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INTRODUCTION

Emamectin benzoate, the active ingredient in SLICE®

(a commercial feed pre-mix), is an effective and
widely-prescribed drug administered in fish feed to
control sea lice (Lepeophtheirus salmonis and Caligus
spp.) on farmed salmon (primarily Salmo salar; SPAH
2002). The drug is an avermectin derivative that in-
hibits neurotransmission in the peripheral nervous sys-
tem of arthropods (Mellin et al. 1983, McKellar &
Benachaoui 1996). Secondary effects on growth, de-
velopment, and reproduction have been reported in
insects (Glancey et al. 1982, Antunes et al. 2005).
Ovigerous American lobsters Homarus americanus
that ingest high doses of emamectin benzoate enter
premolt (molt stage D1; setogenic stage 3.0) prema-

turely and lose their attached eggs with the cast shell
(Waddy et al. 2002, 2007a).

Residues of emamectin benzoate have been found in
crabs (Pagurus spp. and Carcinus maenas) collected
near Scottish salmon farms shortly after SLICE was
used to control sea lice infestations (Telfer et al. 2006).
American lobsters are reported to aggregate near
aquaculture sites and eat waste salmon feed (Iwama
1991, Findlay et al. 1995, Hargrave 2003, Walters
2007). In a laboratory study, ovigerous lobsters were
initially attracted to SLICE-medicated feed, but ra-
pidly began feeding selectively on their natural diet
(Waddy et al. 2007b). The estimated dose ingested in
14 d (0.021 µg g–1 body weight) was less than the no-
observed-effect level (NOEL: 0.12 µg g–1) of a single
dose (Waddy et al. 2007a,b).
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ABSTRACT: Emamectin benzoate, the active ingredient in SLICE®, targets the nervous system of
arthropods. Ingestion of high doses causes ovigerous American lobsters Homarus americanus to molt
before their eggs hatch. To determine the effect of repeated exposure to doses at or below the no-
observed-effect level (NOEL) of a single exposure (NOEL: 0.12 µg g–1), ovigerous lobsters were given
either a single dose of 0.5 µg g–1 or a succession of lower doses at 14 d intervals that provided similar
cumulative exposures (0.06 µg g–1 × 8, 0.125 µg g–1 × 4, or 0.25 µg g–1 × 2). The study was conducted
between July 2003 and September 2004. Groups repeatedly administered doses of 0.06 and 0.125 µg
g–1 had higher rates of premolt induction (87 and 89%, respectively) than groups given 1 or 2 higher
doses (35%). Lobsters in the 8- and 4-dose groups had difficulty molting, and a significant proportion
died at molt stages D3 to B (35 and 30%, respectively, versus 0 and 5% in the 1- and 2-dose groups).
The results demonstrate that repeated exposure to emamectin benzoate (1) produces effects not seen
when an equivalent quantity of the drug is administered in 1 or 2 doses, and (2) causes a dose less
than the single-dose NOEL to become a very potent dose. However, the potential risk of emamectin
benzoate to lobsters foraging near salmon farms cannot be determined from these results because the
cumulative dose is greater than lobsters are likely to acquire. Further work is needed using lower,
more realistic doses.
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The effects of neurotoxins can accumulate with
repeated exposure (Greim & Snyder 2008) and there
are indications this may occur in arthropods exposed to
avermectins. The lethal concentration of ivermectin to
the tsetse fly Glossina morsitans, for example, is signif-
icantly lower when the chemical is administered in
repeated blood meals than in a single meal (Langley
& Roe 1984). In the German cockroach Blatella ger-
manica, there appears to be an inverse relationship be-
tween the dose required to cause an effect and the
length of exposure (Cochran 1985).

This raises the possibility that the effect of emamectin
benzoate on ovigerous American lobsters could be
influenced by the dosing regimen. In this paper, we
compared the response of ovigerous lobsters repeat-
edly exposed to doses of the drug at or below the
NOEL of a single dose, to that of lobsters given 1 or
2 doses above the lowest-observed-effect level (LOEL:
0.22 µg g–1).

