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Coastal and estuarine ecosystems are environments heavily influenced by natural and
anthropogenic activities. Chemicals used for pest control in agriculture and
aquaculture may accumulate in natural coastal environments. Pyrethroids are
common pesticides that are used on crops as well as applied to aquaculture pens
and then may disperse in the surrounding ocean once treatment is complete. This
study observed the sublethal effects of two pyrethroids, permethrin and deltamethrin
(within commercially available formulations), on post-larval stage IV American lobster
(Homarus americanus) using growth parameters and metabolic rate as indicators.
Observed effects on growth parameters were a decrease in size increment and
specific growth rate as well as an increase in intermolt period in stage IV lobsters
exposed to 100 ug/kg permethrin. No significant differences were found for intermolt
period, size increment, or specific growth rate in deltamethrin-exposed stage IV
lobsters. Metabolic rates were not significantly different between deltamethrin-
exposed and control lobsters, however, this sublethal effect warrants further
investigation. Collectively, these results represent the first examination of the
sublethal effects of exposure to pyrethroids formulations in post-larval lobsters,
highlighting the potential for effects on non-target marine organisms.

KEYWORDS

pesticides, marine invertebrates, pyrethroids, metabolism, American lobster, LC50,
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1 Introduction

Coastal areas are peculiar transitional environments subjected to natural and
anthropogenic pressures such as tides, wave action, urban and industrial settlements,
fishery, tourism, agriculture, and aquaculture. As much as 75%-90% of commercial
fisheries in North America depend on estuaries and coastal areas for some portion of
their life cycle (Lellis-Dibble et al., 2008).
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Pyrethroids are one category of pesticides that are increasingly
being used in agriculture as they act as strong insecticides at very low
concentrations and present low toxicity to mammals (Hartwell,
2011; Rehman et al,, 2014). Pyrethroids are used to control lice,
fleas, and ticks on companion animals and livestock, as well as to
protect agricultural crops and fish, from arthropod pests (Lu et al.,
2019). This category of pesticides is also highly toxic to insects and
aquatic arthropodic pests (Antwi and Reddy, 2015). The mode of
action of pyrethroids on invertebrates is not fully understood. The
current thought is that they disrupt axonal transmissions of nerve
impulses by altering ion permeability in squid (Narahashi and
Anderson, 1967; Wang et al., 1972; Clark and Matsumura, 1982)
as well as inhibiting ATPases involved in active transport in
mammals (Gray and Soderlund, 1985), causing disruption to
osmoregulation and ion movement within cells (Antwi and
Reddy, 2015). The consequences of ion balance disruption are
various and dependent on chemical characteristics. Pyrethroids
are divided into two groups based on the absence (type I; e.g.,
permethrin) or presence (type II; e.g., deltamethrin) of a cyano
moiety at the alpha position (Nasuti et al., 2003), which changes the
mode of action of the pyrethroid. It has been shown in different
groups of animals (vertebrates, terrestrial and marine invertebrates)
that type I pyrethroids cause tremors, hyperexcitation, ataxia,
convulsions, paralysis, prostration, or death, while type II
pyrethroids can cause oxidative stress, tremors, restlessness,
rolling convulsions, and mortality (Lawrence and Casida, 1982;
Rehman et al,, 2014; Zhou et al., 2019).

Permethrin is a type I pyrethroid found in over 230 products
registered for use in Canada and is widely used in agricultural and
urban areas surrounded by wetlands for mosquito control
(Canadian Council of Ministers of the Environment, 2006;
Rehman et al,, 2014; Lu et al., 2019). Permethrin has been found
around the world in water bodies adjacent to agricultural fields
containing cotton, potato, sugar beet, and vineyards (Antwi and
Reddy, 2015), and in coastal sediments at concentrations from
0.004 up to 132 ug/kg (Lao et al., 2010; Adeyeye et al, 2021).
Sediment sampling found permethrin detectable in California
sediments with one study observing between 1.3 and 459 pg/kg
permethrin in rivers, creeks, irrigation canals, and tailings ponds
(Weston et al, 2004). In European and African coastal waters,
permethrin was found at very low concentrations, below 0.5 ng/L
(Anderson et al., 2014; Zhang et al., 2016). In contrast, surveys of
stream surface waters and sediment in Atlantic Canada have
detected permethrin 110 ng/L (Environment Canada, 2011).

Deltamethrin is a type II pyrethroid used for agriculture and
aquaculture arthropod pests (Rehman et al., 2014; Lu et al., 2019). It
is the active ingredient in the commercial formulation AlphaMax”
which has been used as a treatment against sea lice infestations in
salmon aquaculture farms. Following treatment, deltamethrin is
released into the surrounding water (Burridge et al., 2014; Lyons
et al, 2017). The dispersion range of deltamethrin from an
aquaculture treatment site has been found to extend to 986 m so
the potential for exposure of non-target organisms is relatively high
(Page and Burridge, 2014; Lyons et al., 2017). This risk is especially
high for lobsters which tend to settle in coastal areas where
aquaculture farms are typically located (Burridge et al., 2014).
Due to its low water solubility (<2 ug/L) and a log Kow value of
4.6, deltamethrin is not expected to persist in the aqueous phase and

Frontiers in Physiology

10.3389/fphys.2023.1151176

is likely to adsorb to particles and accumulate in sediments (Van
Geest et al., 2014), where it has been estimated to have a half-life of
~140 days (Gross et al., 2008; Van Geest et al., 2014). Nonetheless,
deltamethrin has been found in surface water across the globe at
concentrations ranging from 0.002 to 4 ug/L (Feo et al, 2010;
Mahboob et al,, 2015). In Canadian freshwater sources it has
been detected at concentrations between 0.010 pg/L to 24 ug/L
and concentrations found in sediment were observed between
3 and 5pg/kg (Canadian Council of Ministers of the
Environment, 1999).

Pyrethroids and their breakdown products are hydrophobic and
have high octanol-water (Kow) and organic carbon-water (Koc)
partition values so they are typically associated with sediments when
found in aquatic environments (Maund et al., 2002; Weston et al.,
2004; Lao et al., 2010; Smalling et al.,, 2010). Benthic organisms may
be chronically exposed to pyrethroids and other marine sediment-
bound pollutants and the long-term effects to these non-target
organisms are largely unknown (Barata et al., 2002).

The American lobster, Homarus americanus, is a benthic non-
target arthropod that is also one of the most valuable commercial
fisheries in Canada. Canadian lobster landings have recently reached
all-time highs across all lobster fishing areas (LFA) but within LFA
25 and 26A of the Northumberland Strait, SCUBA surveys of the
abundance of 1-year-old lobster (young-of-year, YOY) show a
decline which could translate to a future decrease in landings
(Comeau et al., 2008; Rondeau et al., 2015; Fisheries and Oceans
Canada, 2019). The metamorphosis from pelagic stage III larval
lobsters to benthic stage IV lobsters is a critical developmental
change that coincides with the organisms settling to the benthos.
Stage IV lobster settling is most likely to occur in coastal
environments due to the appropriate temperature and availability
of shelter (Lawton and Lavalli, 1995), and so more at risk of exposure
to pesticides used inland.

Lobsters have been used widely as a model organism to test the
effect of pollutants, including pesticides. Indeed, the active
ingredients of many formulated products may cause alteration of
gene expression, behaviour, growth inhibition and mortality (Reebs
and Lague, 2000; Ernst et al., 2001; Horst et al., 2007; Hellou et al.,
2009; Fairchild et al., 2010; Reebs et al., 2011; Bauer et al., 2013;
Daoud et al., 2014; Taylor et al., 2019). Despite the availability of this
data, the linkage between pesticide-induced cellular energy
dysregulation with whole body energy imbalance, fitness, and
production remains to be determined. Sublethal endpoints, such
as metabolic scope, are integrative indices of the energy status of an
organism that measure the available energy for aerobic activities
(e.g., swimming, growth, reproduction, and feeding) (Daoud et al.,
2014).

