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ABSTRACT
The farming of Atlantic salmon (Salmo salar) is challenged by parasitic infestations
caused by Lepeophthreirus salmonis and Caligus elongatus. A convenient and effective
way to control sea lice and treat farmed salmon is by in-feed treatments such as Slice®.
A reliable, accurate and reproducible method for the determination of emamectin
benzoate (EB), the active ingredient of Slice®, and its desmethylamino metabolite
(DES) in sediment was developed and validated. It involved methanolic extraction,
clean-up using solid-phase extraction with a strong cation exchanger, and derivatisation
with trifluoroacetic acid anhydride and N-methylimidazole. Analytes were quantified
following HPLC separation with fluorescence detection. The method was successfully
applied to determine EB and DES in salmon flesh and skin, seawater, mussels (Mytilus
edulis) and seaweed (Palmaria palmata).
A laboratory study showed that EB was persistent under anaerobic conditions in two
different sediments at 4 and 14 ºC. A further study also demonstrated that the growth of
seaweed (P. palmata) was not affected by the presence of EB and that EB did not
accumulate significantly in the seaweed. This result is encouraging in view of proposed
polyculture systems involving seaweeds.
Studies conducted on a working Scottish salmon farm investigated the fate of EB and
DES in target and non-target matrices.

For three months post-treatment, EB was

detected, by mass in descending order, in the salmon flesh, skin, faeces, then mucus and
sea lice with concentrations in each matrix declining steadily over the period. As EB
had never been quantified in sea lice before, it was unclear whether they were a
significant sink for EB in the environment, following their exposure to the medicine and
dislodging from salmon after feeding. However, due to the low concentrations of EB
detected in the sea lice, faeces are most probably the main route for emamectin entering
the environment.
Sediment collected directly below and around two active walkways, over five or six
months following treatment, showed that the spatial dispersion of EB and DES was

ii

mainly limited to the area within 25 m of the cage edge, although concentrations
depended on sampling location in relation to water currents.

Maximum EB

concentrations were recorded three months after treatment. Seven days after treatment,
6 % of the total EB input was present in the sediments within 25 m of the cage edge.
Neither EB nor DES were detected in seawater, mussels, periwinkles, dogwhelks and
seaweed samples collected from the walkway and the surrounding environment. This
work, one of the few studies of the uptake of EB by indigenous fauna and flora of an
active salmon farm, suggests that it is not significantly accumulated in matrices outwith
the target organism and the sediment.
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Chapter 1 INTRODUCTION
1.1

1.1.1

Aquaculture and salmon farming

Fish consumption and availability

The 2003 joint expert consultation report from the World Health Organization (WHO)
and the Food and Agriculture Organization (FAO) states that fish and fish products are
valuable components to the human diet providing a great source of protein as well as
critical micronutrients, minerals and fatty acids. On average, fish, crustaceans and
molluscs provide 15 % of the human population’s intake of animal protein (WHO/FAO,
2003). Since the 1960s, the consumption of fish and fishery products, worldwide, has
increased from 9 kg to more than 16 kg per person per year (Ahmed and Delgado, 2000;
WHO/FAO, 2003). This increase has stimulated the availability of fish products, which
doubled over the same period. In 2009, a total of 145 million tonnes of fish and fishery
products was supplied either by capture or aquaculture, of which 118 million tonnes
were used for food supply (FAO, 2010). This production increases every year to satisfy
ever growing world demand (White et al., 2004).
Capture fisheries and aquaculture are the two means by which fish products are
supplied. Each can be carried out inland or in the marine environment. In 2009, the
majority, 62%, of total world fisheries production (including fish, crustaceans, molluscs
and aquatic plants) was supplied from capture with the remaining 38% provided by the
aquaculture industry (FAO, 2010). Figure 1-1 shows that this ratio has significantly
evolved since the mid 1980s in the favour of the aquaculture’s contribution to the total
fisheries production. In contrast, the production from capture fisheries plateaued in the
1990s (Naylor et al., 2000) and more recently decreased, as a result of wild stock
diminution.
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Figure 1-1. Evolution of the world fisheries production from capture and aquaculture,
by weight, between 1950 and 2008 (FAO FIGIS, 2011).
1.1.2

Overview of the world aquaculture

Like the farming of livestock, aquaculture (the cultivation of water-living species such
as fish, shellfish and algae) is an ancient practice. Its origin, around 2000 BC, is
associated both with China and its husbandry of the common carp, Cyprinus carpio, and
with the ancient Egypt hieroglyphs showing raising ponds of tilapia (Rabanal, 1988;
Pillay and Kutty, 2005; Nash, 2011). Aquaculture has since expanded in area as well as
in production (Rabanal, 1988). Its growth boomed during the 1970s along with the
demand and the market prices of selected fish species, such as shrimps, sea basses,
seaweed and salmon (Rabanal, 1988; White et al., 2004).
Aquaculture is one of the fastest growing food-producing sectors (FAO, 2010). In
2009, the value of the world’s aquaculture production reached 110 million US dollars, a
ten-fold increase since 1984 (FAO FIGIS, 2011). Aquaculture is found in many regions
across the globe and within many different civilisations (FAO, 2010). Consequently it
has a pivotal role not only in feeding the human race but also as a key part of the world
economy. Figure 1-2 shows the distribution by continent of the world’s aquaculture
production in 2009 (by weight).

This production is largely dominated by Asian

countries, China being, with 45 million tonnes, the leading producing country. The
2010 FAO’s reported that, in 2008, out of the 15 top aquaculture producers by quantity,
11 were Asian countries; Norway, Chile and the USA were ranked 7th, 8th and 13th
respectively.
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Figure 1-2. The world distribution of aquaculture production by continent in 2009 (by
weight, FAO FIGIS, 2011).
Originally practiced in artificial ponds or inland tank systems, aquaculture can
nowadays be achieved on a large scale in open-cages as in the case of salmon farming.
Worldwide, more than 300 different species of fish, shellfish and seaweed are cultivated
(Garibaldi, 1996; Pillay and Kutty, 2005). This number grows every year as a result of
improvements made in production practices that allow cultivation in areas where it was
previously difficult (FAO, 2009a). As may be expected, the type of species produced
differs from country to country, depending on environment, production sites, farming
techniques available, consumer demand and economic factors. Data from the 2010
FAO’s State of the World Fisheries and Aquaculture report (SOFIA) showed that, by
weight, the culture of finfish species is the most significant (more than half the total
world aquaculture), followed by the production of shellfish species and aquatic plants
(Figure 1-3). Nonetheless, the culture of all the product groups has steadily increased
over the past two decades (Figure 1-3).
According to the FAO SOFIA (2010), in 2008, the world aquaculture production was
dominated by freshwater fish (54.7%), followed by molluscs (24.9%), crustaceans
(9.5%), diadromous fish (6.3%), marine fish (3.4%) and other aquatic animals (1.2%).
Mostly cultured in Asia and Pacific regions, cyprinids (carp species) are the most
common freshwater fish species produced. Of the diadromous species, salmonids are
the most common.

In 2008, the production of Atlantic salmon dominated the

production of diadromous fish accounting for 1.5 million tonnes or 44% (FAO, 2010).
This production was mainly supplied by Norway and Chile with 36.4% and 28% of
world salmon production, respectively. Other European countries produced another
18.9%.
3
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Figure 1-3. Evolution of the world production of finfish, shellfish and aquatic plants
(by weight), between 1970 and 2009, and the contribution of aquaculture (in %).
1.1.3

Salmon farming

Branded “King of the fish”, the salmon is symbolically associated with freedom by
anglers. This title was given from the salmon’s aptitude to swim upstream and over
water cascades, in what Coates (2006) described as “one of nature’s spectacles”. Being
an anadromous (Greek for “running upward”) species, salmon are fertilised, hatched
and born in freshwater, but spend most of their life at sea returning to freshwater only to
spawn (Stead and Laird, 2002 and Coates, 2006). Salmon are mostly native from the
northern hemisphere, between the Arctic and 40 degrees latitude (Coates, 2006).
Depending on the species, wild stock can be found in both the Atlantic (Salmo spp) and
the Pacific Oceans (Oncorhynchus spp) as well as in the Great Lakes region (Pennell
and Barton, 1996 and Coates, 2006).
Salmon, wild or farmed, from the Atlantic or the Pacific is a very popular foodstuff
worldwide. Even though, in 2002, some studies reported that European farmed salmon
contain high levels of persistent contaminants (pesticides, dioxins and polychlorinated
biphenyls (PCBs)) (Jacobs et al., 2002) - up to ten times the levels found in wild salmon
(Hites et al., 2004; Hopkin, 2004) - the benefits of eating protein and omega-3 fatty
4
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acid-rich salmon show to outweigh the risks associated with the presence of trace
amounts of these toxins (Tuomisto et al., 2004; Rembold, 2004; Mozaffarian and
Rimm, 2006; Dewailly et al., 2007). Furthermore, the problem was lessen following
the introduction of alternative fish feed (Berntseen et al., 2010; Olli et al., 2010). The
demand for salmon in the main world markets i.e. France, Japan, USA and UK was
approximately 900,000 tonnes in 1998 (Stead and Laird, 2002), and increased
significantly during the 1990s. To respond to the current demand, the total world
supply of salmon (and trout) had to increase by more than four-fold between 1980 and
2001 (Knapp et al., 2007). A large part of this supply comes from farmed salmon, and
mainly from the production of farmed Atlantic salmon (Stead and Laird, 2002; Knapp et
al., 2007; FAO FIGIS - accessed online 2007 and 2009). The current worldwide
production of farmed Atlantic salmon, Salmo salar (Linnaeus, 1758), exceeds 1.4
million tonnes (FAO, 2009b).

1.1.3.1 The production of Atlantic salmon
The occurrence of wild stock (required to start up farming businesses) in Scotland and
in Norway initiated the development of the industrial culture of the species 150 years
ago (Pennell and Barton, 1996). In the early days of salmon farming, farmers obtained
egg stocks from wild salmon; however the rapid expansion of the industry during the
1980s resulted in the need to develop a reared broodstock (Pennell and Barton, 1996;
Stead and Laird, 2002). Initially Scottish then Norwegian native stock females were
selected, early in the spawning season, to produce brood fish (Stead and Laird, 2002).
Today, traits of broodstock such as growth rate, late maturity and disease resistance are
highly selected (Pennell and Barton, 1996).
salmon is illustrated in Figure 1-4.
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Figure 1-4. Salmo salar production cycle (FAO, 2009b).
Once the eggs have been stripped from the brood, they are placed in freshwater tanks in
a hatchery and the eggs are incubated under controlled environmental conditions.
Typically these include water at a pH close to 7, a minimum oxygen level of 7 mg l-1,
low light levels, and a water temperature between 6 and 8 °C (Stead and Laird, 2002).
At a temperature of 7 °C, an egg will usually eye and hatch in 43 and 68 days (Stead
and Laird, 2002). The alevin will feed on its yolk sac to become a fry. At this latter
stage farmers start to feed the salmon (Stead and Laird, 2002). The freshwater life cycle
from fertilised egg to smolt takes between 8 to 16 months. Once it has reached about
100 g, the salmon (now smolt) can then be transferred to seawater cages or net-pens
(Stead and Laird, 2002). Salmon are reared in the marine environment, usually in cages
consisting of large nets suspended in seawater, until they reach a marketable weight of
between 4.6 and 6 kg (FAO Fishery Statistics, 2009; Canadian Aquaculture website,
2011).
In 2009, the total value of salmon produced by the aquaculture industry exceeded 6.4
billion US dollars (FAO FIGIS, Aquaculture Production 1950-2009, 2011). Between
1980 and 2009, the industry underwent a massive and rapid economic expansion, with
total production increasing from 5,000 to 1,440,000 tonnes worldwide (FAO FIGIS,
Aquaculture Production 1950-2009, 2011). Figure 1-5 illustrates the increase in the
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production of farmed salmon between 1980 and 2009; as well as the geographic
dispersion of the production, as the salmon farming not only expanded economically but
also geographically.
Production (millions tonnes)
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Figure 1-5. The production of Atlantic salmon from aquaculture between 1980 and
2009, by area and by weight (FAO FIGIS, 2011).
Since 2000, a share of the production, although dominated by European countries, has
been taken by countries in South and North America (Chile, Canada and the United
States) (Rosie and Singleton, 2002).

In terms of quantity, in 2009, Chile, with a

production of over 230,000 tonnes, was the second biggest Atlantic salmon producer
after Norway (862,000 tonnes) and ahead of the United Kingdom (130,000 tonnes –
produced in Scotland) (FAO FIGIS, 2011). With a value over 3.8 billion US dollars,
European countries (principally Norway, the UK, the Faroe Islands and Ireland) lead the
Atlantic salmon production, in 2009.

Improved management, advancement of

technologies and a better understanding of fish health, has lead to Atlantic salmon
farming becoming a major industry in Europe.

1.1.3.2 Salmon farming in Scotland
Scotland is blessed with protected coastlines (inlets and bays) and stable seawater
temperature suitable for the farming of aquatic species such as salmon (Tilseth et al,
1991). The Scottish aquaculture industry currently produces not only farmed finfish,
including salmon, rainbow trout (Oncorhynchus mylkiss) (7,500 tonnes – worth about
£14 million), brown and sea trout (Salmo trutta) and Arctic charr (Salvelinus alpinus),
but also farmed shellfish (over 5,000 tonnes a year - sale value of over £5 million) such
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as common mussel (Mytilus spp.), oysters (Crassostrea gigas and Ostrea edulis),
queens (Chlamys opercularis) and scallops (Pecten maximus) (The Scottish
Government, 2009).

However, the farming of Atlantic salmon dominates Scottish

aquaculture (Thompson et al., 1995; The Scottish Government, 2009), which, in 2009,
with 130,000 tonnes produced, represented an estimated farm gate value of £324
million (The Scottish Government, 2009).
By providing many communities with significant employment and revenue the Scottish
aquaculture industry plays a major role in the Scottish economy (Ernst & Young LLP,
2005; The Scottish Government, 2009). In Scotland as a whole, approximately 1,000
people are employed directly in salmon production and another 3,000 in the salmonfood processing sector (Thomson, 2002; The Scottish Government, 2009; Walker,
2010). The west coast of Scotland, the Western Isles and the Orkney and Shetland
Islands are home to about 250 Atlantic salmon farming sites owned by 31 different
companies (Walker, 2010).
The feasibility of developing salmon farming was initiated by Unilever Research
Laboratories in Aberdeenshire and Inverness-shire in the mid-1960s. By 1972, Marine
Harvest Limited had started the sea farming of Atlantic salmon in Lochailort (Rae,
2002). Figure 1-6 shows how, since the 1980s, the production of salmon in Scotland
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Figure 1-6. Scottish salmon production between 1985 and 2009 (source: Scottish
Salmon Producers Organisation website, 2011; Walker, 2010).
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Despite its importance, Atlantic salmon aquaculture is often at the centre of
disagreements. The main concerns to emerge focus on the direct impacts that the
industry has on the environment (Gowen and Bradbury, 1987; Tilseth et al., 1991;
Thompson et al., 1995; Scottish Executive Central Research Unit, 2002; Whitmarsh and
Wattage, 2006; Ford and Myers, 2008; Pelletier et al., 2009). These result in fish farms
often being subject to tight regulations and risk assessments (Thompson et al., 1995),
for example with regard to diseases and escapees.