MATERIALS AND METHODS

Lobsters and holding conditions. Mature female
lobsters (mean weight ± SD = 557 ± 95 g) that recently
molted (stages C1 to C3) were purchased from the com-
mercial catch at Miminegash, Prince Edward Island
(southern Gulf of St. Lawrence), Canada, in September
2002. From the time of capture, and during the study,
the lobsters were held communally with excess shelter
in fiberglass tanks (1.8 × 2.4 × 0.5 m deep) at a density
of 10 lobsters m–2. The tanks were located in a green-
house, which provided natural seasonally-changing
day lengths (latitude 45° N). Filtered, unheated seawa-
ter was provided to each tank at a rate of 10 l min–1.
Water temperature varied seasonally from 0° to 14°C,
with the maximum occurring in September.

The study began on 24 July 2003, when the seawater
was 12°C. The lobsters had spawned within the previous

4 wk, and were in a prolonged intermolt (molt stages C4

to early D0). They were not expected to molt until late in
the summer of 2004, after the eggs hatched (see Waddy
& Aiken 2005 for a description of the biennial molt and
reproductive cycle). Each animal was identified using
Brother® P-touch TZ tape attached to Panduit® marker
ties (PAN-PLM2S-D) fastened around each cheliped.
The lobsters were fed to satiation, except on the day
before and the day of each exposure, on fresh and fresh-
frozen shrimp, mussels, clams, squid, and fish.

Experimental design and drug exposure. Emamectin
benzoate was orally administered in slurries prepared
from 3.5 mm commercial salmon pellets. The pellets
were processed with seawater (2 ml g–1) to a smooth
consistency in a small food processor. Emamectin ben-
zoate (Merck, technical grade) was dissolved in 2 ml of
propylene glycol and added to 4 slurries in amounts
that enabled doses of 0.50, 0.25, 0.125, and 0.06 µg g–1

to be administered in 1 ml or less of slurry. Fresh slur-
ries were prepared on each treatment day.

Lobsters were force-fed using 1 ml disposable plastic
syringe barrels. The control lobsters (n = 19) were given
a dose of unmedicated slurry on Day 1 that contained a
similar amount of propylene glycol as the medicated
slurries. The single-dose group (n = 25) was given a nom-
inal dose of 0.5 µg g–1 on Day 1, while the 20 lobsters in
each of the other groups received smaller doses on Day 1
and at 14 d intervals (0.25 µg g–1 × 2, 0.125 µg g–1 × 4, and
0.06 µg g–1 × 8). Three lobsters in the 0.06 µg g–1 ×
8 group received only 6 or 7 doses because they were
about to molt (setogenic stage 5.5, molt stage D3) by the
time the 7th and 8th exposures were administered.
These lobsters are included in the data analysis.

Two 5 g samples from each of the 16 slurries used in
the study were frozen for analysis. The measured
quantity of emamectin benzoate (Table 1) was deter-
mined by ETL/Xenos Laboratories (Nepean, Ontario,
Canada) using high-performance liquid chromatogra-
phy (see Burridge et al. 2004 for methodology).
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Nominal dosing Cumulative n Mean time of molt Mean impact on 
regimen (µg g–1 × measured dose Days ± SD Date molt success 
number of doses) (µg g–1)a (MII ± SD)

Control (0 × 1) 0.001 19 412 ± 6000 9 Sep 2004 0
0.5 × 1 0.39 25 281 ± 166* 1 May 2004 0.1 ± 0.5
0.25 × 2 0.48 20 311 ± 146* 31 May 2004 0.1 ± 0.5
0.125 × 4 0.47 20 127 ± 110* 28 Nov 2003 2.0 ± 2.1**
0.06 × 8 0.45 20 151 ± 105* 22 Dec 2003 2.4 ± 2.3**
aDetermined by ETL/Xenos Laboratories

