing and Materials, Philadelphia, pp. 65-84.

Tomlin, C. (Ed.), 1994. The Pesticide Manual: A World Compendium. Incorporating the
Agrochemicals Handbook, 10th ed. British Crop Protection Council and Royal Society
of Chemistry, Thornton Heath, UK.

US EPA, 1996a. Separatory funnel liquid-liquid extraction (EPA 3510C). Test Methods for
Evaluating Solid Waste, Physical/Chemical Methods (SW-846); Ch. 4.2.1. US
Environmental Protection Agency, Washington, DC.

US EPA, 1996b. Pressurized fluid extraction (PFE) (EPA 3545A). Test Methods for
Evaluating Solid Waste, Physical/Chemical Methods (SW-846); Ch. 4.2.1. US
Environmental Protection Agency, Washington, DC.

US EPA, 1996¢. Gel-permeation cleanup (EPA 3640A). Test Methods for Evaluating Solid
Waste, Physical/Chemical Methods (SW-846); Ch. 4.2.2. US Environmental Protection
Agency, Washington, DC.

US EPA (US Environmental Protection Agency), 1995. Determination of chlorinated
pesticides in water by gas chromatography with an electron capture detector (EPA
Method 508). Clean Water Act Analytical Methods; Revision 3.1. US Environmental
protection Agency, Washington, DC.

Vershueren, K., 1996. Handbook of Environmental Data on Organic Chemicals. Van
Nostrand Reinhold, NY, NY, USA.

Zitko, V., Carson, W.G., Metcalfe, C.D., 1977. Toxicity of pyrethroids to juvenile Atlantic
salmon. Bull. Environ. Contam. Toxicol. 18, 35-41.


http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0185
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0185
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0185
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0080
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0080
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0080
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0085
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0085
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0190
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0190
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0190
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0095
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0095
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0095
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0100
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0100
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0100
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/fish_farm_manual.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/fish_farm_manual.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/water/water_regulation/regimes/aquaculture/marine_aquaculture/reports_and_publications.aspx
http://www.sepa.org.uk/aquaculture/policies/index.htm
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0105
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0105
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0225
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0225
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0225
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0110
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0110
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0110
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0115
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0115
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0115
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0230
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0230
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0230
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0235
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0235
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0235
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0240
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0240
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0240
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0245
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0245
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0245
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0245
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0120
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0120
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0125
http://refhub.elsevier.com/S0044-8486(14)00417-7/rf0125

	Toxicity of two pyrethroid-�based anti-�sea lice pesticides, AlphaMax® and Excis®, to a marine amphipod in aqueous and sedi...
	1. Introduction
	2. Materials and methods
	2.1. Organism collection and holding
	2.2. Water-only toxicity tests
	2.3. Sediment toxicity tests
	2.4. Chemical analyses
	2.5. Test endpoints

	3. Results
	3.1. Chemical concentrations
	3.2. Biological effects
	3.2.1. Toxicity of AlphaMax® in water
	3.2.2. Toxicity of Excis® in water
	3.2.3. Toxicity of AlphaMax® and Excis® in sediment


	4. Discussion
	5. Conclusions
	Acknowledgments
	References