1.2

The environmental impacts and effects of salmon farming

Even if fish farming is usually carried out within a controlled environment, the many
inputs and subsequent outputs involved in production can impact on the surrounding
environment (Thompson et al., 1995; Wu, 1995; Beveridge, 2004). Through the years,
the eventual effects of aquaculture have been the subject of concern to the public,
farmers, scientists and non-governmental organisation (NGO) (Staniford, 2002). The
impacts are numerous and often complex as they differ depending on their causes and
consequences (direct or indirect effect). Increased concern has mainly been in relation
to the effect of farm escapees on wild fish stock, the risk of diseases (including infecting
wild stock), the releases of nutrients to the environment and the use of chemicals and
medicines (Gowen and Bradbury, 1987; Tilseth et al. 1991; Wu, 1995; Fernandes et al.,
2001; Haya et al., 2001; Stead and Laird, 2002; Scottish Executive Central Research
Unit, 2002; Weber, 2003). Table 1-1 gives an overview of the impacts of concern to
salmon farming and their consequences.
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Table 1-1. Selected environmental impacts associated with salmon farming (adapted
from Stead and Laird, 2002).
Farm activity /
Release

Cause of impact /
source of disturbance

Potential environmental consequence

Physical presence
/ disturbance

Aesthetic impact
Interaction with other users

Detract from amenity value for both locals and
visitors

Escapees

Release of genetically selected or
non-indigenous strains of fish

Interaction between cultured and wild stock,
loss of genetic diversity in wild population
(see section 1.2.1.)

Effluent /
waste discharges
/nutrients

Faecal material

Enrichment of benthos, hypernutrification of
water column (see section 1.2.2.)

Disease /
parasites

Waste food falling through cages
Chemical releases: Medicines,
disinfectants and pesticides (see
section 1.2.3.)
Viruses
Bacteria
Parasites (sea lice)

Lethal and / or sub-lethal effects on some nontarget organisms
Welfare of cultured and wild fish and potential
spread to environment (see section 1.2.4.)

The first impact which can be considered to have the least consequence on the
ecological system, despite having a major socio-economic impact on local communities
(and the reason for the rejection of planning permission of new fish farms), is the visual
impact of fish farms. In the mid 1990s, it was mainly considered that the most worrying
impacts of fish farms are those resulting from the potential interactions that the farms
may have with the local ecosystem (Thompson et al., 1995; Berry, 1996). Therefore,
the main disturbances are usually thought to be caused by the release or discharge of
effluent and waste (excess nutrients, feed, faeces and chemicals) into the environment
(Gowen and Bradbury, 1987; Umb, 1989; Folke et al., 1994; Wu, 1995; Berry, 1996;
Black et al., 1997; Haya et al., 2001; Pearson and Black, 2001; Staniford, 2002; Carroll
et al., 2003; Islam, 2005) as well as the possible transmission of diseases (including
genetic disruption) and parasites to wild or native stocks (Saunders, 1991; Stead and
Laird, 2002). The impact of accidentally released fish from farms on wild communities
has also raised concerns (Jonsson, 1997). The Atlantic salmon farming industry has
faced criticism on the basis of all the above environmental impacts; however progress
has been made to better understand and manage these potential impacts (Thompson et
al., 1995; WWF, 2011).
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1.2.1

Impact associated with the interaction between cultured and wild stock
salmon

Despite containment measures implemented by the farmer, reared Atlantic salmon can
escape from farms either as a result of damaged nets (most often caused by stormy
weather) or through errors during routine handling operations such as grading,
medicinal treatments, harvesting or cage transfer (Beveridge, 2004). It is difficult to
account for the number of escapees, as salmon can escape at any stage of its life,
although the escape of parr and mature adults can have disastrous repercussions,
economically as well as ecologically. One of the biggest ecological concerns lies with
the possible interaction that escapees have with wild or native stock and subsequent
genetic exchanges (Jonsson, 1997). During the 1980s it was reported that escaped
farmed salmon were present in freshwater rivers. This raised the immediate concern
regarding the impact that interactions between wild and farmed salmon might have on
wild salmon populations (Gross, 1998).
There are a number of techniques available to distinguish farmed salmon from wild
salmon. The assessment of morphological defects and/or of physical characteristics is
commonly used.

More advanced techniques include carotenoid pigment analysis

(available when farmed fish are being fed with synthetic astaxanthin or pigment
mixtures), scale analysis (mainly growth pattern) and genetic identification (Youngson
et al, 1997).
The escape of farmed salmon into the wild is of concern because farmed salmon differ
both genetically and behaviourally from wild salmon (Einum and Fleming, 1997 and
2001; Fleming et al., 1996; Fleming and Einum, 1997). The selected traits (from
breeding programmes) of farmed salmon are different than those in wild stock. Chosen
for their higher growth rate, reared Atlantic salmon develop an acceptance to living in a
high density site, a lack of predator avoidance and a lack of fitness compared to their
wild counterparts. It is suggested that these last characteristics lead to the suggestion of
a new terminology for a species of salmon “Salmo domesticus” (Gross, 1998). Once in
the wild, they lack of a competitive instinct towards resources and reproductive
partners, however they still tend to migrate to freshwater to spawn (Stead and Laird,
2002). Studies showed that farmed salmon are able to breed with native specimens;
11
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however the ensuing offspring showed weaker native characteristics, and therefore
greater difficulty in surviving in the wild (McGinnity et al., 2003; Houde et al., 2010).

1.2.2

Impact from the release of nutrients and waste products

With high stock density salmon farming takes place in large-scale cages suspended in
open exchange water systems which remove and transport dissolved and solid wastes
(Berry, 1996; Bostock et al., 2010).

This practice contributes to the release of

particulate and dissolved waste products which may have a direct impact on the seabed
and the water column (Berry, 1996; Telfer et al., 2006). Berry (1996) reported that as
the aquaculture industry developed, various studies which investigated its localised
impact on the environment concluded that the primary effects of the release of wastes
from aquaculture waste were benthic enrichment, formation of anoxic sediment,
anaerobic production of hydrogen sulphide and methane and changes to the
macrofaunal communities.
The dissolved products generally discharged include dissolved organic carbon rich in
nitrogen, ammonia and phosphorus (Black, 2001; Islam, 2005). Dissolved and uneaten
food; faecal and urinary products are the most abundant farm wastes.

Of these

products, those in solid or particle form such as the excess food pellets and solid
excrement will usually sink and deposit on the seabed (Stead and Laird, 2002).
Although the ingredients used in fish feed are usually of marine origin and therefore,
when returning to the sea, are recycled into their natural ecosystem, the lipid component
may form a film at the surface of the water (Black, 2001).
The effects of the waste products on the environment depend on many physical and/or
biological factors. Physical factors are usually linked with the impact of the dissolved
products on the water column. They include the concentration in which the nutrients or
waste are present in the water as well as site specific conditions (location, depth,
currents, weather conditions). The distribution and thus the concentration of the solid
wastes on the seabed also depend on the physical (hydro) features of the location. The
site hydrodynamics determine the rate at which the water masses move (flushing time)
and the speed at which the compounds dilute and are assimilated by the pelagic
ecosystem (Chen et al., 1999; Black, 2001). On the other hand, biological activities
12
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usually govern the fate of the solid products in sediments (Beveridge, 2004). Indeed
when settled in the sea bed the solid compounds can be either consumed by fish or
bacteria and microorganisms, or broken down into smaller particles leading to the
release of soluble nutrients (Beveridge, 2004).
Overall, the effect of the discharge of waste products, into the water column, is an
increased concentration of dissolved nutrients which can lead to the hypernutrification
(Beveridge, 2004; Pillay, 2004). This has also the effect of making the sediments
nutrient rich; ultimately changing the sediment chemical composition and effecting the
benthos and microbial communities (Black, 2001). The aquaculture industry is aware
of these effects and subsequently works along side scientists and environmental
protection agencies in order to establish monitoring programmes to control its impacts
(Telfer et al., 2006). Environmental monitoring of salmon aquaculture with the purpose
to protect the environment from enrichment is the focus of many publications through
organisational symposiums such as Joint Group of Experts on the Scientific Aspect of
Marine Environmental Protection (GESAMP) or the International Council for the
Exploration of the Sea (ICES) (Holmer et al., 2001).

1.2.3

Diseases and parasite infestations

Fish, wild and farmed, are susceptible to a number of diseases and parasites which, in
the most severe cases, can lead to mortalities (Sindermann, 1990; Weber, 2003; Buller,
2004). As well as presenting animal welfare and husbandry issues, this is of concern to
farmers as disease outbreaks represent a limitation to their business and economic losses
(Austin and Austin, 1999; Plumb, 1999).

The environment (water turn over,

temperature, fish density, oxygen provision) created by farming can make farmed
animals prone to contracting many types of disease (Noga, 2000). Many of these can be
classified as infectious or non infectious diseases (Brown and Gratzek, 1980), or waterborne and nutritional diseases (Swift, 1993). Nutritional diseases can occur as a result
of a poor or deficient diet (Brown and Gratzek, 1980; Stead and Laird, 2002). Most
commonly these diseases are non-infectious. On the contrary, water-borne diseases,
caused by viruses, bacteria, parasites and fungi, can be rapidly transmitted from fish to
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fish. Drug therapy or vaccinations are usually the only viable treatment for these
diseases (Sindermann, 1990; Stead and Laird, 2002).

The major viruses known to cause serious diseases in European farmed salmonids are
the infectious pancreatic necrosis virus (IPNv) and the infectious salmon anaemia virus
(ISAv) (Plumb, 1999). IPNv primarily affects young fish i.e. in hatchery or post-smolt
salmon, worldwide. The visible symptoms include darkened pigmentation, agitated
swimming pattern and a distended abdomen (Plumb, 1999).

Good husbandry

techniques and vaccinations can prevent IPNv outbreaks. The ISAv, initially identified
in Norway in the 1984, strikes seawater stage salmon throughout the northern
hemisphere industry (Stead and Laird, 2002). When infected, salmon usually present
signs of lethargy, pale gills, haemorrhaging of visceral organs and eyes; however most
of the damage is internal (damage of the liver) making the diagnosis quite difficult
(Plumb, 1999; Stead and Laird, 2002). An additional problem linked with ISAv is that
it can be transmitted via parasites infecting the salmon, Lepeophtheirus salmonis has
been shown to passively carry and transfer ISAv (Nylund et al., 1994).

The major bacterial diseases of salmonids are furunculosis and vibriosis; which are
caused by the bacteria of the genera Aeromonas and Vibrio respectively (Sindermann,
1990; Buller, 2004).

Both diseases involve furuncle-like swellings then ulcerative

lesions on the skin and musculature of infested fish (Austin and Austin, 1999; Buller,
2004) and ultimately cause hemorrhagic septicemas (Sindermann, 1990; Austin and
Austin, 1999). These diseases are usually related to fish stress and environmental
factors such as the water temperature and salinity, or the concentration of oxygen and
solid matter in the water. The infection can be very rapid and the fish can die prior to
diagnosis.

Nowadays, the threat caused by Aeromonas salmonicida and Vibrio

anguillarum, responsible of the major cases of furunculosis and vibriosis in the salmon
farming industry, can be controlled using effective vaccines (Sindermann, 1990; Stead
and Laird, 2002).

Parasites are another group of fish pathogens, and parasitic infestations can be
economically and ecologically devastating. Parasites are often vectors of viruses such
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as ISAv and usually amplify infection and disease in farmed fish as well as in wild fish.
Depending on their location with regard to the host, parasites can be divided into two
categories: Ecto- and endoparasites. Endoparasites (or internal parasites) are found
inside the fish and they include worms: Nematodes, cestodes (Mills, 1989) and blood
parasites. The most common location for endoparasites is in their host intestines. The
most common endoparasites of Atlantic salmon are tapeworms of the Eubothrium genus
(Mills, 1989). These organisms reduce the growth of the fish. Ectoparasites affect
mostly the skin and gills of fish, in attaching themselves to the skin of the fish they
damage the epidermal layer and feed on blood and tissue leading to lesions, growth
reduction and sometimes death. These parasites can have dramatic consequences on
cultured salmon (Stead and Laird, 2002). The consequences of parasitic infestations
depend on the age and health of the fish as well on the ability of the farmers to detect
the presence of the parasites and intervene with adequate techniques.

Common

parasites in the northern hemisphere salmon industry include Gyrodactylus salaris and
sea lice species: Lepeophtheirus salmonis and Caligus elongatus (Stead and Laird,
2002). The trematode, G. salaris; infects the skin and fins of young salmon (Brown and
Gratzek, 1980; Mills, 1989). Furthermore, holes in the salmon skin created by G.
salaris are susceptible to bacterial infection (Mills, 1989).

Infestations of L. salmonis and C. elongatus are a financial burden for the Scottish
salmon industry. The stress caused to fish by sea lice and the loss of growth is reported
to reduce the production by 5% (i.e. around £13 million per year). On top of this can be
added the price of the medicines used to treat sea lice and labour used to administer
these medicines as well as the loss on the market price resulting from selling downgraded fish. Ultimately, the cost of sea lice infestation for the Scottish salmon industry
is estimated at between £20 and £30 million per year (Pike and Wadsworth, 2000; Rae,
2002).

As a consequence many studies have been carried out to find the best

management methods to avoid sea lice outbreaks.

1.2.4

Impact of chemicals and veterinary medicines

Another concern raised by fish farming comes from the discharge of certain chemicals
including disinfectants, antifouling agents and medicines such as pesticides and
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chemotherapeutants. Even though they are mostly released in very small quantities,
their presence in the environment is of concern (Boxall et al., 2003b).
Veterinary medicines are widely used to treat sick, domesticated and food-producing,
animals, and aim to maintain the health and welfare of animals. As the aquaculture
industry expanded a need for medicinal treatments adapted to farmed fish emerged.
The types of medicines readily available for fish farmers include antibacterial drugs,
chemotherapeutics and pharmacodynamic agents; and, in general, only the mode of
administration of fish medicines differ from those used for terrestrial animals (TrevesBrown, 2000). There are two common methods of administering drugs to fish: Bath
treatments and in-feed medications.

Both these methods have advantages and

disadvantages. Bath treatments are labour intensive and can produce and release large
quantities of waste directly into the environment. In-feed medications are less wasteful
as the mass of drug used can be accurately calculated as a fixed ratio of the mass of fish
to be treated. Additionally, once excreted, the medicines can act on non-target species.
Furthermore, medicines can be metabolised and degradation products or metabolites are
also likely to enter the aquatic environment and can have a similar or different effects
than their parent compounds.
As a direct result of environmental concerns, the use and discharge of certain medicines
has been restricted and limits for their use established. Indeed, some compounds have
even been banned in certain countries, for example, in 2000, the European Union
banned malachite green for use in the aquaculture production of fish for human
consumption due to its carcinogenic properties (Sudova et al., 2007). In the case of sea
lice infestation, it is accepted by the salmon farming industry and the UK government
that the use of licensed parasiticides is necessary to ensure animal welfare.