Table 1. Homarus americanus. Effect of dosing regimen on mean time to molt (stage E) and molt success in ovigerous American
lobsters orally administered a cumulative nominal dose of 0.5 µg g–1 emamectin benzoate in either a single dose or a succession of
smaller doses at 14 d intervals. MII: Molt Impact Index (see Table 2). *Significantly different from the control group (p < 0.05;
Kruskal-Wallis analysis of variance, ANOVA, on ranks and Dunn’s test). **Significantly different from the control, 0.5 µg g–1 × 1, 

and 0.25 µg g–1 × 2 groups (p < 0.05; Kruskal-Wallis ANOVA on ranks and Dunn’s test)
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Progression through the molt cycle was monitored in
each lobster by periodically assessing the degree of setal
development in the pleopods (see Aiken 1973, 1980 for
methods of determining molt and setogenic stages). Up
to 14 successive samples were taken from each lobster to
determine when they entered premolt (transition from
setogenic stage 2.5 to 3.0, molt stage D0 to D1).

Endpoints used to assess the effect of the drug were
(1) premature onset of premolt (defined as reaching
setogenic stage 3.0 within 5 mo of first exposure to the
drug), (2) mean time to molt, (3) Molt Impact Index
(MII), which quantified the effect of the drug on molt
success and recovery (Table 2), (4) survival, and (5)
molt-related mortality.

Statistics. XLStat 2008 software (Kovach Computing)
was used to analyze the data. The proportions of lob-
sters that survived, entered premolt prematurely, and
died at molt were compared using the chi-squared test
for equality of more than 2 proportions. If the null
hypothesis of equal proportions was rejected by the
chi-squared test, then the Marascuillo procedure was
used to identify which group proportions differed.

Mean time to molt and Molt Impact Index were com-
pared using 1-way ANOVA or Kruskal-Wallis ANOVA
on ranks. When a difference was found, the treat-
ment groups were compared using Dunn’s test. Dif-
ferences were considered statistically significant when
α < 0.05.

RESULTS

Premolt induction and time of molt

Mean time to molt differed among the groups
(Kruskal-Wallis H = 38.911, df = 4, p < 0.001). Molting
occurred significantly sooner in the drug-treated
groups (Dunn’s test Q = 3.455 to 5.625, p < 0.05) than in
the control group (Table 1).

There were also differences in the proportions of the
groups that entered premolt prematurely (χ2 = 41.1,
df = 4, p < 0.0001). The 4- and 8-dose groups had a sig-
nificantly higher incidence of premature onset of pre-
molt (87 and 89%, respectively) than the control (0%)
and 1- and 2-dose groups (35%, Marascuillo proce-
dure; Fig. 1A).

Survival and impact on molt success

Survival differed among the groups (χ2 = 19.9, df = 4,
p < 0.001). Survival in the 4- and 8-dose groups (45%)
was significantly lower than in the control (100%) and
1- and 2-dose groups (76 and 75%, respectively, Mara-
scuillo procedure; Fig. 1B).

Control lobsters had no difficulty molting (mean
MII = 0), and MII in the 1- and 2-dose groups were
not significantly different from the control group (Q =
0.444 and 0.292, respectively; p > 0.05); (Table 1). The
4- and 8-dose groups had MII that were significantly
higher (Q = 2.690 and 2.903, respectively, p < 0.05)
than the control and 1- and 2-dose groups.

There were also differences among the groups in the
proportion of lobsters that died at or near molt (stages
D3 to B; χ2 = 23.7, df = 4, p < 0.01). Molt-related mor-
tality was significantly greater in the 4- and 8-dose
groups (30 and 35%, respectively) than in the control
(0%) and 1- and 2-dose groups (0 and 5%, respec-
tively, Marascuillo procedure; Fig. 1C). Some lobsters
died soon after the first or second exposure to the drug,
when they were still in intermolt (setogenic stages
≤ 2.5; 20, 15, 20, and 5%, in the 1- to 4-dose groups,
respectively); there was also mortality during early to
mid-premolt (setogenic stages 3.0 to 5.0; 4, 5, 5, and
15%, respectively). However, the differences in mor-
tality among the groups were not significant (inter-
molt: χ2 = 12.0, 9 df, p = 0.24; early to mid-premolt: χ2 =
4.0, 3 df, p = 0.26).
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MII Description