The present study investigates the effects of commercially
available formulations containing permethrin and deltamethrin
on mortality, growth, and metabolic rates of stage IV American
lobsters. Formulations are composed of additional proprietary
ingredients which may increase solubility or absorption when
used and may change the toxicity of the active ingredient
(Pereira et al., 2009; Asnicar et al, 2020). It was, therefore,
important to show the effect of the formulations that are
commonly used, and that animals in the wild are more likely to
be exposed to, rather than the active ingredient alone. Stage IV
lobsters exposed to spiked sediment were chosen for this study as
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this is the first lobster life-stage with benthic activity. To this end,
three experiments were conducted: 1) exposure to permethrin to
determine molting inhibition; 2) similarly to Experiment 1, lobster
were exposed to deltamethrin to determine molting inhibition; 3)
assessment of lobster metabolic rate under pesticide exposure
condition. It was expected that the tested pyrethroids would
impact growth and metabolism in stage IV lobsters with no
significant difference in effect between Type I and Type II
pyrethroids.

2 Materials and methods
2.1 Collection and acclimation of lobsters

Ovigerous females of Homarus americanus were collected along
the East coast of Canada near Miguasha in the Baie des Chaleurs and
transported to the Coastal Zones Research Institute located in
Shippagan (NB, Canada). Adult lobsters were kept in 800 L tanks
in a flow-through seawater system with water pumped from the sea,
kept at 11°C, salinity 28-30 ppm, with a flow rate set at 5L min™".
Upon hatching and subsequent release, stage I larvae were collected
and transferred to 1200 L tanks filled with 2 pm filtered, UV-treated
seawater at 20°C + 1°C; salinity of 28-30 ppm, water flow of
1L min" and a light:dark photoperiod of 16:8. The larvae were
communally raised to stage IV and fed a combination of frozen
Artemia (Hikari, Kyorin Co. Ltd.) and dry brine shrimp flakes (Salt
Creek) twice a day (Chiasson et al., 2015).

Stage IV, post-larvae were transported to the Environment
Canada Toxicology Laboratory in Moncton (NB, Canada) where
they were kept in the same rearing conditions for 7 days in a
recirculating system. Seawater was renewed (80%) three times a
week until the beginning of the experiments.

2.2 Exposures protocol

Sediment was collected from a control site at Callanders Beach
in Kouchibouguac National Park, NB, Canada (N 46° 48.502"; W 64°
54.358') that is presumed uncontaminated (Mclver et al., 2015;
Roughan et al., 2018). The top layer of sediment (between 5 mm and
10 mm layer) exposed at low tide was collected between the high and
low tide marks using stainless steel spatulas that had been previously
cleaned with solvents. Macro vegetation, organisms, or shells were
removed by operators by hand picking.

Technical grade formulations commercially available containing
permethrin or deltamethrin as the active ingredient were used to
prepare test solutions. The active ingredient percentage in the
formulations was 38.4% and 1%, respectively. Stock solutions
were prepared in seawater, by dissolving 0.1 mL of the
formulation in 1L of 0.22 pm filtered seawater.

Sediment was weighed into stainless steel bowl (2,000 g) and the
quantity of stock solution needed to reach the target concentration
was added.

For Experiments 1 and 2, the following nominal concentrations
were obtained: 0, 3, 10, 33, and 100 pg/kg for permethrin
(Experiment 1) and 0, 0.05, 0.5, and 5 pg/kg for deltamethrin
The concentrations used for

(Experiment  2). treatment
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permethrin were chosen in accordance with prior experiments at
the Environment Canada Toxicology Laboratory (unpublished) and
were expected to be sublethal.

After thoroughly mixing in a commercial mixer, 50 g of the
spiked sediment was added to each 1 L glass exposure vessel that was
subsequently filled with seawater (Environment Canada, 1997). The
vessels were then placed in a temperature-regulated water bath at
20°C + 2°C and covered with a plastic lid. An airline was added to
each vessel and the sediment was allowed to settle overnight with
light aeration. Once dissolved oxygen in the seawater was measured
as > 95%, a single stage IV lobster was housed in each vessel (See
Table 1 for distribution of organisms). Each lobster was fed 10 mg of
frozen brine shrimp and 10 mg of dry fish flakes daily. Observations
on survival and molting were recorded daily, as well as temperature.
Moreover, dissolved oxygen, salinity, and pH were checked three
times a week on two randomly selected replicates per concentration.
After 7 days, 80% of seawater and food were removed and renewed
in all the jars.

To calculate growth increments, initial cephalothorax length
(CL;) was measured on a group of fifty 7-day-old stage IV lobsters on
day 1 of exposure and final length after molt (CL¢) was measured on
remaining lobsters on day 14, using a digital microscope (Vp-Eye
ver. 6.0, Aven Inc., USA) with image analysis software (Image], ver.
1.440, National Institute of Health, USA). Moreover, seven lobsters
from each group were photographed and observed for morphologic
deformities following the classification of Samuelsen et al. (2014).

2.3 Metabolic rate analysis under stress
condition

Experiment 2 provided data for finding the sublethal range of
deltamethrin for stage IV lobsters. Therefore, in the third
experiment, Stage IV lobsters were exposed to deltamethrin at
the nominal concentration of 0.5 ug/kg. The exposure setup to
the spiked sediment was the same as explained above for
Experiment 1 and Experiment 2.

Stage IV lobsters exposed to deltamethrin during Experiment
3 were allowed to molt until stage VI in order to achieve consistency
in stage of settled juveniles before metabolic testing began. To assess
metabolism, intermittent-flow respirometry was used to monitor
respiration rates using a 4-channel oxygen measurement system
designed to detect changes in dissolved oxygen. Intermittent-flow
respirometry typically produces a range of MO, values (oxygen
consumption values per individual in mg O, h™") for each individual
animal (Steffensen, 1989). MO, can be elevated by stress, digestion
and spontaneous activity, but over several days of recording, a lower
limit in MO, values becomes apparent and corresponds to SMR.
Each channel was connected to a 5 mL closed chamber containing a
single lobster, during each measurement period three lobsters were
randomly assigned to an individual chamber and monitored
simultaneously. One channel was randomly assigned to run
empty (seawater only) during each measurement period to
oxygen Optodes
Germany) were affixed to the inside of each chamber and

determine  background levels. (Presens,

connected to an oximeter (OXY-4, Presens, Germany) with an
(TEMP-4, Loligo
Systems, Denmark) to provide real-time temperature data.

online temperature compensation device
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TABLE 1 Allocation of available stage IV lobster postlarvae to endpoints for control and exposed sediment spiked with formulated permethrin and deltamethrin,

for 14 and 15 days, respectively. Experiments 1 and 2 have the same endpoints.

Experiment number 1 2 3
Compound Permethrin Deltamethrin Deltamethrin
Concentrations tested (ug/kg) 0, 3, 10, 33, 100 0, 0.05, 0.5, 5 0, 0.05
Initial N of lobster postlarvae per group 34 38 56

Endpoints measured and time (days)

Survival rates t=14 t=15 t=15
Growth and development t=0,t=14 t=0,t=15 t=0,t=15
Metabolic rates no no yes on stage VI

A total of 6 control and 9 exposed stage VI lobster (3 + 1 days
after molt) were tested for their individual metabolic rates. Each
lobster’s metabolism was monitored in batches of 3 lobsters for
4-5 days, in order to reach the lowest metabolic rate possible. Each
batch trial was terminated as soon as another batch of stage IV
lobster became available.

Prior to transfer to one of the chambers, each lobster was
stimulated to swim using a magnetic stir bar to provide a current
with a gradual increase to current speed. Once a lobster displayed
signs of exhaustion, as evidenced by resistance or inability to swim, it
was transferred to an oxygen measurement chamber.

The monitoring session for each lobster lasted 4-5 days and
consisted of the continuous repetition of the following steps (each
cycle lasted 510 s): 1) 350 s chamber flushing with fresh seawater to
reach saturated oxygen levels; 2) stop of the flow; 3) waiting 60 s for
oxygen level to settle; 4) 100s of oxygen measurement. See
Supplementary Figures S1, S2 for further explanation.