1.3

Sea lice infestation

Sea lice (Figure 1-7) are small – up to 11 mm - (easily seen by naked eye), light to dark
brown ectoparasitic copepod crustaceans of the family Caligidae (Kabata, 1979; Pike
and Wadsworth, 2000).
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Chalimus
Pre-adult
Adult male
Adult female

Figure 1-7. Photograph of different stages of sea lice, Lepeophtheirus salmonis,
collected from an infected salmon.
They occur naturally in the sea and are found on both wild and cultured salmonids,
including salmon and sea trout (Boxsiiat and Defaye, 1993; MacKenzie et al., 1998).
Glover et al. (2004) suggest that there was no significant difference in the densities of
sea lice on farmed or wild salmon. However, the large number of fish living in a
relatively small area in farms may facilitate the rapid spread of the parasite (Kabata,
1979; Pike and Wadsworth, 2000). In Scotland, the presence of sea lice was reported in
salmon farms very soon after the industry had been set up in Lochailort (Rae, 1979).
Many species of both freshwater and marine lice have been reported and species usually
vary with geographical location (Kabata, 1979). L. salmonis Krøyer 1837 and C.
elongatus Nordmann 1832 are the two main species reported to affect European
(primarily in Scotland), Canadian, American and Japanese salmonid farms (Pike and
Wadsworth, 2000; Rae, 2002; Stead and Laird, 2002; Schering-Plough Animal Health,
2002). Other species such as C. curtus and C. clemensi are usually found along the
Atlantic and Pacific North American and Canadian coasts (Pike and Wadsworth, 2000).
C. rogercresseyi and C. teres are additional species known to affect the Chilean industry
(Pike and Wadsworth, 2000).
From egg to adult, most species of sea lice have a life cycle composed between eight
(C. elongatus) and ten stages (L. salmonis), each separated by a moult (Rae, 1979;
Johnson and Albright, 1991). Figure 1-8 outlines the L. salmonis life cycle.
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Figure 1-8. Life cycle of L. salmonis. (Source: Schram, Watershed Watch Report,
2004).
Sea lice eggs hatch to give non-feeding (on salmon or host) and free swimming nauplii.
Nauplius I and II depend upon internal reserves for nutrients (planktonic stage) and live,
on average, for 50 hours at temperatures of between 5 and 10 ºC (Pike and Wadsworth,
2000). Nauplii develop into copepodids; and, although still free-swimming and nonfeeding stage, this will be the first stage capable of infecting a host (Pike and
Wadsworth, 2000). The survival of copepodids, still non-feeding from their host but
feeding on plankton, depends on their ability to locate and settle on a host within seven
days (SPAH, 2002). The next metamorphosis, leads to the first of four chalimus stages.
Pike and Wadsworth (2000) described this transformation as a crucial step in the sea
lice cycle; as they become parasitic organisms after attaching to the host’s skin,
secreting a frontal filament which secures its anchorage to the fish. Immobile, chalimus
lice can start feeding on the fish (Kabata, 1979; Pike and Wadsworth, 2000). The
attachment of copepodids and the development of the lice can be influenced by
environmental parameters such as the light, water salinity and temperature (Pike and
Wadsworth, 2000; Boxaspen, 2006). The pre-adult stages evolve from the moult of the
last chalimus stage and at this point sea lice are able to move around on the fish and can
also swim between hosts (Stead and Laird, 2002). Lice undergo two pre-adults stages,
where they gain their sexual maturity, prior to becoming an adult. The generation time
for L. salmonis varies between 40 and 52 days depending on the water temperature and
the sea lice gender. Thus, five to six generations of sea lice can be completed in a year
(Stead and Laird, 2002).
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Pike and Wadsworth (2000) state that mobile adult sea lice stages tend to be located
around the head or dorsal margin areas of the fish; with pre-adults also being found in
ventral and posterior locations. However, attached stages could be found on many
regions of the host (Figure 1-9).

A

B

Figure 1-9. Images showing sea lice infestation on salmon. Sources: A – NOAA
Fisheries Service website, 2008; B – Fisheries Research Service website, 2008.
Once attached, sea lice feed of their hosts skin, muscle, mucus and blood and start to
cause a variety of pathological effects in salmon (Brandal et al., 1976; Kabata, 1979;
Pike and Wadsworth, 2000). The first visible reactions are the appearance of local
erosion or lesions (Grimnes and Jakobsen, 1996) and the loss of scales where the lice
initially attach (Rae, 1979) usually most severe on the head. When the lesions become
severe and cause haemorrhaging the fish, having lost their protective mucus, become
more susceptible to disease (e.g. ISAv) as sea lice have direct access to their blood. As
a result of the irritations, fish become highly stressed (due to increased levels of plasma
sodium and cortisol) and their immune system deteriorates (Mustafa et al., 2000).
Eventually, their lymphocyte activity decreases and their osmoregulatory system fails
(Grimnes and Jakobsen, 1996). Death is the ultimate consequence of the sea lice
infestation; however, this is not common and is only caused by severe infestations of
pre-adult and adult lice (Brandal et al., 1976; Pike, 1989; Grimnes and Jakobsen, 1996;
SPAH, 2002).
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1.4

1.4.1

Anti-sea lice treatments

Overview

To reduce and control parasitic infestations caused by sea lice, fish farmers have a range
of options (Brown and Gratzek, 1980; Burka et al., 1997; Rae, 2002; Grant, 2002).
These options include both “environmentally friendly” or “biological” methods, which
do not involve the use of chemical products, and methods that do, such as pesticides and
veterinary medicines. Non-chemical methods include good husbandry practices that
can help reduce stress in the fish (Stead and Laird, 2002; Beveridge, 2004). Site
selection and rotation have also been employed to decrease the risk of parasitic
infections (Beveridge, 2004). The use of wrasse cleaner-fish has also been shown to
limit the parasites (Treasurer, 2002; Rae, 2002; Beveridge, 2004) although this is not
widely applied.

However, the most effective way to manage sea lice infestations

appears to be via the use of chemicals and/or medicines (Burka et al., 1997; Roth, 2000;
Rae, 2002). In 2007, near to 200 kg of anti-louse therapeutants were used in the UK for
treating sea lice infestations on farmed Altantic salmon (Burridge et al., 2010).
Many groups of chemicals have been investigated as anti-sea lice treatments (Roth et
al., 1993b; Burka et al., 1997) and a number have been made available on the market
worldwide. They differ in many respects including their physical properties, mode of
action, delivery and efficacy (all products are not efficient at all stages of the sea lice
cycle) (Grant, 2002; Rae, 2002). These factors influence not only the application but
also the timing of treatments.
As stated in section 1.2.4., the main methods of administering medicine to farmed fish
are either by mixing the active ingredient with the water - topical or bath treatment - or
by adding it to the fish feed - oral delivery (Grant, 2002). These two delivery methods
differ in many ways. Overall, in-feed treatments appear to be more favourable as their
advantages outweigh those of the bath treatments. A summary of the characteristics,
benefits as well as disadvantages, of both methods is presented in Table 1-2.
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Table 1-2. Summary of the main characteristics of the two main delivery methods used
to administered medicines to farmed fish (Treasurer et al., 2000a; Grant, 2002; Rae,
2002).
Bath Treatments

In-feed Treatments

Fish are confined in a known volume of water
using reduced-size net enclosed with tarpaulin.

The medicine is incorporated in the fish feed.

Labour intensive and time consuming procedure
causing disruption of the normal routine.

Easy administration (over a short time-frame)
involving no disruption to the normal routine.

Several days are needed to treat all salmon pens.

All pens can be treated quickly and
simultaneously.

Difficult to maintain accurate dosage /
concentration of the medicine.

Dosage may vary between individuals due to
different volumes of feed consumed by each fish
(fish must be feeding well to have any effect).

Treatment unsuitable in severe weather or
exposed areas.

Mostly weather independent – although feeding
might be affected.

Causes a noticeable amount of stress to the fish.

No associated stress or mortality exhibited.

Feed usually withheld for approximately 48
hours.

Feed not withheld as it contains medication.

Possible development of resistance.

Possible development of resistance.

Issues over discharges and environmental safety.

Issues over discharges and environmental safety.

Other factors to consider with the use medicines include: The market authorisation and
eventual discharge consent, the safety margin of the product, the ease of use, and the
possibility of resistance to the product. Within the European countries, the marketing
authorisation process for any medicines designated for farmed animals is mandatory
(Grant, 2002). The Veterinary Medicines Directorate is the agency able to grant such
authorisation in the UK. Products must meet particular criteria regarding their quality,
safety, efficacy as well as their impact if released into the environment (Grant, 2002).
Organophosphates, pyrethroids, oxidizers, benzoylureas (insect growth regulators) and
avermectins constitute the five main classes of medicine available on the market to
control sea lice (Burka et al., 1997; Roth, 2000; Grant, 2002; Burridge et al., 2010).
However, due to governmental regulations, not all countries have approved or licensed
the use of the entire range of products available. Table 1-3 presents an overview of the
five major active ingredients licensed and used (Grant, 2002; Burridge et al., 2010) to
control sea lice infestations in Scotland.
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Table 1-3. Summary of the products available in Scotland to control sea lice (L.
salmonis and C. elongatus) in salmon. (Grant, 2002; Rae, 2002; Burridge et al., 2010).
Active ingredient
Organophophate

Product name

Delivery method

Mode of action

Azamethiphos

Salmosan®

Bath

Inhibits acetylcholinesterase
activity in cholinergic nervous
system

Bath

Mechanical paralysis,
peroxidation of constituents of the
cellular membranes and
inactivation of enzymes

Oxidiser
Hydrogen peroxide
Pyrethroid
Cypermethrin
Deltamethrin
Benzoylurea
Teflubenzuron

Paramove®
Salartect®
Excis®
Betamax®
Alphamax®

Bath

Calicide®

In-feed

Inhibits chitin synthesis

Slice®

In -feed

Inhibits neurotransmission by
targeting GABA (gammaaminobutyric) receptor

Bath

Interference with sodium channels
in axon membranes

Avermectin
Emamectin
benzoate

Note: Deltamethrin was not used in Scotland between 2006-2008 (Burridge et al., 2010).

1.4.2

Organophosphates

First recognised during the 19th century, organophosphates (OP), or organophosphorus
compounds, are pesticides (insecticides mainly, although there are a number of
herbicides and fungicides) and as the name suggests contain phosphorus (Kamrin,
1997). OPs are generally very toxic to vertebrates and, during World War Two, were
used as nerve gas (Williams et al., 2000). In agricultural application, the fact that OPs
are chemically unstable and non-persistent makes them a good substitute for organo
chorine insecticides (Williams et al., 2000).
Most OPs work by inhibiting the enzymatic activity of the acetylcholinesterase enzyme
in the nervous system (Kamrin, 1997; Roberts and Hutson, 1997). This enzyme usually
breaks down the neurotransmitter acetylcholine after it has activated the transmission of
impulses across nerve junctions. In the presence of OP, the acetylcholinesterase binds
to the phosphorus moiety of the OP resulting in the accumulation of acetylcholine at the
neuron/neuron and neuron/muscle junctions (Roberts and Hutson, 1997). Therefore, by
inhibiting acetylcholinesterase, OPs prevent the nerve junction from functioning
properly causing voluntary muscles to twitch and ultimately paralysis (Kamrin, 1997).
The neurotoxic properties of OPs and their effects on marine species have been studied:
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for example, Burridge et al. (2000; 2004) showed that repeated exposures of lobster
(Homarus americanus) to azamethiphos can be lethal.
In the control of sea lice, four organophosphate compounds have been commonly used:
Dichlorvos, azamethiphos, malathion and trichlorfon (Roth, 2000; Grant, 2002; Rae,
2002; Haya et al., 2005; Burridge et al., 2010). Today, these are rarely used for sea lice
treatment (Burridge et al., 2010). Dichlorvos was the first active ingredient used as an
anti-sealice medicine, in Aquaguard® (formerly Nuvan®) (Ernst, 2001).

Initial

treatments showed positive results as dichlorvos had the potential to kill sea lice quickly
without affecting salmon. However, sea lice rapidly reappeared on the salmon showing
that dichlorvos had been ineffective against the chalimus stage of lice and a resistance
had developed (Burridge et al., 2010). Furthermore, the negative effects of dichlorvos
on the environment (McHenery et al., 1996; 1997); its toxic effects on invertebrates
such as crustaceans and fish (Roth et al., 1996); and the emergence of resistance, led to
the discontinuation of the use of dichlorvos in many countries (Roth, 2000).
Azamethiphos (Salmosan®)
Azamethiphos is the active ingredient of the powder-like anti-sea lice medicine
Salmosan® (50% w/w of azamethiphos), formerly manufactured by Novartis Animal
Health (Roth, 2000; Grant, 2002) and mostly used in Canada but now marketed by the
Fish Vet Group (McHenery, pers. comm.). Salmosan® is use as an enclosed bath
treatment to control mature pre-adult and adult Lepeophtheirus salmonis and Caligus
spp on farmed salmon (Roth et al., 1996). However it does not have any effect on
juvenile attached sea lice. If early stages of the sea lice are present at the time of an
initial treatment with Salmosan®, two to three consecutive treatments are needed in the
following month period to totally free the fish from all sea lice. The bath treatment
takes place for between 30 and 60 minutes where a recommended concentration of 0.1
µg.g-1 azamethiphos (0.2 g of Salmosan per cubic meter of sea water for cage) is
administered.
Azamethiphos has a high water solubility (1.1 g.l-1) thus, when entering the
environment, it is likely to remain in the water and unlikely to accumulate in the
sediment (Roth et al., 1993b). Azamethiphos is also likely to bioaccumulate in aquatic
biota and persist in the environment (Burridge et al., 2010). Therefore, the use of
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Salmosan® is regulated and Scottish salmon farmers wishing to use Salmosan® need to
apply and obtain a discharge consent from the Scottish Environment Protection Agency
for each individual site where it is used. In its concentrated form, Salmosan® can be
dangerous to fish and non-target aquatic organisms, especially marine arthropods such
as American lobsters (Burridge et al., 2008, 2010).

1.4.3

Oxidisers

Initially developed for aquaculture application in Norway, hydrogen peroxide has been
available to Scottish salmon farmers, and widely used for a decade from 1992, under the
two licensed products: Salartect®, manufactured by Brenntag and Paramove®,
manufactured by Solvay Interox (Treasurer and Grant, 1997).