0 Unaffected Molted successfully
No indication of neurological disruption (e.g. disorientation, 

disturbed water balance, or paralysis of periopods)

1 Slightly affected Displayed transitory neurological problems after molting; 
recovered within 200°d

2 Moderately affected Displayed persistent neurological problems; did not recover 
within 200°d

3 Completed ecdysis and began to recover, but then died Died between 25 and 200°d

4 Completed ecdysis, but died in molt stage A Died within 25°d

5 Died during ecdysis Death occurred late in molt stage D3 or in stage E

Table 2. Homarus americanus. Molt Impact Index (MII) for quantifying the effect of emamectin benzoate on molt success and re-
covery in ovigerous American lobsters. After ecdysis (molt stage E), each lobster was monitored for 200 Celsius degree-days (°d; 

cumulative product of time and temperature, e.g. 20 d at 10°C = 200°d) to assess recovery
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DISCUSSION

Ovigerous American lobsters administered 4 or 8
doses of emamectin benzoate over a 6 or 14 wk period
had a greater incidence of premature onset of premolt,
reduced molting success, and higher mortality, than
lobsters given 1 or 2 doses equivalent to the cumulative
repetitive doses. Through repeated exposure, a dose of
0.06 µg g–1 (half the NOEL of a single dose) became a
very potent dose, causing 89% of the lobsters to enter
premolt prematurely and 35% to die during or shortly
after they molted.

The negative effect of repetitive exposure to ema-
mectin benzoate on molt success was unexpected. To
quantify the effect of the drug on molt success and
recovery, a Molt Impact Index (MII) was developed
that allowed both subtle and severe effects to be qual-

ified (Table 2). Although a few lobsters in the 1- and 2-
dose groups displayed minor problems during the
molting process, molt success was not significantly dif-
ferent from that of the control group. The 4- and 8-dose
groups, in contrast, had higher MII than the other
groups (Table 1) and greater mortality in molt stages
D3 to B (Fig. 1C). Mortality related to molt is uncom-
mon in ovigerous lobsters exposed only once or twice
to emamectin benzoate (Fig. 1C and Waddy et al.
2007a), but reduced molting success has been reported
in insects and copepods exposed to avermectins (Strong
& Brown 1987, Willis & Ling 2003).

The response of ovigerous American lobsters to
repeated emamectin benzoate exposure demonstrates
the challenge of determining the NOEL of this drug (cf.
Waddy et al. 2007a). As noted in a review by Greim &
Snyder (2008), the NOEL can only be determined for
chemicals that produce reversible effects. When the
damage caused by a chemical is not repaired, effects
can accumulate with repeated exposure. This appears
to be the case with emamectin benzoate, as repeated
exposure causes effects not seen when lobsters are
administered the equivalent quantity of the drug in
1 or 2 doses.

The mechanism involved in the response of Ameri-
can lobsters to emamectin benzoate is unknown, but
avermectins potentiate the ability of arthropod neuro-
transmitters, such as glutamate and γ-amino butyric
acid (GABA), to stimulate the influx of chloride ions
into nerve cells. This causes a loss of cell function and
disrupts nerve impulses (Mellin et al. 1983, Jansson &
Dybas 1998). This class of chemicals binds to multiple
sites in the nervous system and causes diverse effects
among arthropods exposed to sublethal doses. Both
reversible and irreversible effects can occur, and the
type of response can vary with both the dose and
nature of the exposure, making it difficult to predict
effects (Zufall et al. 1989, Jansson & Dybas 1998,
Turner & Schaeffer 1998).