All measurement devices were controlled and monitored by a
computer program designed for intermittent-flow respirometry
(Autoresp4; Loligo Systems, Denmark). Background oxygen
levels were also obtained by running three cycles of
monitoring oxygen levels for 700s in all 4 chambers, before
and after each session with lobsters. Nitrogen gas was used to
calibrate 0% oxygen for the optodes. Before each monitoring
session, the optodes were calibrated to 100% saturation and
during measurement oxygen levels never reached less than
90% saturation. Barometric pressure as well as seawater
temperature and salinity were measured daily to calculate the
solubility of oxygen.

Metabolic measurements were performed following methods
described in Daoud et al. (2007). Metabolic rate was measured
immediately after the lobsters were stimulated to swim (maximum
metabolic rate (MMR) as well as when the lobsters were at rest (the
standard metabolic rate (SMR), approximately 24 h after the MMR
measurement. Factorial Metabolic scope (FMS) was calculated by
dividing the MMR by the SMR.

2.4 Calculations and statistical analysis

The intermolt period (IP) usually represents the duration in days
between two successive molts. However, in this study, some lobsters
molted twice during the 14 days of exposure reaching stage VI. Thus,
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SI represents general increase in size between all molts performed
during the exposure, from stage IV to stage V or VL
The relative size increment (SI) was calculated:

ST = 100x (CL¢~CL;) /CL; (1)

where CL; and CLy are the pre-molt and post-molt carapace length
(CL), respectively.

In addition, a specific molt duration between stage IV and V was
calculated (IP,s) for further comparisons.

Specific growth rate (SGR) was calculated from the CLs for each
stage and the IP parameter, and can be used to describe the
combined effects of these two components of growth (Ricker,
1975) for all lobsters:

SGR = (logCL¢-logCL;) /1P 2)

Mean values of growth were compared between treatments by 1-way
ANOVA followed by Dunnett’s test (Sokal and Rohlf, 1995). Graphical
examinations of the data and Brown-Forsythe tests were used to
examine homogeneity of variance (Brown and Forsythe, 1974). The
values were assessed for normality using the Shapiro-Wilk test. All
calculations and statistics were conducted using R 2.14.0 (R Core Team,
2011), and raw data is available in the Supplementary Material and
online at FigShare (https://doi.org/10.6084/m9.figshare.20199098.v1).

Time-to-event analysis was performed in order to compare the
restricted means of the time it took 50% of the lobsters in each
treatment to molt (Schober and Vetter, 2018). In addition, the
median effective concentration (EC50) was calculated for lobsters
that molted twice during the study.

3 Results

3.1 Effects of sublethal exposure to
permethrin

During the exposures to the permethrin formulation
(Experiment 1), lobsters in all treatment concentrations survived
until the end of the exposure period (14 days) except two lobsters
that died in the 33 pg/kg group, confirming that the treatments were
sublethal doses. Lobsters were 7 days old on day 1 and had an
average CL; of 3.90 + 0.24 mm. All stage IV post-larvae exposed to
permethrin molted to stage V during the experiment. However,
there was a difference in the intermolt period (IP4s, Figure 1) with
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Growth parameters of stage IV lobsters (Homarus americanus) exposed to permethrin and deltamethrin formulations at different concentrations.
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Time-to-event analysis to determine the time at which lobsters, exposed to permethrin and deltamethrin formulations, molt. Each panel shows the
nominal concentration and the time to mean molt. The grey areas represent the 95% confidence bands of the Kaplan-Meier curve.

the 10 and 100 pg/kg treatment taking significantly longer to
complete the analysis
determined restricted-mean times of 5.4, 54, 7.0, 6.2, and

molt.  Time-to-event for molting
9.9 days from entering the study for 50% of stage IV lobsters to
molt to stage V when exposed to 0, 3, 10, 33 and 100 pg/kg
respectively (Figure 2).

The longer time between molts in the higher treatments is
further evident in the total number of lobsters that molted twice
during the study, with 42, 65, 35, 23% and 13% molting to stage VIin

the 0, 3, 10, 33 and 100 pg/kg treatments respectively (Figure 3). The
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percentage of lobsters molting to stage VI was modelled with a three-
parameter type 2 Weibull model and yielded an EC50 of 25.1 ug/kg
(standard error = 17.9).

There was a significant difference (F(4,117) = 4.101, p = 0.004) in the
overall size increase (SI, Figure 1) during the experiment with the
100 pg/kg group having a significantly lower SI (22%) compared to the
control (36%) (Dunnett’s post hoc test, p = 0.008). The decreased SI and
increased IP,5 in the higher permethrin treatments also are reflected in
the significant decrease in specific growth rate (F(y1;3) = 8.831, p <
0.001) for lobsters from the 10 and 100 pg/kg treatments (Dunnett’s
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Concentration response curve showing the percent of lobsters which molted to stage VI in the permethrin formulation exposure. The dashed
vertical line is the EC50 of 25.1 pg/kg (standard error = 17.9). Insets show that between stages IV to VI, juvenile lobsters undergo changes in size and not in
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FIGURE 4

General views of some representative deformations of juvenile
lobsters after sediment-bound pesticide formulations exposures. (A)
Control lobster, (B) Permethrin at 33 pg/kg of sediment and (C)
Deltamethrin at 0.05 pg/kg of sediment. In figures (B,C), lobsters
show lack of limbs and antenna, changes in eyes position, as well as
malformations in the cephalothorax and abdomen areas, including the
tail.
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post hoc test, p =0.004 and p < 0.001, respectively), however the SGR for
the 33 pg/kg treatment lobsters was not significantly different
(Dunnett’s post hoc test, p = 0.350) from the control (Figure 1).

Observations on whole organisms showed severe malformations
in lobsters exposed to the permethrin formulation when compared
to control lobsters (Figure 4). These malformations included
carapace deformities such as bilateral or unilateral separation
from the main body, deformities of the setae on the uropods to
an elongated and ragged appearance, and claws were missing or were
atrophied. Of the seven lobsters observed per group, none presented
malformations in the control group, three lobsters (43%) presented
deformities in each the 3, 10, and 33 pg/kg groups and five lobsters
(71%) were deformed in the 100 pg/kg group.

3.2 Effects of sublethal exposure to
deltamethrin

In the first experiment with deltamethrin formulation
(Experiment 2), 5.3% of lobsters in the control group, 7.9% of
those exposed to 0.05 pg/kg, 10.5% of those exposed to 0.5 ug/kg,
and 71.0% of those exposed to 5pug/kg died within the 14-day
exposure period, yielding an LC50 of 2.5pug/kg (standard
error = 0.56).

Lobsters sampled at day 1 of deltamethrin exposure had a mean CL;
of 4.15 £ 0.21 mm (n = 27). No significant differences were found for
IP4s, SGR, or SI in lobster exposed to increasing concentration of
deltamethrin (Figure 1). The time to molt analysis determined that it
would take 11.2,11.0, 10.7, and 12.2 days for 50% of exposed lobsters to
molt at 0, 0.05, 0.5, and 5 pg/kg respectively (Figure 2).

In the second exposure of benthic stage lobster to deltamethrin
formulation (Experiment 3), it was found that it would take 9.1 and
9.4 days for molt to occur in 50% of lobsters exposed to 0 and
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There were no significant differences between the metabolic measures of resting metabolic rate (RMR), standard metabolic rate (SMR), maximum
metabolic rate (MMR) or the factorial metabolic scope (FMS) between the control (n = 6) and the 0.5 ug/kg deltamethrin formulation treatment (n = 9),

using the two-tailed t-test.

0.05 pg/kg respectively (Figure 2). Also, in this case, no significant
differences were found for IP,s, SGR, or SI (Figure 1).