At that time, the

development of resistance to dichlorvos by sea lice (Jones et al, 1992) made hydrogen
peroxide the treatment of choice. Although still authorised for use in Norway, Scotland
and Canada these products are no longer the treatment of choice (Burridge et al., 2010).
The mode of action of hydrogen peroxide is mechanical paralysis, peroxidation of
constituents of the cellular membranes and inactivation of enzymes (Cotran et al.,
1989). The recommended dosage is 1500 ppm for 20 minutes as a bath treatment,
although this is not efficient when the water temperature is below 10 °C (Treasurer et
al., 2000b).
Hydrogen peroxide has no withdrawal period between treatment and harvest (Haya et
al., 2005). Very little information is available on the toxicity of hydrogen peroxide to
marine organisms; toxicity to fish has been studied and established (Kiemer and Black,
1997). However, in most countries, it is considered to have a low environmental risk
(Burridge et al., 2010)

1.4.4

Pyrethroids

Pyrethroids refer to synthetic analogues of natural pyrethrins, and are derived from
pyrethrum which is extracted from the Chrysanthemum plant (Roberts and Hutson,
1997; Coats, 2008; Anadón et al., 2009). Originally pyrethrins were used to control
insects in homes, gardens and on pets and livestock. They were safe and non persistent
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due to their photolabile properties (properties which made them an unlikely insecticide
for agricultural purposes) (Roberts and Hutson, 1997; Anadón et al., 2009). However,
they were toxic to fish and thus not registered for use in aquaculture. Over five decades
of development studies led to the successful synthesis of four generations of pyrethroid
insecticides (Roberts and Hutson, 1997; Coats, 2008). These were more stable in
sunlight and are effective against a wider range of insect pests, flies, ticks and lice
(Elliot et al., 1978; Anadón et al., 2009). They persisted longer in water, soil and plant
surfaces although they retained some toxic characteristics. The fourth and current
generation include very effective, photostable compounds with low volatility such as
cypermethrin and deltamethrin.
Pyethroids affect the peripheral and central nervous system of the pest, causing
paralysis (Coats, 2008; Anadón et al., 2009).

They work by interfering with the

opening of the sodium channels in neuronal membranes thereby avoiding excitation
(Roberts and Hutson, 1997; Anadón et al., 2009). Pyrethroids are used extensively in
veterinary medicines in dogs, cats, sheep, cattle, chickens and fish (Anadón et al.,
2009).

They have a wider margin of safety for mammals than organophosphates

(Anadón et al., 2009), however they can have neurotoxic effects and have toxic effects
on fish and invertebrates (Schiefer et al., 1997; Coats, 2008). Concerns have also been
raised over their environmental effects.
Cypermethrin (Excis®)
Cypermethrin is the active ingredient (1% w/v) of the anti-sea lice bath medicine
Excis®, which was marketed by Grampian Pharmaceuticals in the late 1990s, following
the need for new anti-sea lice products after the decline of the use of dichlorvos. Within
enclosed tarpaulin, an Excis® immersion treatment takes 60 minutes at a dosage of
5 µg L-1. Being active against all stages of Caligus and Lepeophtheirus, Excis® had the
advantage over Salmosan® of needing fewer consecutive treatments.
Cypermethrin hydrolyses slowly in aqueous solution. Under normal environmental
conditions, it exhibits half-lives of 50 days to hydrolysis and greater than 100 days to
photodegradation.

However, it is readily absorbed by sediment particles (Kamrin,

1997). Several studies have investigated cypermethrin in matrices within and around
salmon cages following treatment with Excis®; results showed cypermethrin caused
mortality to species of crustaceans (SEPA, 1998), but did not have a lethal effect on
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mussels or planktonic copepods (Gowland et al., 2002; Willis et al., 2005; Burridge et
al., 2010).

1.4.5

Benzoylureas or chitin synthesis inhibitors

Originated in the 1970s from a chemical synthesis of potential herbicides, benzoylureas
have no herbicidal properties but insecticidal ones, with unusually high toxicity against
immature insects (Roberts and Hutson, 1997; D’Mello, 2003). They are considered as
insect growth regulators or modulators (D’Mello, 2003) and constitute an important
group of pesticides. Their insecticidal activity is due to their ability to inhibit the
biosynthesis of chitin, a major component of the insect exoskeleton (Roberts and
Hutson, 1997). The interference caused by benzoylureas on the assembly of chitin
chains affects dramatically the insect at moulting stages, where the production of chitin
is higher, leading to death (D’Mello, 2003). This property makes the benzoylureas very
toxic to aquatic crustacean invertebrates.
Two products containing benzoylureas as active compounds are registered for use in the
control of sea lice.

These are Calicide®, with teflubenzuron and Lepsidon®, with

diflubenzuron (Burridge et al., 2010). Between 2007 and 2009, these were used in
Chile and Scotland (although limited), and are expected to be used in Canada (Burridge
et al., 2010).
Teflubenzuron (Calicide®)
Teflubenzuron is an acylurea and the active ingredient of the in-feed anti sea lice
medicine, Calicide® (0.2% w/w). This product, used in the UK since 2000, is effective
when administered to salmon at a rate of 10 mg kg-1 body weight per day, for seven
days (Branson et al., 2000).

1.4.6

Avermectins

In 1979, a collaboration between Merck Sharp and Dohme Research Laboratories (New
Jersey) and the Kitasato Institute and Kitasato University (Japan) showed the existence
of a new family of anthelmintic compounds (capable to expel parasitic worms from
hosts) (Burg et al., 1979). These were named avermectins, after the name of the natural
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product derived from fermentation of the actinomycete mycelia Streptomyces
avertimilis (Burg et al., 1979). The 16-membered macrocyclic lactone, avermectins
first showed strong activity against gastrointestinal nematodes (Egerton et al., 1979).
They also exhibit a strong broad spectrum of activity against parasitic diseases
including the ability to kill arthropods such as insects and arachnids as well as parasitic
worms in both plants and animals (Egerton et al., 1979; Campbell, 1984; Putter et al.,
1981; Shoop et al., 1995).
Avermectins owe their parasiticidal properties to their ability to act on γ-aminobutyric
acid (GABA) neurotransmitters from the nerve endings (Turner and Schaeffer, 1989;
Burridge et al., 2010).

By binding to the GABA-gated chloride channels, which

normally block reactions in nerves, avermectins prevent the stimulation of the central
nervous system, leading to the paralysis and death of the target organism (Grant, 2002;
Omura, 2002; Brown, 2006).
Abamectin, also referred as avermectin B1a, is the parent avermectin (Peterson et al.,
1996a). It consists of a mixture of two homologs of equal activity, avermectin B1a
(80%) and avermectin B1b (20%). Abamectin is the active ingredient of pests control
products. It was used by both farmers (on fruit, vegetable and ornamental crops) and
the public (on domestic animals, against fire ants) (Egerton et al., 1979; Putter et al.,
1981). Ivermectin was the first avermectin to be commercialised, used for its excellent
potency and spectrum against nematodes, and trusted for its quick mode of action
(Davies and Rodger, 2000; Omura, 2002). However, the toxicity, even if low, of
avermectin B1a and ivermectin, caused by bioaccumulation in the target organisms
(Grant and Briggs, 1998; Sun et al., 2005) or to soil bound organisms (Halley et al.,
1993) led to the development and use of emamectin, one of the new generation of
avermectins, more effective and safer to both man and the environment (Jansson et al.,
1996 and 1997; Ishaaya et al., 2002).
Emamectin benzoate (Slice®)
Emamectin benzoate is the active ingredient of the registered pesticide Proclaim®
(Novartis Crop Protection Inc.) and of the licicide premix Slice® marketed by ScheringPlough Animal Health (SPAH). Emamectin benzoate exhibits a broad spectrum of
insecticide and parasiticide activities (Peterson et al., 1996b; Roberts and Hutson,
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1997). Initially used against Lepidoptera larvae infesting cotton and food crops it is still
used to protect a variety of fruits and vegetables worldwide (Jansson et al., 1996 and
1997; Takai et al., 2003; Ishaaya et al., 2002).
Slice® is a formulated feed premix consisting of 0.2% emamectin benzoate. This
treatment has many advantages over others, one of the main ones being its highly
effective nature against all parasitic life stages of sea lice (Stone et al., 2000a and
2000b) but also its broad safety margin and long shelf life (SPAH, 2003).

This

treatment is also highly favoured as it provides long term protection after administration
because of enterohepatic re-circulation and the slow way in which it is excreted or
metabolised by the fish. Due to this long term protection period, fish must not be
treated more than once every sixty days before harvest to avoid exceeding the
Maximum Residue Limit (MRL) which is currently set at 100 µg kg-1 in Europe
(EMEA, 1999).
Amongst the five major anti-sea lice medicines (cypermethrin, deltamethrin, emamectin
benzoate, azamethiphos and teflubenzuron) used by the four major salmon farming
countries (Norway, Chile, Scotland and Canada), emamectin benzoate was, between
2006 and 2008, the most widely used, with 1308.8 kg active ingredient (Burridge et al.,
2010).

This figure was five to eight times greater than those for the four other

medicines. In Scotland alone, the average use of emamectin benzoate between 2006
and 2008 was 162.5 kg, compared to 69.7, 100.2 and 95.8 kg for cypermethrin,
azamethiphos and teflubenzuron respectively (Burridge et al., 2010). Therefore there is
a significant scope for studying emamectin in the environment as a result of salmon
farming in Scotland.
1.5

Impacts and fate of emamectin benzoate in the environment

Understanding the fate of a chemical is essential to effectively investigate its impact on
the environment. Very little is known about the fate of veterinary medicines in the
environment, even though many research groups are involved in their risk assessment
(Boxall et al, 2003a; Coyne, 1998; Coyne et al., 2001; Capleton et al., 2006). Usually
based on the medicine’s characteristics, its potential exposure route and effects, risk
assessments are required by many environmental agencies across the world. The route
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of administration and product formulation all influence the rates of absorption,
metabolism, excretion, and subsequent bioavailability and pharmacokinetics of
individual compounds (Capleton et al., 2006).
Slice® is one of the treatments of choice for the treatment of sea lice infestations in
Scottish salmon farms (Stone et al., 2000c, Burridge et al., 2010). In Slice®, emamectin
(in its more stable benzoate salt form) constitutes 0.20% by weight of the product. The
other ingredients formulating the medicine include butylated hydroxyanisole (0.01%),
propylene glycol (2.50%), maltodextrin (47.40%) and corn starch (qs to 100%). Both
maltodextrin and corn starch are non toxic binder materials often used in
pharmaceutical or food products and are not considered a threat to the environment. In
contrast butylated hydroxyanisole and propylene glycol are chemicals presenting
toxicity characteristics, however at the concentrations found in Slice® they are not
expected to have any significant effects if released into the environment. Although
emamectin benzoate’s efficacy has been substantially reported (Stone et al., 1999,
2000a, 2000b; Armstrong et al., 2000), it is often referred to as a hazardous material and
its release in the environment could present a risk.

1.5.1

Key properties of emamectin benzoate

Emamectin,

also

known

as

4”-deoxy-4”-epi-methylamino-avermectin

B1,

epimethylamino-4”-deoxyavermectin B1 and MK-244, is a second generation semifermented semi-synthetic product from the natural avermectin B1 (Peterson et al.,
1996b; Roberts and Hutson, 1997). It differs from its parent compound by having an
epimethylamino group at the 4” position rather than a hydroxyl group. It is a mixture of
two homologs compounds, 4”-epimethylamino-4”-deoxyavermectin B1a benzoate
(MAB1a)

and

4”-epimethylamino-4”-deoxyavermectin

B1b

(MAB1b),

present

respectively at a ratio of minimum 90% and maximum 10%. The molecular formulas of
MAB1a and MAB1b are, respectively, C49H75NO13 and C48H73NO13; with a
corresponding molecular weight of 1008.26 g mol-1 and 994.24 g mol-1 (Roberts and
Hutson, 1997). The two homologues differ by the presence of an extra methylene group
on the C-25 side chain of MAB1a (Figure 1-10).
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Figure 1-10. Chemical structure of emamectin benzoate.
The physicochemical properties of a compound are key parameters to understanding the
behaviour and fate of this compound in the environment and therefore its distribution.
These factors are key in the selection and development of adequate chemical analysis.
Some of the key properties of emamectin benzoate are presented in Table 1-4. With a
vapour pressure of 3 x 10-8 torr, emamectin benzoate is unlikely to volatilise or enter
and/or to persist in the atmosphere. Emamectin benzoate is highly soluble in methanol,
acetone and similar solvents but not in hexane. Emamectin shows variable solubility in
water depending on the pH and the salinity of the water. In freshwater, the solubility of
emamectin ranges from 24 mg L-1 at pH 7.04 to 320 mg L-1 at pH 5.03; whereas, 5.5 mg
L-1 is the maximum solubility in seawater. This indicates that emamectin benzoate is
also unlikely to persist in the water column but more prone to be adsorbed and bind to
particulate material and surfaces. An octanol-water partition coefficient (Pow) of 105
indicates that emamectin is a hydrophobic molecule which therefore might accumulate
in hydrophobic compartments of the environment i.e. soils and sediments. At the pH of
seawater, the dissociation constants (pKa) for the benzoic acid and methylamino
moieties, 4.2 and 7.6 respectively, indicate that emamectin benzoate will dissociate and
thus has the potential to bind to surfaces by ionic processes.

30

Chapter 1 - Introduction

Table 1-4. Summary of some of the properties of emamectin benzoate (McHenery and
Mackie, 1999).
Property

Values

Density (g cm3)

1.20 ± 0.03

Partition distribution coefficient (LogP)

3.0 ± 0.1 @ pH=5.07 ± 0.01
5.0 ± 0.2 @ pH=7.00 ± 0.03
5.9 ± 0.4 @ pH=9.04 ± 0.01

Solubility in water (mg L-1)

320 @ pH=5.03 ± 0.01
24 @ pH=1.039 ± 0.004
0.1 @ pH=9.05 ± 0.01

Melting point (ºC)

141-146

Vapour pressure (torr) @ 21.1 ºC

3 ± 1x10-8

Dissociation constant, pKa

Benzoic acid: 4.2 ± 0.1
Methylamino: 7.6 ± 0.1

1.5.2

Environmental fate and metabolism

The environmental fate of emamectin benzoate, in water, feed, soil and sediments has
been extensively studied using radiolabeled [14C] emamectin benzoate prior to placing
Slice® on the market (SPAH, n.d.). Data on the physicochemical properties, fate and
effects of emamectin benzoate presented below were obtained from the Cordah
Environmental Management Consultants report No. SCH001R5 (McHenery and
Mackie, 1999).