Although most of the reported effects of avermectins
on arthropods are on the peripheral nervous system,
several authors have suggested that the secondary
effects on insect growth, development, and reproduc-
tion are due to effects on the neurosecretory cells
(Glancey et al. 1982, De Azambuja et al. 1985, Antunes
et al. 2005). In the American lobster, we hypothesized
that emamectin benzoate interferes with the neuroen-
docrine control of the molting glands (Y organs; Waddy
et al. 2002). The primary regulator of molting in crus-
taceans is thought to be the molt-inhibiting neuropep-
tide (MIH). An interruption in the synthesis or release
of MIH can allow the molting glands to secrete ecdys-
teroids and the animal to enter premolt. Several lines
of investigation support this hypothesis: avermectins
modulate the binding of GABA site ligands to insect
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Fig. 1. Homarus americanus. Effect of dosing regimen on the
response of ovigerous American lobsters orally administered
a cumulative dose of 0.5 µg g–1 emamectin benzoate in either
a single dose or a succession of 2, 4, or 8 smaller doses at 14 d
intervals that provided the same cumulative dose. (A) Prema-
ture onset of premolt, defined as reaching setogenic stage 3.0
(molt stage D1) within 5 mo of first exposure to the drug; (B)
survival; and (C) molt-related mortality (deaths occurring be-
tween molt stage D3 and B). *Groups that are significantly dif-
ferent from the control and 1- and 2-dose groups (chi-squared
test for equality of more than 2 proportions and Marascuillo 

procedure)
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central nervous system membranes (Hawkinson &
Casida 1993); emamectin benzoate can act as a GABA
agonist (SPAH 2002); and GABA inhibits release of
eyestalk neuropeptides in crustaceans (Sarojini et al.
2000).

The risk from emamectin benzoate exposure is pro-
portional to the quantity of SLICE-medicated salmon
feed ingested. Lobsters can be exposed to the drug
when salmon farmers use SLICE to control sea lice
infestations. Laboratory feeding studies suggest it is
unlikely that ovigerous lobsters scavenging near
salmon farms would ingest sufficient emamectin ben-
zoate to cause the effects seen in this study (Waddy et
al. 2007b and unpublished), especially since the drug
does not bioconcentrate in animals or biomagnify in
the food chain (Chukwudebe et al. 1996, Telfer et al.
2006). In a 14 d feeding study, ovigerous lobsters
offered SLICE-medicated salmon pellets rapidly began
rejecting the pellets in favor of invertebrates and other
foods (Waddy et al. 2007b). They ingested doses of
~0.015 and 0.006 µg g–1 in the first and second weeks,
suggesting that if salmon farmers use the drug for 20
to 50 d a year, the cumulative dose acquired might be
closer to 0.05 µg g–1 than the 0.5 µg g–1 used in our
study.

A relatively high cumulative dose was selected for
the current work because we wanted to ensure that the
single-dose exposure would have a significant effect
on the molt cycle. However, before conclusions can be
drawn about the impact of repetitive exposure on molt-
ing and egg loss in ovigerous lobsters, further work is
needed using more realistic individual (i.e. 0.005 to
0.01 µg g–1) and cumulative (i.e. 0.05 to 0.1 µg g–1)
doses, as extrapolation from the high doses used in this
study may not apply to lower levels. Complicating the
design of studies, however, is that it is difficult to spec-
ulate how often ovigerous lobsters might encounter
medicated feed because they are extremely mobile,
and frequency of drug use by salmon farmers varies
among farms and between years.

The objective of our study was to determine the
response of ovigerous American lobsters to repetitive
emamectin benzoate exposure. A factor not tested was
whether time of exposure influenced the results, which
can be a factor in the response of animals to repetitive
doses of insecticides (e.g. Boone & Bridges 2003). Lob-
sters were exposed to the drug every 14 d between late
July and early September in the 4-dose group and
between late July and late October in the 8-dose
group. In previous work, the molting response of
ovigerous lobsters to single doses of emamectin ben-
zoate administered in July and October was similar
(Waddy et al. 2002), suggesting that timing of exposure
was not a significant factor in the influence of repeated
exposure in this study.

The results do demonstrate the challenge of project-
ing responses from single-dose studies to the potential
effects of repeated exposure. They also suggest that
there is less potential for emamectin benzoate to have
adverse effects on lobsters if the drug is ingested over
a short period of time than if smaller amounts are
acquired over several weeks or months. With current
knowledge, however, it is difficult to predict how
ovigerous lobsters will respond to exposure regimens
other than the ones used in this study.
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