The various metabolic rate endpoints measured in lobsters
exposed to 0.5 pg/kg deltamethrin were not significantly affected
when compared to the control (Figure 5). The resting metabolic rate
(RMR) was 0.0123 + 0.002 in the control lobsters and 0.0154 +
0.004 in the deltamethrin exposed lobsters. Similarly, the standard
metabolic rate (SMR) was slightly greater in the exposed lobsters
(0.0083 + 0.004) than in the control group (0.0062 + 0.002). The
maximum metabolic rate (MMR) was nearly equal in each treatment
(0.029 + 0.005 in the control and 0.027 + 0.005 in the exposed).
Lastly, the factorial metabolic scope (FMS) was calculated to be
5.00 + 1.18 for control lobsters and 3.71 + 1.37 in group exposed to
0.5 pg/kg deltamethrin.

4 Discussion

Since the last century, increasing concerns about the toxic effects
of pesticides on non-target aquatic organisms have emerged (Ernst
et al,, 2001). Knowledge of the ability of invertebrates to deal with
anthropogenic environmental stressors is increasing, but gaps are
still present. Toxicological assessment of pollutants in lobsters came
into the spotlight two decades ago after high mortalities in Long
Island Sound had severe repercussions on the local community (De
Guise et al., 2005; Walker et al., 2005; Zulkosky et al., 2005; Seara
etal,, 2022). Following the discharge of pesticides, benthic life forms,
and in particular cryptic organisms such as juvenile lobsters
(Herrick, 1985), are unlikely to retreat far enough to avoid
exposure and by remaining in situ they might be exposed for
long periods of time. Paralysis and mortalities have been
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observed in amphipods (Eohaustorius estruarius) residing up to
350 m from the edge of a salmonid net pen being treated with
deltamethrin (Ernst et al., 2014; Lyons et al., 2017).

Aquatic invertebrates have shown pyrethroid LC50s less than
1 pg/L (Rehman et al,, 2014). The larvae of the marine stone crab
Menippe mercenaria have displayed a 96-h LC50 of 0.018 pg
(Canadian of the
2006). to be
significantly lethal to adult lobsters. Indeed, H. americanus

permethrin/L Council of Ministers

Environment, Permethrin has been shown
specimens exposed to various permethrin concentrations have
reached lethal thresholds between 0.40 and 0.68 pg/L as well as a
96-h LC50 of 0.73 pg/L (Zitko et al., 1979; McLeese et al., 1980). In
this work, all stage IV American lobsters exposed to the formulation
product containing permethrin at 100 pg/kg survived but had a
significantly delayed growth (longer IP4s and decreased MI)
compared to those exposed at 3 pug/kg and control lobsters.
Sublethal effects (increased intermolt period and decreased SGR)
were observed also in lobsters exposed to 3-10 ug/kg permethrin.
Indeed, within 14 days of exposure, it was observed that only 40% of
lobsters successfully molted to stage VI after being exposed to
3 ug/kg, compared to 60% of the control lobsters. In California,
permethrin has been detected in coastal sediments at concentrations
between 5 and 150 pg/kg, concentrations significantly higher than
those used in this study (Méjanelle et al., 2020). Similarly to
permethrin, another pyrethroid, fenvalerate, did not cause
mortality but produced negative sublethal effects on sediment-
exposed larvae and postlarvae of an estuarine
pugio 1998).
metamorphosis and weight were inhibited when shrimp were

shrimp,

Palaemonetes (McKenney et al, Larval

exposed to sediment

Moreover, the carbon and nitrogen content as well as the total

containing 100 pg/kg of fenvalerate.
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energy reserves of the shrimp started being affected in larvae
exposed to concentrations of 10 pg/kg (McKenney et al., 1998).

In contrast to the permethrin formulation, the deltamethrin
product caused a dose-dependent increase in mortality, determining
an LC50 of 2.5 ug active ingredient/kg. In another paper testing the
effect of deltamethrin on the amphipod Echinogammarus
finmarchicus, the 10-day LC50 was determined at 16 (CI 14-19)
pg/kg in sediment (Van Geest et al., 2014). The 14-day LC50 of
2.5 ug/kg in this study is significantly lower than the above LC50s
indicating that lobsters have a higher sensitivity to deltamethrin in
comparison to E. finmarchicus.

Literature on the exposure of lobsters to pesticides is still scarce.
Pesticides used in water bath treatment for sea lice control in salmon

® caused

farms (Salmosan®, active ingredient: azamethiphos)
acetylcholinesterase alterations followed by immobilization and
mortality in American lobster larvae (Stage I-IV) in short-term
exposures (de Jourdan et al., 2022). Deltamethrin exposure has been
observed to reduce activity in shrimp (Penaeus monodon) and
mortality and increased morbidity in stage I and II H.
gammarus, in a dose-dependent manner (Tu et al., 2012; Parsons
et al., 2020). Other studies showed that recovery from single pulse
deltamethrin exposures did not typically occur in crustaceans,
including stage I and II European lobsters (H. gammarus) and
amphipods (E. finmarchicus), but rather the organisms displayed
delayed toxicity, either immobilization or mortality after the single
pulse exposures (Van Geest et al., 2014; Parsons et al., 2020). The
difficulty of the European lobster in recovering from deltamethrin
exposure provides further concern for exposed lobsters in the wild.
Even if a wild lobster survives the initial exposure, it may not survive
the longer-term effects of the pesticide. Combined with growth
delays, reduced activity and moribundity cause a significant increase
in the risk of predation. On the other hand, in the present study, in
both experiments involving the deltamethrin-formulated product,
no statistically significant differences emerged in the growth
endpoints analysed in the organisms that survived and molted
(SI, IP4s, and SGR). This means that even at the highest
concentration tested, the surviving juvenile lobsters’ features were
not different from the control. However, a higher deformity
occurrence was observed (Figure 4).

In the present study, the experimental design did not take into
account precise observations of the lobsters’ appendages and the
deformities herein observed were general. An increase in the
occurrence of deformities however was observed with increased
treatment concentration, reaching a peak of five out of seven lobsters
affected in the 100 ug/kg permethrin exposed group. It was noted
that European lobster, H. gammarus, exposed to the pyrethroid
teflubenzuron and monitored for 3 months had an occurrence of
deformities varying from 0% to 15% (Samuelsen et al., 2014). It is
suspected that these deformities would affect feeding behaviour,
respiration, and movements which may explain the delayed growth
with increased treatment concentrations (Samuelsen et al., 2014).
Future studies should involve more sublethal endpoints as
behavioural observations, total energy balance determination, as
well as biochemical and molecular biomarkers to understand the
mode of action of these compounds.

Pollutant-mediated
regulating cellular energy homeostasis can lead to a reduction in

alterations to pathways involved in

net energy balance, thereby reducing the survival potential, growth,
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development, and reproduction of an organism (Baird et al., 1990;
Depledge et al., 1995; Fairchild et al, 1999; Hartwell, 2011).
Measuring the impact of energy balance has been a problem that
may be overcome by employing integrative approaches such as the
scope for growth, metabolic scope, and cellular energy allocation,
instead of focusing on a single bioenergetic parameter (Depledge
et al,, 1995; De Coen and Janssen, 1997). However, studies
concerning the effects of pollutants on juvenile lobsters assessed
mainly mortality or immobility. The present work is among the first
that consider the effects of chemicals on the metabolic rate and
metabolic scope of American lobster.

Early juvenile lobsters (stage IV) exposed to an acute sublethal
dose of the organochlorine pesticide endosulfan showed no
differences in growth, survival, or histological changes in the
hepatopancreas (Daoud et al, 2014). Metabolic scope however
was significantly decreased compared to control lobsters, which
the authors suggest could have consequences for survival by
impairing their ability to find food, shelter, or evade predators
(Daoud et al, 2014).
implications for extrapolating effects observed on an individual

These observations have important
level to higher levels of biological integration (i.e., population and
hence lobster production).

Deltamethrin has been found to alter metabolism in aquatic
organisms (Lu et al., 2019). For example, aerobic capacity was
suppressed exposed red
(Procambarus clarkii) (Wu et al., 2012). Hypoxia and metabolic
in P.
dehydrogenase and increased lactic acid levels (Wu et al.,, 2012).

in  deltamethrin swamp crayfish

stress clarkii were correlated with decreased lactate
In the present study, no significant differences were detected in the
metabolic endpoints analysed on lobsters exposed to 0 and 0.5 pg/kg
of deltamethrin. Nonetheless, while the reduction in FMS was not
statistically significant (likely owing to a small and unequal sample
size), it does point to a possible sublethal effect that could be
explored in future studies.