1.5.2.1 Fate in water
When incubated for 6 weeks at 25 ºC, in sterile buffered aqueous solutions, emamectin
benzoate was stable at pH 5.2, 6.2, 7.2 and 8.0. However, at pH 9.0, emamectin breaks
down to form two products with a half-life of 19.5 weeks. Photodegradation studies of
emamectin benzoate in solution, carried out in autumn under natural illumination
conditions, showed a variation of emamectin half-lives between 22 days in buffer (pH
7.0), 7 days in natural pond water and only 1 day in phosphate buffer containing 1%
acetone as a photosensitiser. These autumn values were used to estimate summer and
winter half-lives; respectively 11.5 and 35.4 days in buffer, 3.6 and 10.6 days in the
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natural pond water and 0.7 and 2.2 days in sensitised buffer. 8,9-Z-emamectin benzoate
B1a was the major photodegradation product found in all aqueous systems.
Additionally, emamectin benzoate B1a-10, 11-14, 15-epoxide was also found in the
sensitised buffer. It was also observed that with increased light exposure time there was
an increase in polar extractable residues. Furthermore, photodegradation conducted
under artificial light (xenon arc lamp) showed a rapid photodegradation of emamectin
benzoate. The number of degradation products produced depends on the presence of
photosensitiser. Between four and ten photodegradation products (maximum 6.57% of
the recovered emamectin benzoate) and polar residues (max. 2.44%) were observed
when a photosensitiser was added; only two under non-sensitised conditions. Identified
degradation products included the 8,9-Z isomer of emamectin, 8α-hydroxy emamectin
benzoate, 8α-oxo emamectin benzoate, N-desmethyl emamectin benzoate and the 8, 914, 15-emamectin benzoate diepoxide.

1.5.2.2 Fate in soils and sediments
Along with conclusions drawn from the Pow and pKa values, the mobility of emamectin
benzoate in soil has also been studied using thin layer chromatography (TLC).
Emamectin benzoate, applied to soil TLC plates (dried, sieved and wetted soil spread to
glass plate) of various types (silt-loam to sand), failed to migrate, being tightly bound to
the soil materials (Mushtaq et al., 1996a). Furthermore, soil dissipation trials showed
that 66-80% of emamectin dissipated in the first 24 hours (Chukwudebe et al., 1997).
However, leaching studies showed that emamectin benzoate did not dissipate deep in
the soil as no residues could be quantified in soil samples taken between 15-30 cm
depth and no residues were detectable in samples taken below 30 cm (McHenery and
Mackie, 1999).
The studies of sea loch sediments showed that emamectin bound tightly to marine
sediment and an adsorption/desorption study revealed very high adsorption coefficients
(Kd), 169 for sandy soils and 202 for clay loams (McHenery and Mackie, 1999). The
adsorption, largely irreversible, indicated that emamectin benzoate had been strongly
adsorbed onto both sediments and was unlikely to move through them and that
desorption by seawater was negligible.
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Emamectin benzoate bound to soil surfaces has been shown to degrade under exposure
to artificial light (Peterson et al., 1996b). In studies, up to eight degradation products
were identified, but none individually accounted for more than 5% of the applied parent
compound. However, in the case of fish farms, emamectin deposited on the sediment
beneath the cage will be unlikely to undergo photolysis.

1.5.2.3 Persistence and degradation
SEPA (1999) reported that emamectin persisted approximately half as long in aerobic
soils (half-life of 193.4 days) than in anaerobic soils (half-life of 427 days). The halflife of emamectin in soils was affected when soil conditions changed to anaerobic.
Similarly, Chukwudebe et al.(1997) and Roberts and Hutson (1997) reported that under
aerobic conditions, the degradation rate of emamectin was biphasis, rapid between 0
and 62 days (DT50 ca. 74 d) then slower between 62 and 366 days (DT50 ca. 349 d).
This degradation was due to the extensive sorption of emamectin benzoate to soil
macromolecules and subsequent reduction of bioavailabity of the sorbed emamectin to
macroorganisms.

The reported cumulative aerobic and anaerobic DT50 was

approximately 174 days.
Three unknown degradation products were identified, within which the most abundant
accounting for 21.4% of the initially applied emamectin at day 366. A further aerobic
degradation experiment on sandy loam soil showed the detection of two major
components namely a complex polar fraction and 4”-epimethylamino-4”-deoxy-8ahydroxy-avermectin B1.
The results of degradation studies in two types of sediments under anaerobic conditions
indicated that 66-68% of the initially applied emamectin was recovered after 100 days
and showed 4”epiaminoavermectin B1 (desmethylamino metabolite) as a degradation
component.
The knowledge and understanding of both the physico-chemical properties of
emamectin and the results from the necessary laboratory studies performed prior to the
commercialisation of Slice® to assess the fate of emamectin in soils, sediments and
water are at the basis for investigating the impact of emamectin and its major metabolite

33

Chapter 1 - Introduction

in the environment of salmon farming. The history of chemicals such as dichlorvos,
malachite green and ivermectin being branded illegal for use in aquaculture as they had
been found to be toxic (Staniford, 2002) highlighted the importance of continually
monitoring the medicines used to reassure both regulators and the public that these have
little or no negative impact to the wider environment.

1.6

Thesis outline

While emamectin benzoate is not explicitly classified as a dangerous substance, and its
toxicology indicates that it is safe for use; its fate in the marine environment is not well
understood. With the aquaculture industry developing extensively and representing an
important economic driver in rural communities, it is important to monitor the fate of
medicines such as emamectin.
The overall aim of this thesis is to investigate the fate of emamectin benzoate, used in
Slice®, and its major metabolite, in matrices found in and around salmon farms.
The first step, to ensure that the determination of emamectin benzoate in the marine
environment after the use of Slice® was robust, involved the development of an
analytical method for the detection and quantification of emamectin in a range of
matrices. Chapters 2, 3 and 4 aimed to establish such a methodology and methods are
described to determine and quantify emamectin and its desmethylamino metabolite in
sediment as well as in other environmental matrices.
The methodology was then applied in a series of both laboratory (Chapter 5) and fieldbased (Chapter 6) studies. The preliminary laboratory studies aimed to establish the
temporal fate of emamectin and its desmethylamino metabolite in different types of
sediments as well as establishing the likelihood of emamectin accumulating in other
matrices found in the vicinity of salmon farms. The field studies aimed to establish the
spatial-temporal distribution of emamectin after use at a salmon farm site.
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Chapter 2 A METHOD FOR THE DETERMINATION OF
EMAMECTIN BENZOATE AND ITS DESMETHYLAMINOMETABOLITE IN MARINE SEDIMENT

2.1

Introduction

Under Directive 81/852/EEC as amended by 92/18/EEC veterinary medicines must be
assessed for their quality, efficacy and safety to both humans and the environment
(Boxall et al., 2003a, Capleton et al., 2006). Because veterinary medicines such as
parasiticides, pesticides and sea lice treatments are by their very nature biologically
active, they have at least the potential to harm non-target species which come into
contact with them.

Additionally, the action on the target organism may alter the

ecosystem leading to unintended environmental impacts (Boxall et al., 2003a and
2003b). It is therefore important that the use of veterinary medicines is controlled and
monitored; not only to ensure that they are effective as treatments but also to assess any
wider risks they may pose to the environment.
One aspect in the assessment of risk is the prediction of the environmental fate of
veterinary medicines (Capleton et al., 2006, Carlsson et al., 2006). If the fate of a
chemical can be identified then potential impacts can be more easily assessed. The
evaluation of the environmental fate of a chemical usually starts by the determination
and evaluation of its physicochemical properties. These properties allow the prediction
of a chemical distribution among different environmental compartments (such as water,
soil and air) and its transportation, transformation and general persistence (tendency to
accumulate and bioaccumulate).
The physico-chemical properties of emamectin described in Chapter 1 (solubility of
5.5 mg L-1 with log Kow of 5) and the degradation studies carried out to date imply that
emamectin is more likely to be targeted to and persist in the sediments in the vicinity it
is used. Therefore assessing emamectin benzoate’s environmental fate depends largely
on the ability to determine its presence in sediment.
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In Scotland, the routine monitoring of emamectin benzoate in the seabed under and
around salmon farm cages is required by the Scottish Environment Protection Agency
(SEPA). The discharge of emamectin from cage sites to waters is controlled by SEPA
which, under the Control of Pollution Act 1974, issues legally-binding consents to
discharge. These consents include conditions aimed at limiting the effects the discharge
may have on the environment (Lees et al., 2008).

Under current regulations, the

environmental quality standards (EQS) for emamectin in sediments are 7.63 and 0.763
µg kg-1 wet weight in the top 5 cm sediment at the cage edge and within 25 m of the
cage edge (the allowable zone of affect) respectively.
By 2005, SEPA had granted discharge consents for emamectin to more than 40
aquaculture companies operating in Scotland. These related to 143 individual sites
(SEPA person. comm.). The accumulation of emamectin on the seabed has to be
monitored by farmers for each of the sites which have been granted consent. Following
a Slice® treatment, sediments sampled from both within and outwith the allowable zone
of affect are analysed and the concentrations of emamectin recovered reported to SEPA.
For a fish farm, this represented collecting a total of nine sediment samples (three
replicates at all cage edge, 25 m and 150 m from cage edge) per site. However, since
mid-2006, this number has been reduced to six samples, three at both cage edge and 100
m. Thus the development and availability of a robust, rapid and reliable method to
determine emamectin in sediment is required.
Jansson and Dybas (1997) reported that macrocyclic lactones such as avermectins were
efficient resources to protect animal health, human health and crop. Avermectins,
including abamectin, ivermectin and emamectin, have widely been used as insecticidal
or antiparasitic drugs for vegetable production and animal health (Burg et al., 1979;
Campbell et al., 1984; Shoop et al., 1995; Jansoon et al., 1996 and 1997; Argentine et
al., 2002; Ishaaya et al., 2002; Danaher et al., 2006). Ivermectin (Campbell et al., 1983,
Mrozik et al., 1995) and abamectin (Burg et al., 1979) were the first avermectins
commercialised and their long and widespread usage made them the two avermectins
the most studied and understood; thus a number of methods for the determination of
these compounds have been published (Danaher et al., 2006). The use of avermectins
as therapeutic agents is a direct consequence of their mode of action and activities
(including toxicity) on target organisms thus studies of avermectins have mostly been
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carried out to assess any negative impacts they may have (Halley et al., 1989 and 1993;
McCraken, 1993; Thain et al., 1997; Boxall et al., 2003a), or that their levels do not
exceed their EC (European Commission) regulated maximum residue limit (MRL). The
methods available for determining avermectins in terrestrial agricultural and biological
samples include those reported by Tway et al. (1981), Nordlander and Johnsson (1990),
DeMontigny et al. (1990), Prabhu et al. (1991a), Sams (1993), Mushtaq et al. (1996b),
Payne et al. (1997) and Danaher et al. (2000 and 2001) in animal tissues; by Prabhu et
al. (1991b), Vuik (1991), Diserens and Henzelin (1999); Yoshii et al. (2000 and 2001),
Valenzuela et al. (2001), Pollmeier et al. (2002), Pozo et al. (2003) and HernándezBorges et al. (2007) in food products including milk, vegetables and fruits; by Payne et
al. (1995) and Kolar et al. (2004) in cattle and sheep faeces; by Fox and Fink (1985)
and Farer et al. (1999 and 2005) in feeds and by Sundaram and Curry (1997) in forest
matrices. The commercialisation of emamectin, first as an insecticide, was more recent
(Jansson et al., 1996 and 1997; Ishaaya et al., 2002), and it is the only avermectin to
have a licensed usage in aquaculture (Stone et al., 1999 and Lees et al., 2008). A few
published methodologies to determine avermectins in matrices commonly found in the
immediate environment of fish farms exist. These were published by Kennedy et al.
(1993), Rupp et al. (1998), Kim-Kang et al. (2001), Van de Riet et al. (2001) and
Sevatdal et al. (2005) in salmon; Tauber et al. (2006), in lobster tissue; Cannavan et al.
(2000) in sediments; and Hicks et al. (1997) in fresh and seawater.
Amongst the variety of techniques available for detecting avermectins in an equally
wide range of matrices; a common general methodology was employed in most of the
above studies. This involves a sample preparation step, an extraction step (extraction of
the analyte from the matrix), a clean-up step (separation of interfering substances from
analyte) followed by analytical quantification (detection of the analyte). The structure
and chemistry of emamectin benzoate, as well as the specificity and selectivity of the
technique, drive the choice of HPLC methods to be used. The type of column used for
the HPLC separation and the type of detection may differ (more details will be given in
Chapter 3). In the literature the detectors used varied from UV and fluorescence to
mass-spectrometry (Yoshii et al., 2000). Early studies for determining avermectins in
vegetables or feeds showed that UV detection lacked sensitivity (Prabhu et al., 1991;
Yoshii et al., 2004). On the other hand, fluorescence gave better detection limits (parts
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per billion levels) (Prabhu et al., 1991) and therefore became the detector of choice
despite demanding additional derivatisation procedures.
This chapter aims to validate a method for the detection and quantification of
emamectin benzoate and its desmethylamino metabolite in sediment samples. Although
no peer reviewed methods exist for the determination of emamectin in sediment,
Schering-Plough Animal Health (SPAH) has developed a method for its determination
in this matrix.

The method described in this chapter has been adapted from

methodology developed for sediment, sediment flocculent, silt, water, mussels, fish and
invertebrates by SPAH, study report No. 37271 (Gillan, 2001) and that for the
determination of emamectin in salmon tissue reported by Kim-Kang et al. (2001).

2.2

2.2.1

Materials and methods

Materials

The method described in this chapter is used throughout this thesis, in the laboratorybased studies as well as the field investigations. Therefore, most of the chemicals,
equipment, working solutions and matrix listed below are identical to those mentioned
in the following chapters.

2.2.1.1 Chemicals
Chemicals used were purchased from the following suppliers:
Chromos Express Ltd., Macclesfield, England.
HPLC grade solvent: Methanol.
Rathburn Chemicals Ltd., Walkerburn, Scotland.
HPLC grade solvents: Acetonitrile, ethyl acetate and methanol.
Sigma-Aldrich Company Ltd., Gillingham, England.
Phosphoric

acid

(85%),

N-methylimidazole

(NMIM)

(99+%

purity),

trifluoroacetic anhydride (TFAA) (99+% purity).
ACS grade chemical: Sodium chloride (99+%).
Riedel-de-Haën Pestanal® chemicals: Emamectin benzoate, dichlorvos and
cypermethrin.
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VWR International Ltd., Lutterworth, England.
HPLC grade solvents: Acetonitrile and ethyl acetate.
HiPerSolv for HPLC grade reagent: Ammonium acetate.

2.2.1.2 Instrumentation

General:
Fisher Scientific, Loughborough, England.
Fisherbrand WhirlMixer™ (variable speed) with tube platform and graduated
glass centrifuge tubes (15 mL).
Greiner Bio-one, Stonehouse, England.
Cellstar®, polypropylene sterile centrifuge tubes, 15 and 50 mL.
Griffin & George Ltd., London, England.
Griffin & George oven, 600 W, single door, 2 shelf provisions.
Retsch UK Ltd., Leeds, England.
Sieve Shaker AS 200 basic and accessories.
Speck and Burke Analytical, Alva, Scotland.
Alltech® vacuum manifold (24 ports), manifold accessories, syringe adapters
and reservoirs.
Thomson Scientific Sales and Services Ltd., Aberdeen, Scotland.
Ohaus Scout® Pro SPU202 top pan balance, Ohaus AP250D Plus series
electronic analytical balance, ALC PK130R mid bench refrigerated centrifuge.
Varian Ltd., Yarnton, England.
Bond Elut Propylsufonic acid (PRS) cation exchange SPE straight barrel
cartridges (500 mg, 2.8 mL)
Zymark Ltd., Runcorn, England.
TurboVap LV equipped with a rack for 50 x 15 mL centrifuge tubes.
Gas Generation Ltd., Killearn, Scotland.
A Nitro-Gen LCMS 60L and a silenced compressor were used to generate
nitrogen gas in house.
Millipore UK Ltd., Edinburgh, Scotland.
Purified and filtered water was obtained in-house from a Direct-Q3 Millipore
water purification system equipped with a Progand 2 and a Millipak 40 with a
0.22 µm disc filter.
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Decon, England.
Water bath sonicator.

HPLC:
Kinesis Ltd., St Neots, England or Chromos Express Ltd., Macclesfield, England.
Screw cap, amber vials (8 mm, 2 mL) and PTFE septa (8 mm).
Phenomenex, Macclesfield, England.
Analytical HPLC column: C12 Synergi™ Max-RP (reverse phase) with
spherical particles of 4 µm and 80Å pore size, dimensions: 250 x 4.6 mm.
ThermoQuest A.P.G Ltd., Manchester, England.
The Thermo Separation™ Products Inc. HPLC system used consisted of
SCM1000 vacuum membrane degasser, P4000 liquid chromatography pump,
AS3000 autosampler, UV6000PL photo diode array detector and FL2000
fluorescence detector connected to a PC equipped with ChromQuest 3.0
software.
The HPLC system was operated in isocratic mode for the analysis of emamectin
benzoate. The AS3000 autosampler has a built-in tray temperature control set to
5 ºC for the analyses of emamectin benzoate. The excitation and emission
wavelengths used were respectively set to 364 nm and 470 nm. For all other
parameters settings were optimised for maximum sensitivity i.e. the rise time (2
sec), autozero time (zero), the lamp flash rate (100 Hz) and PMT
(photomultiplier) voltage (600 V).

2.2.1.3 Matrices
Several sediments were analysed during the course of the work described in this
Chapter. While most work was performed on a reference sediment matrix, sediments
from various locations around the Scottish coast line were also used. The sediment used
as a reference matrix was coarse sand taken from Thurso beach, from hereon referred to
as Thurso sand.

Thurso, one of the main towns in the far north of the Scottish

Highlands, is sufficiently isolated from any aquacultural activities to provide a suitable
sampling point for a reference matrix as it would be totally free of emamectin and
readily available. Additional sediments, field or farm site samples, are detailed in other
sections as appropriate.
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2.2.2

Methods

The method of determining emamectin and its desmethylamino metabolite in sediment
samples consists of four steps: Solvent extraction, solid phase extraction (SPE),
derivatisation and quantification by HPLC with fluorescence detection. These steps are
described in detail in sections 2.2.2.4. through to 2.2.2.7.; an overview of the whole
procedure is illustrated in Figure 2-1.

Figure 2-1. Flow diagram outlining the method used to determine emamectin benzoate
and its desmethylamino metabolite in sediment samples. (SPE: solid phase extraction;
PRS: propylsulfonic acid; TFAA: Trifluoroacetic acid; NMIM: N-methylimidazole,
HPLC: High Performance Liquid Chromatography)
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2.2.2.1 Preparation of working solutions

1% Ammonium acetate in methanol (w/v)
Ammonium acetate (10.0 g ± 0.1 g) was dissolved in methanol (1000 mL). The
solution was stored in a glass bottle at room temperature and used within three months
of preparation.

1% Phosphoric acid in methanol (w/v)
Phosphoric acid (6 mL, equivalent to 10 g) was diluted with methanol (up to 1000 mL).
The solution was stored in a glass bottle at room temperature and used within three
months of preparation.

Derivatisation reagent
The derivatisation reagent was a mixture of trifluoroacetic anhydride (TFAA) and
acetonitrile at a ratio of 1:2 (v/v). A volume of 0.3 µL of this derivatisation reagent was
used per sample, thus an appropriate volume of reagent was prepared freshly for the
derivatisation of each set of samples. All operations with neat trifluoroacetic anhydride
were carried out using gas tight glass syringes with Teflon plunger in the fume hood.

Analytical standards
There is no authenticated analytical reference standard for emamectin benzoate or for its
desmethylamino metabolite.

Therefore, for the preparation of solutions of known

concentration of emamectin, concentrations were calculated on the basis of emamectin
benzoate free-base. In the case of the desmethyl amino metabolite a custom-synthesised
form, provided courtesy of Schering-Plough Animal Health (UK), was used.
Concentrations were also used on the basis of the free base.
An initial 100 µg mL-1 stock solution of emamectin B1a was prepared. Emamectin
benzoate (12.0 mg) was weighed using an analytical balance, transferred to an amber
glass volumetric flask (100 mL) and dissolved with acetonitrile. A 100 µg mL-1 stock
solution of desmethylamino-metabolite B1a was similarly prepared from 4”-deoxy4”aminoavermectin B1- benzoate salt (6.2 mg) in a 50 mL amber glass volumetric flask.
A 10 µg mL-1 intermediate stock solution containing both emamectin benzoate and its
metabolite was obtained by diluting the stock solution of emamectin B1a (100 µg mL-1,
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5.0 mL) and the stock solution of desmethylamino-metabolite B1a (100 µg mL-1, 5.0
mL) into an amber glass volumetric flask (50 mL) with acetonitrile. Standard solutions
containing 500, 200, 100 and 50 ng mL-1 of both emamectin and its desmethylamino
metabolite were then prepared by respectively diluting 5.0, 2.0, 1.0 and 0.5 mL of the
intermediate stock solution with acetonitrile into four separate amber glass volumetric
flasks to a total volume of 100 mL each. Standard solutions of 25 and 10 ng mL-1 were
prepared by diluting the 500 ng mL-1 stock solution (respectively 2.5 mL and 1.0 mL)
with acetonitrile in amber glass volumetric flasks (100 mL). All standard solutions
were transferred to into conical polypropylene tubes (50 mL) and stored at ≤-15 ºC.
Fresh standard solutions were prepared every 6 months.

2.2.2.2 Collection of Thurso sand
Sand from Thurso beach was collected, with a clean (washed with detergent, e.g. Decon
90, rinsed with tap water and dried with paper towel) garden trowel, from the surface
layer of the beach without going any deeper than five centimetres (recommendation
from SEPA’s Emamectin Benzoate Risk Assessment, 1999). It was placed in a new,
rinsed and dried, labelled polypropylene food container and transported back to the
laboratory within 5 minutes where it was either immediately processed or stored at 4 ºC
for a maximum period of a week.

2.2.2.3 Fortification of sediment samples
When the sediment samples had been frozen e.g. excess samples collected by various
fish farms and sent to the Environmental Research Institute for routine analysis, they
were allowed to thaw overnight at room temperature and homogenised by gentle mixing
prior to analysis.
For the purpose of recovery studies, samples assumed to be free of emamectin e.g.
Thurso sand, were fortified using an appropriate volume (often 1 mL for a 10 g sample)
of a known concentration of analytical standard containing both emamectin and its
desmethylamino metabolite. The samples were then placed in the fume hood for 30
minutes (tubes open) to allow the evaporation of the solvent i.e. acetonitrile.
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Unfortified samples, blanks, were added to each analysis and processed to ensure that
no contamination or interference had occurred during the sample preparation and
analysis.

2.2.2.4 Extraction of sediment
A schematic illustration outlining the manipulation of the extraction step is shown in
Figure 2-2. Sediment samples (10.00 ± 0.05 g) were weighed using a top-pan balance
and transferred directly into polypropylene centrifuge tubes (50 mL) with screw caps.
If needed, samples were fortified as described in section 2.2.2.3. Methanol (10 mL) was
added to each sample. The samples were then vortexed on a whirlmixer for 15 sec at
medium speed and centrifuged for 5 minutes at 3000 rpm. For each individual sample,
the supernatant was decanted into a labelled graduated conical test tube (15 mL) and
retained for evaporation (Figure 2-2 ). Ammonium acetate (1%) in methanol (10 mL)
was added to the remaining sediment pellet and the mixture was vortexed briefly to
resuspend the pellet. The samples were then placed in a sonic bath for 10 minutes at 30
± 5 ºC. The tubes were removed from the sonicator and shaken by hand for 1 minute
before being sonicated for an additional 2 minutes. Afterwards, the samples were
centrifuged for 5 minutes at 3000 rpm. The supernatant from the each sample was once
again decanted into a new centrifuge tube (15 mL).
The methanolic extract obtained was concentrated using a turbo evaporator with a water
temperature set at 70 ± 5 ºC in order to reach a final volume of 1 mL (Figure 2-2 ).
Care was taken to ensure the extracts were not evaporated to dryness. A further portion
of 1% ammonium acetate in methanol (10 mL) was added to the compressed sediment
pellet, vortexed and the sonication and centrifugation processes repeated.

The

supernatant was added to the concentrated supernatant obtained from the first
ammonium acetate extraction and the evaporation process repeated.
Finally a third portion of 1% ammonium acetate in methanol (10 mL) was added to the
sediment sample and the process repeated. The final concentrated sample (1 mL) was
then combined with the initial methanolic extract (10 mL) to be concentrated once more
to a volume of 1 mL (Figure 2-2 ). This concentrated extract was stored at -15 ºC
prior to further processing or processed immediately.
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1% NH4OAc in
MeOH (10 mL)

Evaporation
under
N2 stream
Evaporation
under
N2 stream

Figure 2-2. Schematic illustrating the manipulation of the extraction step. A total of
four extractions are carried out starting at n = 1.
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2.2.2.5 Cation exchange solid phase extraction (SPE)
For each sample, ethyl acetate (5 mL) was added to the methanolic extract obtained
above. The samples were vortexed for 15 sec at “medium” speed, sonicated for 2
minutes and water (4 mL) added. The samples were then shaken by inversion for 1
minute and the emulsion left to break for 5 minutes. The top, ethyl acetate, layer was
removed using a glass Pasteur pipette and transferred to a labelled glass centrifuge tube
(15 mL). A second volume of ethyl acetate (5 mL) was added to the remaining water
layer in the tube and the liquid-liquid extraction process repeated. The ethyl acetate
layer was again removed and combined with the first one. Finally the procedure was
repeated with a third portion of ethyl acetate (2 mL) with sodium chloride (0.5 g) added
prior to this extraction. The three ethyl acetate extracts (12 mL) were combined.

Bond Elut propylsulfonic acid (500 mg, 2.8 mL) solid-phase extraction cartridges (fitted
on a vacuum manifold with 75 mL reservoirs) were initially conditioned with a series of
five solvents taking care that the cartridges did not run dry. The solvents used were, in
order, 1% ammonium acetate in methanol, 1% phosphoric acid in methanol, distilled
water, methanol and ethyl acetate (each 5 mL).

The combined ethyl acetate extracts were then loaded onto the conditioned cartridges at
a rate of 1-2 drops per second. The tubes containing the extracts were rinsed with ethyl
acetate (2 mL) and the rinse also loaded onto the cartridge. Once the reservoir was
empty it was rinsed with ethyl acetate (3 mL) which was also loaded onto the cartridge.
The cartridge was then eluted at a rate of 1-2 drops per second into a 15 mL tube using
methanol (5 mL) followed by 1% ammonium acetate in methanol (5 mL). Once all the
solvent had passed through the cartridge, any residual sample was collected by
increasing the vacuum pressure. The eluate (10 mL) was capped and homogenised by
gentle inversion of the tube prior to being stored at ≤ -15 °C.
The methanolic eluates were placed in the turbo-evaporator with water bath at 55 °C
and concentrated to a volume of 1 mL. To the concentrated samples, ethyl acetate (5
mL) and distilled water (4 mL) were added. The mixture was shaken by inversion for 1
minute and left to stand at room temperature for approximately 5 minutes to allow any
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emulsion to break. The top ethyl acetate fraction was transferred into a glass tube (15
mL). A further volume of ethyl acetate (5 mL) and sodium chloride (0.5 g) were added
to the remaining aqueous fraction. The tube was shaken by inversion for 1 minute.
Again the ethyl acetate phase was removed and added to the glass tube containing the
first ethyl acetate fraction. The process was finally repeated with an additional portion
of ethyl acetate (4 mL). All the ethyl acetate layers were combined prior to being
carefully evaporated to dryness using a turbo evaporator with water bath at
approximately 50-55 ºC. The samples were then ready to be derivatised.

2.2.2.6 Derivatisation
Acetonitrile (1 mL) was added to the sample which was then capped with foil, vortexed
for 1 min at medium speed and sonicated for 10 minutes in a water bath at 30 ± 5 ºC.
NMIM (0.1 mL) was added to each sample. The samples were again vortexed for 1 min
and sonicated for 5 minutes. The derivatisation reagent (TFAA/acetonitrile; 0.3 mL)
was then added to each tube in a fume hood. The addition of the reagent produced a
white cloud above the solution. The tubes were vortexed for 15 sec at medium speed
before sonicating for 20 minutes at 30 ± 5 ºC. The samples were then diluted to 2 mL
by adding distilled water (0.3 mL) and acetonitrile (0.3 mL) and vortexed for 1 min at
medium speed.
A portion of the derivatised sample (approx. 1.5 mL) was transferred using a glass
Pasteur pipette into an amber glass HPLC vial onto which a clean 8 mm PTFE septum
and cap were then placed. The samples were either analysed immediately or stored at ≤
-15 °C prior to analysis.

Derivatisation of the analytical reference standards
In addition to each set of samples, a series of six 1 mL analytical standards containing 0,
10, 25, 50, 100, 200 and 500 ng mL-1 emamectin and desmethylamino metabolite were
derivatised, following the above procedure, starting from the 10 minutes sonication
stage.
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2.2.2.7 HPLC Analysis
The samples were analysed by reverse-phased high performance liquid chromatography
(HPLC) with fluorescence detection. The chromatographic conditions were based on
those described by Gillan (1998) in SPAH Report No. A-28923: Validation of
Analytical Method for the Quantitation of Emamectin Benzoate (SCH58854) and its
Desmethylamino-Metabolite (L-653,649) in Sediment Flocculent, Water, Fish, Mussels
and Crustaceans.

HPLC conditions
An isocratic mobile phase consisting of a solution of water/methanol (3/97) was
pumped at a flow rate of 1.0 mL min-1.

Under normal conditions, the generated

pressure was between 1500 and 1700 psi. Prior to running a set of samples, the HPLC
column was equilibrated with the mobile phase for approximately 15 min. An injection
volume of 100 µL and a total run time of 17 minutes were used for all analyses. For
each HPLC run, the analytical standards were injected first, in order of increasing
concentration (to easily establish a calibration curve), and then after every 12
(depending on batch size) samples and again at the end of the run.