It is worth pointing out that here the effects of two commercially
available formulations have been assessed. The effect of active ingredients
present in pesticides formulations may be changed by other compounds
present in the solution or by environmental conditions (Pereira et al,,
2009; Nagy et al., 2020; Asnicar et al., 2022), therefore new experiments
should be carried out with the active ingredient alone. The hazard posed
by pyrethroids based solely on experiments carried out either with only
the active ingredient or the formulation may lead to inadequate
conclusions (Nagy et al., 2020).

In conclusion, the current study showed that there are significant
effects on the growth, molting success, and metabolism of juvenile
American lobsters with differences between the two formulations
tested. Permethrin’s main effects were sublethal, whereas deltamethrin
increased the mortality of juvenile lobsters. Both compounds cause an
increase in the occurrence of malformations. These effects could be
detrimental to the survival of lobsters at this stage of development.
Stage IV lobsters are integral to maintaining lobster populations and
any decrease in survival at this stage may be reflected over time in the
overall population in an area. Further research that should be pursued
includes exposure to other stages of lobster development as well as an
assessment of the impact of human activities on coastal environments.
These activities may change and increase with global climate change
and further studies are required to fully understand how these impacts
will affect the American lobster in the future.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1151176

Daoud et al.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

DD contributed to the conception and design of the study and
performed the practical part of the study. SG and DD provided the
funding. DD, LT, and DA wrote sections of the manuscript. BJ, and
DA performed the data curation and statistical analysis. SG, DD, BJ,
DA, and LT wrote the final version of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding

This work was funded in part by the Atlantic Lobster
Sustainability Measures of the Department of Fisheries and
Oceans, Canada. The authors declare that this study received
funding from the PEI Atlantic Shrimp Corp. Inc. The funder was
not involved in the study design, collection, analysis, interpretation
of data, the writing of this article or the decision to submit it for
publication.

Acknowledgments

The authors wish to thank the technical assistance of Paula
Jackman, Megan Bauer from Environment and Climate Change
Canada (ECCC), Martin Mallet, Maryse Cousineau and Louis

References

Adeyeye, E. I, Ibigbami, O. A,, Adesina, A.J., Azeez, M. A,, Olaleye, A. A, Olatoye, R. A.,
etal. (2021). Assessment of pesticides residues in water, sediment and fish parts: Case study
of fish pond in ado-ekiti, Nigeria. Asian Jf Microbiol Biotech Env S. C. 23, 42-50.

Anderson, K. A,, Seck, D., Hobbie, K. A,, Traore, A. N., McCartney, M. A., Ndaye, A.,
et al. (2014). Passive sampling devices enable capacity building and characterization of
bioavailable pesticide along the Niger, Senegal and Bani Rivers of Africa. PTRBAE 369,
20130110. doi:10.1098/rstb.2013.0110

Antwi, F. B, and Reddy, G. V. (2015). Toxicological effects of pyrethroids on non-
target aquatic insects. Environ. Toxicol. Pharmacol. 40, 915-923. doi:10.1016/j.etap.
2015.09.023

Asnicar, D., Cappelli, C., Sallehuddin, A. S., Maznan, N. A., and Marin, M. G. (2020).
Effects of glyphosate-based and derived products on sea urchin larval development.
J. Mar. Sci. Eng. 8, 661. doi:10.3390/jmse8090661

Asnicar, D., Zanovello, L., Badocco, D., Munari, M., and Marin, M. G. (2022). Different
ecological histories of sea urchins acclimated to reduced pH influence offspring response to
multiple stressors. Environ. Res. 212, 113131. doi:10.1016/j.envres.2022.113131

Baird, D., Barber, I, and Calow, P. (1990). Clonal variation in general responses of Daphnia
magna Straus to toxic stress. II. Physiol. Eff. Funct. Ecol. 4, 409-407. doi:10.2307/2389603

Barata, C., Baird, D. ., Medina, M., Albalat, A., and Soares, A. M. (2002). Determining
the ecotoxicological mode of action of toxic chemicals in meiobenthic marine
organisms: Stage-specific short tests with Tisbe battagliai. Mar. Ecol. Prog. Ser. 230,
183-194. doi:10.3354/meps230183

Bauer, M., Greenwood, S. J., Clark, K. F., Jackman, P., and Fairchild, W. (2013).
Analysis of gene expression in Homarus americanus larvae exposed to sublethal
concentrations of endosulfan during metamorphosis. Comp. Biochem. Physiol. - Part
D. Genomics Proteomics 8, 300-308. doi:10.1016/j.cbd.2013.07.002

Frontiers in Physiology

10.3389/fphys.2023.1151176

Fergusson from the Maritime Fishermen’s Union (MFU-science
branch: Homarus) whose help was crucial. Thank you to Valores
and the MFU for sharing their knowledge and expertise on
lobster larval rearing. The authors wish also to thank the
reviewers who helped to significantly improve the quality of
this article.

Conflict of interest

Author DD is employed by EcoNov Inc. and Homarus Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The handling editor VM declared a past collaboration with the
author DA.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1151176/
full#supplementary-material

Brown, M. B., and Forsythe, A. B. (1974). Robust tests for the equality of variances.
J. Am. Stat. Assoc. 69, 364-367. doi:10.1080/01621459.1974.10482955

Burridge, L. E., Lyons, M. C., Wong, D. K. H., MacKeigan, K., and Van Geest, ].
(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.
doi:10.1016/j.aquaculture.2013.10.041

Canadian Council of Ministers of the Environment (1999). “Canadian water
quality guidelines for the protection of agricultural water uses: Deltamethrin,” in
Canadian environmental quality guidelines (Winnipeg, MB, Canada: Canadian
Council of Ministers of the Environment). https://ccme.ca/en/res/deltamethrin-
canadian-water-quality-guidelines-for-the-protection-of-agricultural-water-uses-
en.pdf.

Canadian Council of Ministers of the Environment (2006). “Canadian water quality
guidelines for the protection of aquatic life: Permethrin,” in Canadian environmental
quality guidelines (Winnipeg, MB, Canada: Canadian Council of Ministers of the
Environment). https://ccme.ca/en/res/permethrin-en-canadian-water-quality-
guidelines-for-the-protection-of-aquatic-life.pdf.

Chiasson, M., Miron, G., Daoud, D., and Mallet, M. D. (2015). Effect of temperature
on the behavior of stage IV American lobster (Homarus americanus) larvae. J. Shellfish
Res. 34 (2), 545-554. doi:10.2983/035.034.0239

Clark, J. M., and Matsumura, F. (1982). Two different types of inhibitory effects of
pyrethroids on nerve Ca- and Ca + Mg-ATPase activity in the squid, Loligo pealei. Pestic.
Biochem. Phys. 18 (2), 180-190. doi:10.1016/0048-3575(82)90104-3

Comeau, M., Hanson, J., Rondeau, A., Mallet, M., and Chassé, J. (2008). Framework
and assessment for American lobster, Homarus americanus, fisheries in the southern
Gulf of St. Lawrence. LFA 23. 26A and 26B https://waves-vagues.dfo-mpo.gc.ca/Library/
360468.pdf.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2023.1151176/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2023.1151176/full#supplementary-material
https://doi.org/10.1098/rstb.2013.0110
https://doi.org/10.1016/j.etap.2015.09.023
https://doi.org/10.1016/j.etap.2015.09.023
https://doi.org/10.3390/jmse8090661
https://doi.org/10.1016/j.envres.2022.113131
https://doi.org/10.2307/2389603
https://doi.org/10.3354/meps230183
https://doi.org/10.1016/j.cbd.2013.07.002
https://doi.org/10.1080/01621459.1974.10482955
https://doi.org/10.1016/j.aquaculture.2013.10.041
https://ccme.ca/en/res/deltamethrin-canadian-water-quality-guidelines-for-the-protection-of-agricultural-water-uses-en.pdf
https://ccme.ca/en/res/deltamethrin-canadian-water-quality-guidelines-for-the-protection-of-agricultural-water-uses-en.pdf
https://ccme.ca/en/res/deltamethrin-canadian-water-quality-guidelines-for-the-protection-of-agricultural-water-uses-en.pdf
https://ccme.ca/en/res/permethrin-en-canadian-water-quality-guidelines-for-the-protection-of-aquatic-life.pdf
https://ccme.ca/en/res/permethrin-en-canadian-water-quality-guidelines-for-the-protection-of-aquatic-life.pdf
https://doi.org/10.2983/035.034.0239
https://doi.org/10.1016/0048-3575(82)90104-3
https://waves-vagues.dfo-mpo.gc.ca/Library/360468.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/360468.pdf
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1151176

Daoud et al.