2.2.3

Data handling

2.2.3.1 General
Data analysis was initiated by the observation of the chromatograms and reports
generated, for each sample, by the HPLC Chromquest software. The integration of each
peak shown in the chromatograms was done automatically by the software providing
data on retention time, peak height and peak area. Being specific to the analytes of
interest, emamectin and its desmethylamino metabolite, the retention times were used to
confirm their presence in the samples. The peak areas were used to calculate the
concentration of these analytes.

In order to determine the concentration of emamectin and its desmethylamino
metabolite in a sample, a calibration curve was required. This calibration curve was
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obtained by plotting the instrument response (peak areas) obtained when analysing
analytical standards (containing 10, 25, 50, 100, 200 and 500 ng mL-1 of both
emamectin and its desmethylamino metabolite as prepared in 2.2.2.1 and a blank i.e.
acetonitrile for 0 ng mL-1) as a function of the know concentrations of each standards.
The XY scatter plot function of Microsoft Excel was used to draw the calibration curve.
The known concentration of each of the analytical standards used was plotted on the x
axis and their corresponding peak area on the y axis. The relationship between the
concentrations and peak areas was studied using the least squares regression function of
Microsoft Excel. From historical study, as well as during the linearity study described
in 2.2.5.3, the relationship between concentrations and peak areas was established to be
linear with a regression line which intercepts at 0. An equation of the form y=ax was
generated and used to calculate the concentration of analyte present in the vials
(ng mL-1). All the calculations were done on Microsoft Excel.

Equations [2-1] to [2-3] show the steps used to calculate the concentration of emamectin
in a sediment sample.

[eb]vial

=

A peak

[2-1]
S
Where: [eb]vial is the concentration per mL of emamectin in the solution in the vial,
Apeak is the peak area,
S is the slope of the calibration curve.
Multiplying this concentration by two gave the mass of emamectin benzoate (ng)
present in 2 mL derivatised sample (the final volume in which the analytes were
dissolved).
M eb = 2 [eb]vial

[2-2]

Where: Meb is the mass of emamectin in the 2 mL derivatised sample.
Finally the concentration of emamectin in the sediment sample (ng g-1) was achieved by
divided the latter mass by the mass of sediment initially used (i.e. 10.0 ± 0.05 g).

[eb]sed

=

M eb
M sed

[2-3]

Where: [eb]sed is the concentration of emamectin in the sediment,
Msed is the mass of sediment used for the analysis.
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2.2.3.2 Statistical analysis
In order to make objective judgements on the data gathered in the thesis, statistics were
applied. Most of the data generated were expressed in statistical terms, such as mean,
standard deviation, and relative coefficient of variation. Further statistical tools were
used to evaluate the experimental data and confirm how they might differ. These were
the common statistical F and t tests (Ellison et al., 2009). A statistical significance of p
< 0.05 (confidence of 95%) was used. Analyses were performed manually or using
Microsoft Excel (Analysis ToolPak).

Comparison of variances: The F-test:
F-tests, at 95% confidence, were used to compare the precision of two results. The Ftest’s null hypothesis was that there was no difference in the variances of the two
results. The F value was calculated as the ratio of those variances:
Fcalc =

s12
s 22

[2-4]

Where: s12 and s22 were the variance of the two results to compare and s12 > s22, so that
F ≥ 1. The degrees of freedom for the numerator and the denominator were ν1 = n1-1
and ν2 = n2-1 respectively. The acceptance or rejection of the null hypothesis was based
on the comparison of Fcalc to a tabulated value Fcrit; if Fcrit > Fcalc then there was no
difference between the variances of the two results being compared.

Comparison of means: The t-test:
One or two-tailed t-tests, at 95% confidence, were used to determine whether the
difference between the means of two results was significant. The t test’s null hypothesis
was that there was no difference between the two means. In the case where there had
been established that there was no significant different between the variances of the two
results, then, the calculated value tcalc was determined as follow:
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x1 − x 2

tcalc =

s pool

[2-5]

1 1
.
+
n1 n2

Where x1 and x2 were the means of two separate results ,
spool is the grand standard deviation, spool =

s12 (n1 − 1) + s 22 (n2 − 1)
n1 + n2 − 2

n is the sample size.
The degree of freedom for this pooled standard deviation was ν= n1+n2-2.

The

acceptance or rejection of the null hypothesis was based on the comparison of tcalc to a
tabulated value tcrit; if tcrit > tcalc then there was no difference between the means of the
two results being compared.

2.2.4

System suitability

The system suitability verifies the functionality of the chromatographic system, column
and HPLC instrument, and its adequacy for the analysis.

The Center for Drug

Evaluation and Research (CDER, 1994) confirms that the accuracy and precision of
data collected from HPLC analyses begin with a well behaved chromatographic system.
To achieve and ensure this, tests and specifications / recommendations are available.
The system suitability of the HPLC used within this work was carried out using the
responses obtained from analytical standards containing both emamectin and its
desmethylamino metabolite. Four suitability parameters were assessed on emamectin
B1a and its desmethylamino metabolite B1a: (1) the asymmetric and tailing factors, (2)
the column efficiency, (3) the resolution (between B1a and B1b isomers’ peaks) and (4)
the precision in retention time and peak area. Definitions and calculations associated
with

these

parameters

(CDER,

1994

and

http://www.lcresources.com

/resources/TSWiz/hs150.htm [Sep. 2008]) are presented below.

2.2.4.1 Asymmetric factor or tailing factor
The accuracy of the quantification of a response depends on the integration of the peak,
which itself depends on the upslope and downslope of the peak. The shape or tailing of
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the peak can be evaluated by determining the asymmetric factor (As) or tailing factor
(T). These factors define how a peak is tailing or how symmetrical the peak is.
They are determined using following equations [2-6] and [2-7]:
As =

T=

B(10% h )

[2-6]

A(10% h )

A( 5% h ) + B(5% h )

[2-7]

2 A( 5% h )

Where: A and B are the ½ widths of the front and rear portions of the peak at 5 or 10%
of the maximum peak height.
The CDER (1994) recommends that T ≤ 2.

2.2.4.2 Column efficiency
The column efficiency (N), also referred to as the plate number of a peak, is a measure
of the magnitude of peak broadening that has occurred. It is defined as follows:
2

t 
N = 16  R 
w
Where: tR is the retention time of the peak,

[2-8]

w is the baseline width of the peak.
The CDER (1994) recommends that N > 2000.

2.2.4.3 Resolution
The resolution (R) defines how well two peaks are separated.

It is determined

graphically using the retention times and widths of both peaks following equation [2-9].
R=

t R 2 − t R1
[0.5(w2 + w1 )]

[2-9]

Where: tR1 and tR2 are the retention time the 1st and 2nd peaks of interest,
w1 and w2 are the baseline width of those peaks.
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The CDER (1994) suggests that a resolution greater than two between the peak of
interest and the closest potential interfering peak (impurity, excipient, degradation
product) is ideal.

2.2.4.4 Precision
The performance (plumbing, column, and environmental conditions at the time of
analysis) of the HPLC chromatograph is specified by the precision of multiple
injections of an analytical standard.

This precision is expressed as the relative

coefficient of variation, %CV, or relative standard deviation resulting from the
replicates measures. The CDER (1994) suggests a %CV of 1 for 5 replicates.
For the method, the precision for both the injection and integration functions of the
HPLC was determined (the sample preparation was not considered). An analytical
standard containing 50 ng mL-1 of both emamectin and its desmethylamino metabolite
was injected three consecutive times. The retention times and the peak area detected by
the HPLC for all 3 injections were averaged and their standard deviation determined.
For both parameters, the %CV of the 3 responses was calculated. This was repeated
using a further four 50 ng mL-1 standards; thus allowing to determine the precision for
both the retention time and the peak area parameters of 15 responses.

2.2.5

Method validation

Both the performance and the “fitness-for-purpose” of the entire method described in
section 2.2.2. were verified through a method validation process. Several institutions
and/or regulatory agencies (e.g. U.S. FDA, ISO/IEC) propose guidelines on the areas to
be validated; these suggested by the CDER (1994) and the International Conference on
Harmonisation (ICH, consensus text Q2 (R1), 2005) were used for this work.
Selectivity / specificity, accuracy and recovery, precision, linearity and detection limits,
were parameters included in the validation process. The experimental work designed to
evaluate each of these parameters are detailed below.
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2.2.5.1 Selectivity / specificity

Purpose
The CDER (1994) states that the representative chromatograph of a selective and
specific method should show that there was no interference between the analyte of
interest and any extraneous components (i.e. impurities, degradants, matrix). Selectivity
is defined by ICH (2005) as the extent to which a method can unequivocally determine
a particular analyte in the presence of components which may be expected to be present.
Two experiments were carried out to assess the selectivity / specificity of the method to
determine emamectin and its desmethylamino metabolite in sediments. The first one
investigated the effect of different matrix components. The method was carried out
using various sediment matrices. These sediments were selected on the basis that they
would have different characteristics and were not influenced by fish farming due to
being at a suitable distance from existing or previous fish farms i.e. coastline. The
second experiment investigated the effect of other analytes present in the sediment. The
method was carried out using sediment samples spiked with both emamectin and
another anti-sea lice medicinal compound. Two different compounds were chosen:
Cypermethrin, the pyrethroid used in the bath treatment Excis® and dichlorvos, the
organophosphate used in Aquaguard ®.

Experiment 1
Sediments from the shore of 12 marine lochs located on the Scottish coast were
collected using a garden trowel (cleaned with water in between each sampling) from the
sediment surface to a maximum depth of 5 cm. Figure 2-3 shows the location of the
twelve sampling sites. All 12 sediment samples were stored in individually labelled
plastic containers, sealed and placed in isotherm bags until arrival to the laboratory
(max. 48 h), where they were then stored at ≤ - 15 ºC.
To obtain an indication of how the 12 sites differed, three characteristics of the sediment
were measured: pH, particle size and organic matter content. For each sediment, an
approximate of the pH level was taken using a common garden soil pH probe (Tenax,
UK) at the time of the collection. The initial stage of measuring the particle size
involved drying a portion of sediment (mass varying depending on the sediment). This
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was achieved by placing each sample into a large glass Petri dish and inserting it in an
oven set for 12 h to 70 °C (Chepil, 1962). According to the manufacturer Retsch’s
operating instructions, the dried, cooled, material was passed through an automatic
sieve shaker equipped with seven stainless steel laboratory test sieves of varying
aperture, 8.0 mm, 2.36 mm, 2.0 mm, 800 µm, 500 µm, 250 µm and 75 µm (sieve sizes
available in the laboratory at the time of experiment). The amount of sediment retained
by each sieve was weighed and recorded enabling the particle size distribution, of each
sediment, to be determined.

The organic matter content of each sediment was

calculated by determining the difference in mass prior to and after combusting a portion
of sample in a furnace oven at 800 °C for 60 minutes.

1: Loch Fleet
2: Cromarty Firth
3: Loch Linhe
4: Loch Leven
5: Loch Duich
6: Lochcarron
7: Upper Loch Torridon
8: Loch Gairloch
9: Loch Ewe
10: Little Loch Broom
11: Scourie Bay
12: Kyle of Tongue

7

Figure 2-3. Map of Scotland showing the locations of the twelve sediment sampling
sites used for the study of the method’s selectivity.
For each of the 12 sediments, triplicate unfortified and fortified samples were prepared
and analysed for the determination of emamectin and its desmethylamino metabolite
following the method described in section 2.2.2.

Samples were fortified with an

analytical standard solution containing 100 ng mL-1 of both emamectin and its
desmethylamino metabolite. A set of triplicate positive and negative controls (fortified
and blank Thurso sand samples) were processed and analysed with the sediment
samples.
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Experiment 2
Following the methodology used to prepare the emamectin analytical standards (section
2.2.2.1), a solution containing 100 ng mL-1 of active ingredient (either emamectin,
cypermethrin or dichlorvos) in acetonitrile was prepared.

The initial amounts of

cypermethrin and dichlorvos used were 11.2 and 9.6 mg respectively. Twelve sediment
samples (10.0 ± 0.05 g) were then prepared as indicated in Table 2-1.

Table 2-1. Details of the preparation of the samples to determine the method specificity
to emamectin against dichlorvos and cypermethrin.
Emamectin

Dichlorvos

Cypermethrin

(100 ng mL-1)

(100 ng mL-1)

(100 ng mL-1)

A (n=3)

1 mL

-

-

B (n=3)

1 mL

1 mL

-

C (n=3)

1 mL

-

1 mL

D (n=3)

-

-

-

Sample set

All the samples were extracted and analysed as per the method described in section
2.2.2. The chromatographic responses obtained for each sample set were compared
between each other and with the results from set A samples (sediment containing
emamectin only being used as positive controls). Samples from set D were used as
negative controls or blanks.

2.2.5.2 Accuracy and recovery

Purpose
The accuracy of a method defines the closeness of agreement between the analyte
measured value (obtained following the method) and its nominal value (CDER, 1994
and ICH, 2005). It is determined as the difference from the measured to the nominal
value; also called bias. Following the analysis of an appropriate number of replicates of
suitable reference material or analytical standards, the bias is calculated as follow:
x − x0
[2-10]
x0
Where: x is the mean of the measured values obtained from the replicate samples,
x0 is the nominal value.

Bias (as % of true value) = 100 x
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The recovery of the method is the percentage of analyte which has been yielded at the
end of the method.

Recoveries were determined for both emamectin and its

desmethylamino metabolite by dividing the concentration of analyte measured in a
fortified sample with the initial concentration of analyte (used to fortify this sample).
Recovery (%) = 100 x

[eb]sed
[eb]std

[2-11]

Where: [eb]sed is the measured concentration of emamectin in a sediment sample,
[eb]std is the concentration of emamectin in the analytical standard used to fortify
the sample.

Experiment
Five analytical standard solutions containing 10, 25, 50, 100 and 200 ng mL-1 of both
emamectin and its desmethylamino metabolite were prepared as per section 2.2.2.1. For
each concentration, five replicates samples of Thurso sand material (10 ± 0.05 g) were
fortified as per section 2.2.2.3. and processed through the whole method.

Two

unfortified samples were added along this experiment. The chromatographic responses
obtained from the analysis of the 32 samples were converted into concentrations
following the calculation described in section 2.2.3. These were used to calculate
means, standard deviations, percentage coefficient of variation, bias and recoveries.

2.2.5.3 Precision

Purpose
The CDER (1994) and ICH (2005) define the precision of a method as the closeness of
agreement between a series of measurements under the same analytical conditions. The
precision is expressed as the relative standard deviation or percentage coefficient of
variation (%CV) from the measurements. Repeatability, intermediate precision and
reproducibility are the three levels that can be considered when determining precision
(ICH, 2005). Repeatability relates to the precision of measurements made under same
operating conditions over a short interval of time. Intermediate precision relates to
precision within-laboratories variations i.e. different days, different analysts, and
different instrumentation. Finally, reproducibility is a measure of the precision obtained
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between different laboratories.