Daoud, D., Chabot, D., Audet, C., and Lambert, Y. (2007). Temperature induced
variation in oxygen consumption of juvenile and adult stages of the northern shrimp,
Pandalus borealis. ]. Exp. Mar. Biol. Ecol. 347 (1-2), 30-40. doi:10.1016/j.jembe.2007.
02.013

Daoud, D., Fairchild, W. L., Comeau, M., Bruneau, B., Mallet, M. D., Jackman, P.
M., et al. (2014). Impact of an acute sublethal exposure of endosulfan on early
juvenile lobster (Homarus americanus). Aquat. Sci. Technol. 2, 14-40. d0i:10.5296/
ast.v2i2.5575

De Coen, W., and Janssen, C. (1997). The use of biomarkers in Daphnia magna
toxicity testing. IV. Cellular energy allocation: A new methodology to assess the energy
budget of toxicant-stressed Daphnia populations. J. Aquat. Ecosyst. Stress Recover. 6,
43-55. doi:10.1023/A:1008228517955

De Guise, S., Maratea, J., Chang, E. S, and Perkins, C. (2005). Resmethrin
immunotoxicity and endocrine disrupting effects in the American lobster (Homarus
americanus) upon experimental exposure. J. Shellfish Res. 24, 781-786. doi:10.2983/
0730-8000(2005)24[781:RIAEDE]2.0.CO;2

de Jourdan, B., Benfey, T., Burridge, L., Surette, M., McCarthy, A. F., Barria-Araya, A.
M,, et al. (2022). Evaluating non-lethal and latent effects of the anti-sea lice pesticide
azamethiphos on larvae and adults of the American lobster (Homarus americanus).
Aquac. Res. 53, 6355-6368. doi:10.1111/are.16109

Depledge, M., Aagaard, A., and Gy6rkds, P. (1995). Assessment of trace metal toxicity
using molecular, physiological and behavioural biomarkers. Mar. Pollut. Bull. 31,19-27.
doi:10.1016/0025-326X(95)00006-9

Environment Canada (1997). Biological test method - test for survival and growth in
sediment using the freshwater amphipod Hyalella azteca. https://publications.gc.ca/
collections/collection_2014/ec/En49-24-1-33-eng.pdf.

Environment Canada (2011). Presence and levels of priority pesticides in selected
canadian aquatic ecosystems. https://publications.gc.ca/site/archivee-archived.html?
url=https://publications.gc.ca/collections/collection_2011/ec/En14-40-2011-eng.pdf.

Ernst, B., Doe, K., Jackman, P., and Mutch, J. (2001). Diagnosing pesticide-induced
fish kills in streams draining agricultural areas. SETAC Globe 2, 20-21. doi:10.1897/
1551-3793(2008)4

Ernst, W., Doe, K., Cook, A., Burridge, L., Lalonde, B., Jackman, P., et al. (2014).
Dispersion and toxicity to non-target crustaceans of azamethiphos and deltamethrin
after sea lice treatments on farmed salmon, Salmo salar. Aquaculture 424 (425),
104-112. doi:10.1016/j.aquaculture.2013.12.017

Fairchild, W., Doe, K., Jackman, P., Arsenault, J., Aubé, J., Losier, M., et al.
(2010). Acute and chronic toxicity of two formulations of the pyrethroid pesticide
deltamethrin to an amphipod, sand shrimp and lobster larvae. Can. Tech. Rep. Fish.
Aquat. Sci. 2876. https://publications.gc.ca/collections/collection_2010/mpo-dfo/
Fs97-6-2876-eng.pdf.

Fairchild, W. L., Swansburg, E. O., Arsenault, J. T., and Brown, S. B. (1999). Does an
association between pesticide use and subsequent declines in catch of Atlantic salmon
(Salmo salar) represent a case of endocrine disruption? Environ. Health Perspect. 107,
349-357. doi:10.1289/ehp.99107349 https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC1566411/pdf/envhper00510-0059.pdf

Feo, M. L,, Ginebreda, A., Eljarrat, E., and Barcelo, D. (2010). Presence of pyrethroid
pesticides in water and sediments of Ebro River Delta. J. Hydrol. 393, 156-162. doi:10.
1016/1.jhydrol.2010.08.012

Fisheries and Oceans Canada (2019). Update of the stock status indicators for the
American lobster, Homarus americanus, stocks in the southern Gulf of St. Lawrence to
2018. DFO Can. Sci. Advis. Sec. Sci. Resp., 2019-3008. https://waves-vagues.dfo-mpo.gc.
ca/Library/40909906.pdf.

Gray, A.]J., and Soderlund, D. M. (1985). Mammalian toxicology of pyrethroids. Prog.
Pestic. Biochem. Physiol. 5, 193-248.

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

Hartwell, S. I. (2011). Chesapeake Bay watershed pesticide use declines but toxicity
increases. Environ. Toxicol. Chem. 30, 1223-1231. doi:10.1002/etc.491

Hellou, J., Leonard, J., Cook, A., Doe, K., Dunphy, K., Jackman, P., et al. (2009).
Comparison of the partitioning of pesticides relative to the survival and behaviour of
exposed amphipods. Ecotoxicology 18, 27-33. doi:10.1007/s10646-008-0253-6

Herrick, F. H. (1895). The American lobster: A study of its habitats and
development. Washington D.C.: Government Printing Office. doi:10.5962/bhl.
title.53809

Horst, M. N, Walker, A. N., Bush, P., Wilson, T., Chang, E. S., Miller, T., et al. (2007).
Pesticide-induced alterations in gene expression in the lobster, Homarus americanus.
Comp. Biochem. Physiol. Part D. Genomics Proteomics 2, 44-52. doi:10.1016/j.cbd.2006.
11.004

Lao, W., Tsukada, D., Greenstein, D. ., Bay, S. M., and Maruya, K. A. (2010). Analysis,
occurrence, and toxic potential of pyrethroids, and fipronil in sediments from an urban
estuary. Environ. Toxicol. Chem. 29, 843-851. doi:10.1002/etc.116

Lellis-Dibble, K. A., McGlynn, K. E., and Bigford, T. E. (2008). Estuarine Fish
and Shellfish Species in U.S. Commercial and Recreational Fisheries: Economic

Frontiers in Physiology

10

10.3389/fphys.2023.1151176

Value as an Incentive to Protect and Restore Estuarine Habitat. U.S. Dep.
Commerce, NOAA Tech. Memo., 94

Lawrence, J. L., and Casida, J. E. (1982). Pyrethroid toxicology: Mouse intracerebral
structure-toxicity relationships. Pestic. Biochem. Phys. 18 (1), 9-14. doi:10.1016/0048-
3575(82)90082-7

Lawton, P., and Lavalli, K. L. (1995). “Postlarval, juvenile, adolescent, and adult
ecology,” in Biology of the lobster Homarus americanus. Editor J. R. Factor (San Diego,
CA: Academic Press, Inc), 47-88.

Lu, Q., Sun, Y., Ares, L., Anadon, A., Martinez, M., Martinez-Larrafiaga, M.-R., et al.
(2019). Deltamethrin toxicity: A review of oxidative stress and metabolism. Environ.
Res. 170, 260-281. doi:10.1016/j.envres.2018.12.045

Lyons, M., Burridge, L., Wong, D., and Mackeigan, K. (2017). The lethality of the anti-
sea lice formulation AlphaMax ® (deltamethrin) to adult American lobster (Homarus
americanus) during chronic or pulse dose exposures. Can. Tech. Rep. Fish. Aquat. Sci.
3217. https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-3217-
eng.pdf.

Mahboob, S., Niazi, F., Alghanim, K., Sultana, S., Al-Misned, F., and Ahmed, Z.
(2015). Health risks associated with pesticide residues in water, sediments and the
muscle tissues of Catla catla at Head Balloki on the River Ravi. Environ. Monit. Assess.
187, 81. doi:10.1007/s10661-015-4285-0

Maund, S. J., Hamer, M., Lane, M. C. G,, Farrelly, E., Rapley, J. H., Goggin, U. M.,
et al. (2002). Partitioning, bioavailability, and toxicity of the pyrethroid insecticide
cypermethrin in sediments. Environ. Tox. Chem. 21, 9-15. doi:10.1002/etc.
5620210102

McKenney, C., Weber, D., Celestial, D., and MacGregor, M. (1998). Altered growth
and metabolism of an estuarine shrimp (Palaemonetes pugio) during and after
metamorphosis onto fenvalerate-laden sediment. Arch. Environ. Contam. Toxicol.
35, 464-471. doi:10.1007/5002449900403

McLeese, D., Metcalfe, C., and Zitko, V. (1980). Lethality of permethrin, cypermethrin
and fenvalerate to salmon, lobster and shrimp. Bull. Environ. Contam. Toxicol. 25,
950-955. doi:10.1007/BF01985637

Mclver, R., Milewski, I, and Lotze, H. K. (2015). Land use and nitrogen loading in
seven estuaries along the southern Gulf of St. Lawrence, Canada. Estuar. Coast. Shelf Sci.
165, 137-148. doi:10.1016/j.ecss.2015.08.011

M¢éjanelle, L., Jara, B., and Dachs, J. (2020). “Fate of pyrethroids in freshwater and
marine environments,” in Pyrethroid insecticides. The handbook of environmental
chemistry. Editor E. Eljarrat (Cham: Springer). doi:10.1007/698_2019_433

Nagy, K., Duca, R. C, Lovas, S., Creta, M., Scheepers, P. T. J., Godderis, L., et al.
(2020). Systematic review of comparative studies assessing the toxicity of pesticide active
ingredients and their product formulations. Environ. Res. 181, 108926. doi:10.1016/j.
envres.2019.108926

Narahashi, T., and Anderson, N. C. (1967). Mechanism of excitation block by the
insecticide allethrin applied externally and internally to squid giant axons. Toxicol. Appl.
Pharmacol. 10 (3), 529-547. doi:10.1016/0041-008X(67)90092-0

Nasuti, C., Cantalamessa, F., Falcioni, G., and Gabbianelli, R. (2003). Different
effects of Type I and Type II pyrethroids on erythrocyte plasma membrane
properties and enzymatic activity in rats. Toxicology 191 (2-3), 233-244. doi:10.
1016/50300-483x(03)00207-5

Page, F. H., and Burridge, L. (2014). Estimates of the effects of sea lice chemical
therapeutants on non-target organisms associated with releases of therapeutants from
tarped net-pens and well-boat bath treatments: A discussion paper. DFO Can. Sci. Advis.
Sec. Res. Doc. https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-
3217-eng.pdf.

Parsons, A. E., Escobar-Lux, R. H., Seevik, P. N, Samuelsen, O. B., and Agnalt, A. L.
(2020). The impact of anti-sea lice pesticides, azamethiphos and deltamethrin, on
European lobster (Homarus gammarus) larvae in the Norwegian marine environment.
Environ. Pollut. 264, 114725-114811. doi:10.1016/j.envpol.2020.114725

Pereira, J. L., Antunes, S. C., Castro, B. B., Marques, C. R, Gongalves, A. M. M.,
Gongalves, F,, et al. (2009). Toxicity evaluation of three pesticides on non-target aquatic
and soil organisms: Commercial formulation versus active ingredient. Ecotoxicology 18,
455-463. doi:10.1007/s10646-009-0300-y

R Core Team (2011). R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Reebs, S. G., Jackman, P. M., Locke, A., and Fairchild, W. L. (2011). Avoidance by
sand shrimp, Crangon septemspinosa, of sandy patches covered by hydrated lime
(calcium hydroxide) deposits. Can. Tech. Rep. Fish. Aquat. Sci. 2938.

Reebs, S. G., and Lague, M. (2000). Daily food-anticipatory activity in golden shiners:
A test of endogenous timing mechanisms. Physiol. Behav. 70, 35-43. doi:10.1016/S0031-
9384(00)00240-7

Rehman, H., Aziz, A. T., Saggu, S., Abbas, Z. K., Mohan, A., and Ansari, A. A. (2014).
Systematic review on pyrethroid toxicity with special reference to deltamethrin.
J. Entomol. Zool. Stud. 2, 60-70.

Ricker, W. E. (1975). Computation and interpretation of biological statistics of fish
populations. Bull. Fish. Res. Board Can. 191, 1-382. https://waves-vagues.dfo-mpo.gc.
ca/library-bibliotheque/1485.pdf.

frontiersin.org


https://doi.org/10.1016/j.jembe.2007.02.013
https://doi.org/10.1016/j.jembe.2007.02.013
https://doi.org/10.5296/ast.v2i2.5575
https://doi.org/10.5296/ast.v2i2.5575
https://doi.org/10.1023/A:1008228517955
https://doi.org/10.2983/0730-8000(2005)24[781:RIAEDE]2.0.CO;2
https://doi.org/10.2983/0730-8000(2005)24[781:RIAEDE]2.0.CO;2
https://doi.org/10.1111/are.16109
https://doi.org/10.1016/0025-326X(95)00006-9
https://publications.gc.ca/collections/collection_2014/ec/En49-24-1-33-eng.pdf
https://publications.gc.ca/collections/collection_2014/ec/En49-24-1-33-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2011/ec/En14-40-2011-eng.pdf
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2011/ec/En14-40-2011-eng.pdf
https://doi.org/10.1897/1551-3793(2008)4
https://doi.org/10.1897/1551-3793(2008)4
https://doi.org/10.1016/j.aquaculture.2013.12.017
https://publications.gc.ca/collections/collection_2010/mpo-dfo/Fs97-6-2876-eng.pdf
https://publications.gc.ca/collections/collection_2010/mpo-dfo/Fs97-6-2876-eng.pdf
https://doi.org/10.1289/ehp.99107349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1566411/pdf/envhper00510-0059.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1566411/pdf/envhper00510-0059.pdf
https://doi.org/10.1016/j.jhydrol.2010.08.012
https://doi.org/10.1016/j.jhydrol.2010.08.012
https://waves-vagues.dfo-mpo.gc.ca/Library/40909906.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/40909906.pdf
https://doi.org/10.1002/etc.491
https://doi.org/10.1007/s10646-008-0253-6
https://doi.org/10.5962/bhl.title.53809
https://doi.org/10.5962/bhl.title.53809
https://doi.org/10.1016/j.cbd.2006.11.004
https://doi.org/10.1016/j.cbd.2006.11.004
https://doi.org/10.1002/etc.116
https://doi.org/10.1016/0048-3575(82)90082-7
https://doi.org/10.1016/0048-3575(82)90082-7
https://doi.org/10.1016/j.envres.2018.12.045
https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-3217-eng.pdf
https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-3217-eng.pdf
https://doi.org/10.1007/s10661-015-4285-0
https://doi.org/10.1002/etc.5620210102
https://doi.org/10.1002/etc.5620210102
https://doi.org/10.1007/s002449900403
https://doi.org/10.1007/BF01985637
https://doi.org/10.1016/j.ecss.2015.08.011
https://doi.org/10.1007/698_2019_433
https://doi.org/10.1016/j.envres.2019.108926
https://doi.org/10.1016/j.envres.2019.108926
https://doi.org/10.1016/0041-008X(67)90092-0
https://doi.org/10.1016/s0300-483x(03)00207-5
https://doi.org/10.1016/s0300-483x(03)00207-5
https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-3217-eng.pdf
https://publications.gc.ca/collections/collection_2018/mpo-dfo/Fs97-6-3217-eng.pdf
https://doi.org/10.1016/j.envpol.2020.114725
https://doi.org/10.1007/s10646-009-0300-y
https://doi.org/10.1016/S0031-9384(00)00240-7
https://doi.org/10.1016/S0031-9384(00)00240-7
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/1485.pdf
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/1485.pdf
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1151176

Daoud et al.

Rondeau, A., Comeau, M., and Surette, T. (2015). Assessment of the American lobster
(Homarus americanus) stock status in the southern Gulf of St. Lawrence (LFA 23, 24,
25,26A and 26B). DFO Can. Sci. Advis. Sec. Res. Doc., 2014-2036.

Roughan, B. L., Kellman, L., Smith, E., and Chmura, G. L. (2015). Nitrous oxide
emissions could reduce the blue carbon value of marshes on eutrophic estuaries.
Environ. Res. Lett. 13 , 044034. doi:10.1088/1748-9326/aab63c

Samuelsen, O. B., Lunestad, B. T., Farestveit, E., Grefsrud, E. S., Hannisdal, R.,
Holmelid, B., et al. (2014). Mortality and deformities in European lobster (Homarus
gammarus) juveniles exposed to the anti-parasitic drug teflubenzuron. Aquat. Toxicol.
149, 8-15. doi:10.1016/j.aquatox.2014.01.019

Seara, T., Owens, A., Pollnac, R., Pomerowy, R, and Dyer, C. (2022). Lessons learned
from a natural resource disaster: The long-term impacts of the Long Island Sound
lobster die-off on individuals and communities. Mar. Policy 136, 104943. doi:10.1016/j.
marpol.2021.104943

Smalling, K., Morgan, S., and Kuivila, K. (2010). Accumulation of current-use and
organochlorine pesticides in crab embryos from northern California, USA. Environ.
Toxicol. Chem. 29, 2593-2599. doi:10.1002/etc.317

Sokal, R. R., and Rohlf, F. ]. (1995). Biometry: The principles and practice of statistics in
biological research. 3rd Edition. New York: W. H. Freeman.

Steffensen, J. F. (1989). Some errors in respirometry of aquatic breathers: How to
avoid and correct for them. Fish. Physiol. Biochem. 6, 49-59. doi:10.1007/BF02995809

Taylor, L. J., Mann, N. S., Daoud, D., Clark, K. F., den Heuvel, M. R,, and
Greenwood, S. J. (2019). Effects of sublethal chlorpyrifos exposure on postlarval
American lobster (Homarus americanus). Environ. Toxicol. Chem. 38, 1294-1301.
doi:10.1002/etc.4422

Tu, H. T, Silvestre, F., Meulder, B. De, Thome, J. P., Phuong, N. T., and
Kestemont, P. (2012). Combined effects of deltamethrin, temperature and
salinity on oxidative stress biomarkers and acetylcholinesterase activity in the
black tiger shrimp (Penaeus monodon). Chemosphere 86, 83-91. doi:10.1016/j.
chemosphere.2011.09.022

Van Geest, J. L., Burridge, L. E., and Kidd, K. A. (2014). Toxicity of two pyrethroid-
based anti-sea lice pesticides, AlphaMax® and Excis®, to a marine amphipod in aqueous

Frontiers in Physiology

11

10.3389/fphys.2023.1151176

and sediment exposures. Aquaculture 434, 233-240. doi:10.1016/j.aquaculture.2014.
08.025

Walker, A. N., Bush, P., Puritz, J., Wilson, T., Chang, E. S., Miller, T, et al. (2005).
Bioaccumulation and metabolic effects of the endocrine disruptor methoprene in the
lobster, Homarus americanus. Integr. Comp. Biol. 45,118-126. doi:10.1093/icb/45.1.118

Wang, C. M., Narahashi, T., and Scuka, M. (1972). Mechanism of negative
temperature coefficient of nerve blocking action of allethrin. JPET 182 (3), 442-453.
https://jpet.aspetjournals.org/content/182/3/442.

Weston, D., You, J., and Lydy, M. (2004). Distribution and toxicity of sediment-
associated pesticides in agriculture-dominated water bodies of California’s Central
Valley. Environ. Sci. Technol. 38, 2752-2759. doi:10.1021/es0352193

Wu, N., Wei, H., Shen, H., Guo, M., and Wu, T. T. (2012). Acute toxic effects of
deltamethrin on red swamp crayfish, Procambarus clarkii (Decapoda, Cambaridae).
Procambarus clarkii (Decapoda, Cambaridae), Crustac. 85 (8), 993-1005. doi:10.1163/
156854012X649504

Zhang, Z., Troldborg, M., Yates, K., Osprey, M., Kerr, C., Hallett, P. D., et al.
(2016). Evaluation of spot and passive sampling for monitoring, flux estimation
and risk assessment of pesticides within the constraints of a typical regulatory
monitoring scheme. Sci. Total Environ. 569-570, 1369-1379. doi:10.1016/j.
scitotenv.2016.06.219

Zhou, J., Kang, H. M, Lee, Y. H,, Jeong, C. B,, Park, J. C., and Lee, J. S. (2019). Adverse
effects of a synthetic pyrethroid insecticide cypermethrin on life parameters and
antioxidant responses in the marine copepods Paracyclopina nana and Tigriopus
japonicus. Chemosphere 217, 383-392. doi:10.1016/j.chemosphere.2018.10.217

Zitko, V., McLeese, D. W., Metcalfe, C. D., and Carson, W. G. (1979). Toxicity of
permethrin, decamethrin, and related pyrethroids to salmon and lobster. Bull. Environ.
Contam. Toxicol. 21, 338-343. doi:10.1007/BF01685433

Zulkosky, A. N. N. M., Ruggieri, J. P., Terracciano, S. A., Bruce, J., and Mcelroy, A. E.
(2005). Acute toxicity of resmethrin, malathion and methoprene to larval and juvenile
American lobsters (Homarus americanus) and analysis of pesticide levels in surface
waters after Scourge™, Anvil™ and Altosid™ application. J. Shellfish Res. 24, 795-804.
doi:10.2983/0730-8000(2005)24[795:ATORMA]2.0.CO;2

frontiersin.org


https://doi.org/10.1088/1748-9326/aab63c
https://doi.org/10.1016/j.aquatox.2014.01.019
https://doi.org/10.1016/j.marpol.2021.104943
https://doi.org/10.1016/j.marpol.2021.104943
https://doi.org/10.1002/etc.317
https://doi.org/10.1007/BF02995809
https://doi.org/10.1002/etc.4422
https://doi.org/10.1016/j.chemosphere.2011.09.022
https://doi.org/10.1016/j.chemosphere.2011.09.022
https://doi.org/10.1016/j.aquaculture.2014.08.025
https://doi.org/10.1016/j.aquaculture.2014.08.025
https://doi.org/10.1093/icb/45.1.118
https://jpet.aspetjournals.org/content/182/3/442
https://doi.org/10.1021/es0352193
https://doi.org/10.1163/156854012X649504
https://doi.org/10.1163/156854012X649504
https://doi.org/10.1016/j.scitotenv.2016.06.219
https://doi.org/10.1016/j.scitotenv.2016.06.219
https://doi.org/10.1016/j.chemosphere.2018.10.217
https://doi.org/10.1007/BF01685433
https://doi.org/10.2983/0730-8000(2005)24[795:ATORMA]2.0.CO;2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1151176

	Development, growth and metabolic effects in stage IV lobster (Homarus americanus) following chronic exposure to sediments  ...
	1 Introduction
	2 Materials and methods
	2.1 Collection and acclimation of lobsters
	2.2 Exposures protocol
	2.3 Metabolic rate analysis under stress condition
	2.4 Calculations and statistical analysis

	3 Results
	3.1 Effects of sublethal exposure to permethrin
	3.2 Effects of sublethal exposure to deltamethrin

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