Both repeatability and intermediate precision were

assessed for this work.

Experiments
The repeatability of the method was evaluated from the data obtained from the accuracy
experiment described above. This work was carried out by a single operator, using the
same equipment and within a short timescale.

The calculation of %CV gave an

indication of the repeatability of the method.
An intermediate precision experiment was carried out separately, where six replicates of
a sediment sample, of unknown concentration, were analysed by two different operators
and over longer timescale. The results were used to calculate a reproducibility %CV.
In addition, F and t-tests at 95% confidence were applied to compare the results from
the two operators.

2.2.5.4 Linearity

Purpose
The working range of a method is defined by the interval between the upper and lower
concentration of analyte in a sample for which their responses achieve acceptable
accuracy and precision (ICH, 2005).

Linearity is the ability to obtain a direct

proportional relationship between the analyte measured response and its true
concentration (ICH, 2005). The linearity of the method is determined by the visual
inspection of a XY scatter plot of the peak areas as a function of the concentrations of
emamectin (or desmethylamino metabolite) present in analytical standards.

An

appropriate statistical regression, least square regression line in the case of linear
relationship, is then applied (ICH, 2005).

Experiment
The linearity of the method was evaluated for both emamectin and its desmethylamino
metabolite by processing, on four separate instances, six standard solutions respectively
containing 0, 10, 25, 50, 100 and 200 ng mL-1 of both analytes. To assess the linearity
of the method, the responses i.e. peak areas obtained for each analytical standard in each
instance, were averaged.

Mean peak areas were then plotted against the initial
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concentrations and used to produce a regression line.

To estimate how well the

regression line approximated the real data points, a coefficient of determination, r2, was
determined using the specific function on Microsoft Excel.

2.2.5.5 Limits of detection and quantification

Purpose
By definition, limits of detection (LOD) and quantification (LOQ) of a method are the
lowest concentrations of analyte in a sample that can be reliably detected and quantified
respectively (CDER, 1994; ICH, 2005).

There are different approaches used to

determine LOD and LOQ (ICH, 2005). The approach based on the signal-to noise ratio
(S/N ratio) was used here. The S/N ratio is determined by comparing the signal or
chromatographic response (usually the peak height) of samples fortified at known low
concentrations to the chromatographic response of unfortified samples or baseline noise.
For the purpose of determining the limits of detection of the method, a S/N ratio of 3:1
was considered to estimate the LOD, while a S/N ratio of 10:1 was used for the
estimation of the LOQ.

Experiment
A series of nine unfortified Thurso sand samples and triplicates of Thurso sand samples
fortified with emamectin and its desmethylamino metabolite at 0.25, 0.5, 0.75 and 1.0
ng g-1 were processed. The chromatographic responses from the unfortified samples
were averaged setting out the baseline noise. This baseline was then compared with the
mean signal from each set of fortified samples.

2.2.5.6 Stability of the standard
The stability of a compound may vary depending on its conditions of storage, chemical
properties and matrix. The stability of emamectin benzoate and its desmethylamino
metabolite in reference analytical standard solutions was investigated by comparing the
responses of a set of freshly made solutions (10, 25, 50, 100 and 200 ng mL-1) left at
room temperature for 5 days against the same range of standard solutions stored at ≤ -15
°C. The solutions were analysed in triplicates.
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2.3

2.3.1

Results

Chromatography

Figure 2-4 shows typical chromatograms from the direct injections of (A) a derivatised
blank sample (acetonitrile only) and (B) a derivatised analytical standard containing
200 ng mL-1 of both emamectin and its desmethylamino metabolite. Note that due to
the loss of the HPLC hard drive the majority of the chromatographs used for illustration
purpose in this thesis were scanned images of printed HPLC reports and therefore scale
could not be altered for consistency.

Figure 2-4. Typical chromatograms from (A) a derivatised blank sample (acetonitrile)
and (B) a derivatised analytical standard containing 200 ng mL-1 of both emamectin and
its desmethylamino metabolite.
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Both the chromatogram from the blank sample and the analytical standard showed a
peak around 3 min (Figure 2-4). This common peak was identified as the solvent front
response following the sample injection. Although this peak was observed in all the
chromatograms, it will not be annotated in further figures.
The analytical standard showed two dominant peaks observed at the retention times of
approximately 8.5 min and 11.5 min. These were identified as the desmethylamino
metabolite B1a and emamectin B1a respectively (Figure 2-4). Additional, smaller peaks
were observed in front of each dominant peak.

These were identified as the

desmethylamino metabolite B1b and emamectin B1b with retention times of
approximately 7.8 and 10.4 min respectively. The work carried out in this thesis mainly
focused on the analysis of emamectin B1a and its desmethylamino metabolite B1a
therefore only the peaks related to these two compounds and eluting at the afore
mentioned retention times will be annotated hereafter. Furthermore, these two analytes
will be mainly referred to as emamectin and its desmethylamino metabolite, without the
mention of them being B1a.
Within the various analyses carried out during the thesis, it was observed that a shift in
the retention time of more or less one minute could occur, a variation that can be caused
within the lifetime of an analytical column, or introduction of a new column. Therefore,
retention times detected in the analytical standards used for the calibration were always
used as benchmark to assign times at which emamectin and its desmethylamino
metabolite could be expected in the chromatograms of the samples.
Chromatograms from Thurso beach sand (representative sediment) unfortified and
fortified are presented in Figure 2-5. Apart from the solvent front, no detectable peaks
could be observed in the unfortified sample. The integrations visible on the baseline of
Figure 2-5A were only due to the integration threshold being set to a low value. On the
other hand, two peaks could distinctly be observed in Figure 2-5B. The retention times
for these peaks were 8.5 and 11.5 min respectively; thus identifying the elution of the
desmethylamino metabolite and emamectin respectively.
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Figure 2-5. Typical chromatograms of Thurso sand (A) unfortified and (B) fortified
with 100 ng mL-1 emamectin and its desmethylamino metabolite.
Figure 2-5A confirmed that Thurso sand was free from emamectin. Furthermore, the
fact that no interferences were observed in the unfortified sample and that the fortified
sample showed elution of the two analytes of interest confirmed that Thurso sand
qualified as a suitable reference sediment for further experiments.
The chromatograms obtained from the analysis of two sediment samples (taken from
excess sediment samples received at the Environmental Research Institute from Scottish
fish farm sites for which routine analysis had been done and reported – see 2.2.2.3.) are
presented in Figure 2-6. Both these chromatograms showed the presence of emamectin
at the expected retention time of 11.5 min.
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Figure 2-6. Chromatograms obtained following the analysis of two genuine (A and B)
sediments sampled from a Scottish fish farm site (unknown concentration of
emamectin).
2.3.2

System suitability

2.3.2.1 Tailing factor and column efficiency
A close up of the emamectin and desmethylamino metabolite peaks of a randomly
chosen analytical standard sample are presented in Figure 2-7. This Figure shows how
width, height and retention time were manually determined, for each peak; and how
these measurements were used to calculate the asymmetric factor, tailing factor and
column efficiency for each analyte.

63

Chapter 2 – Method for the determination of emamectin and its desmethylamino metabolite in sediment

Figure 2-7. Expansions of a chromatogram from an analytical standard (containing
200 ng g-1 of both emamectin and its desmethylamino metabolite): (A) the emamectin
peak and (B) the desmethylamino metabolite peak.
From the measurements in Figure 2-7, an asymmetric factor and a tailing factor of 1.04
and 1.01 respectively were established for the emamectin peak (analyte at 200 ng g-1).
A column efficiency of 2605 was also calculated for this peak. The determination of
the same parameters for the desmethylamino metabolite showed slightly higher
asymmetric and tailing factors, with values of 1.16 and 1.14; while the column
efficiency was of 1625.
Using a similar graphical methodology, the resolution between emamectin B1a and
emamectin B1b peaks was determined at 1.3.

The resolution between the

desmethylamino metabolite B1a and desmethylamino metabolite B1b was 1.07.
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2.3.2.2 Precision in retention times and areas
For each peak, of emamectin and desmethylamino metabolite, detected in the 15
injections of an analytical standard containing both analytes at 50 ng mL-1, the retention
times and peak areas detected are reported in Table 2-2.

Table 2-2. Precision of the HPLC injection and integration functions.

1

2

3

4

5

Injections

Replicates

Emamectin

Desmethylamino metabolite

Retention

CV

Area

CV

Retention

CV

Area

CV

time

(%)

(min mV-2)

(%)

time

(%)

(min mV-2)

(%)

(min)

(n=3)

(n=3)

(min)

(n=3)

2.7

7.750

1

10.338

2

10.365

1184
0.2

1241

7.750

(n=3)

1030
0.1

1012

3

10.365

1185

7.760

1048

1

10.418

1005

7.797

886

2

10.365

3

10.312

1

10.250

2

10.182

3

10.108

1

10.067

2

10.045

0.5

1055

2.9

1058
1225
0.7

1094

7.672

7.590

1071
1028

0.3

1055

3

9.992

1124

7.565

947

9.997

1192

7.555

1033

2

9.962

3

9.938

CV (%)

1133

2.6

1148
1.7

7.547

0.3

7.512
6.1

3.1

1053

1

0.3

1.0

1117
4.5

7.603
4.3

884
870

7.643

1216
1206

0.4

7.070
5.8

1192
0.4

7.763
7.743

1.7

1012

5.6

2.3

986
2.4

7.4

(n=15)
CV: coefficient of variation.

For each of the five replicates, the %CV from three injections for the retention times of
emamectin ranged between 0.2 and 0.7, and between 2.6 and 5.8 for the emamectin
peak areas. Overall, the %CV for the retention of emamectin calculated from the 15
replicates was of 1.7 and for the emamectin peak areas from 15 replicates the %CV was
of 6.1 In the case of the desmethylamino metabolite retention times, the %CV from
three injections ranged from 0.1 to 4.5. The %CV for three desmethylamino metabolite
peak areas ranged from 1.0 to 5.6. For the desmethylamino metabolite, %CV from the
15 replicates were 2.4 and 7.4 for the retention times and peak areas respectively.

65

Chapter 2 – Method for the determination of emamectin and its desmethylamino metabolite in sediment

2.3.3

Performance of the method – method validation

2.3.3.1 Selectivity / specificity

Experiment 1
For each of the 12 sediment samples collected to establish the selectivity of the method,
three characteristics were measured: pH, particle size and organic matter content. The
results from these measurements are summarised in Table 2-3.

Table 2-3. Summary of the measurements of pH, particle size and organic matter
content for each of the 12 sediment samples used to study the selectivity of the method.
Particle size content (%)
Sediment
1

8.00
mm
0.6

2.36
mm
2.7

2.00
mm
0.5

800
µm
1.6

500
µm
1.3

250
µm
23.7

75
µm
59.0

<75
µm
10.3

2.2

20.1

53.4

15.7

5.6

4.9

28.8

24.8

2

0.7

3.4

0.4

3

11.3

22.9

3.7

35.2

4.1
16.1

4

6.6

11.2

2.0

12.8

13.1

Loss
0.3

Organic
matter
content
(%)
3.8

7

pH

3.0

6

0.3

0.0
0.0

1.7

6

0.7

0.0

1.7

6.5
6

5

12.0

26.7

3.3

17.8

16.4

16.4

5.8

9.5

0.0

6

19.8
0.0

3.8
0.1

16.9
1.0

6.0
21.4

7.4
31.2

1.6
42.5

4.7
1.7

0.0

7

31.9
0.5

1.8
5.7

1.6

1.1

6.4

8

6.4

14.0

1.9

8.5

5.6

8.7

39.3

15.6

0.0

2.5

5.5

9

14.3

27.1

3.0

14.3

10.4

21.0

9.3

0.7

0.0

1.9

7

10

0

0.4

0.2

5.8

24.5

46.0

22.7

0.1

0.3

1.1

6

75.2

0.2

0.6

6.5

55.8
Shaded rows represent sediment for which more than 50 % of particle size > 500 µm.

3.0

0.2

17.1
4.3

11

0.0

0.0

0.0

0.2

12

0.0

0.7

0.1

1.0

0.4
0.6

23.3
38.5

5.8

5.5

The diversity in the values reported in Table 2-3, indicated that the sediment collected
from 12 sites differed. Thus they offered the diversity in matrices required to carry out
the selectivity study. With regards to the particle size, none of the 12 sediments had the
same composition. For eight samples (shaded rows in Table 2-3) more than half of their
composition was made up soil particle which measured 500 microns or less. The other
four samples were made up of a greater proportion of larger soil particles, with at least
more than 10 % of particles 800 mm or more. Over the 12 samples, it was found that
the organic matter content ranged between 1.1 and 17.1 %. Ten out of the 12 samples
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had an organic matter content of less than 5 %. Between samples, the pH levels varied
from 7 to 5.5.
There was no interfering peaks (or peaks which could correspond to emamectin or its
metabolite) observed in the chromatograms of any of the unfortified samples. The
chromatograms from all the fortified samples showed the detection of emamectin and
its desmethylamino metabolite. For each sample, the concentration of each analyte
detected in each of the triplicate fortified samples was calculated following the
procedure described in section 2.2.2.7. These concentrations were averaged and the
mean recovery of emamectin and its desmethylamino metabolite for each of the 12
samples was determined. Figure 2-8 shows the mean recoveries in both analytes from
all 12 samples and the Thurso sand sample used as reference material.

Emamectin
Desmethylamino metabolite

160
140

Recovery (%)

120
100
80
60
40
20
0
1

2

3

4

5

6

7

8

9

10

11

12 Thurso

Sample site

Figure 2-8. Recovery of emamectin benzoate and its desmethylamino-metabolite for
sediment samples from different geographical locations.
The mean emamectin recoveries from the samples ranged between 34 and 105 %.
Figure 2-8 shows that the lowest recovery was a marginal result as emamectin was
recovered at 89 % or more in all but one sample (site 12 - Kyle of Tongue). The
recoveries of desmethylamino metabolite were slightly more variable, ranging from 46
to 134 %. For four samples the recovery in desmethylamino metabolite was less than
80 %. Although great care was taken during the study, recoveries greater than 100 %
were observed. These unusual results could be due to the presence of emamectin and its
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desmethylamino metabolite in sediment prior to fortification - although no analyte were
recovered in the unfortified samples. Errors during fortification i.e. excess volume of
spike, poor homogeneity of the samples, or carry over of the analytes during analytical
separation (in HPLC column) are the most likely reasons to have caused the excess
recoveries.

Experiment 2
Out of the 12 samples analysed in the specificity study, the analysis of three samples
was unsuccessful. The chromatograms of one of the samples from set B (fortified with
dichlorvos, Table 2-1) and of two samples from set C (fortified with cypermethrin,
Table 2-1) were unsatisfactory. In contrast, the remaining nine chromatograms were
similar to those of typical sediment samples analysed for emamectin and its
desmethylamino metabolite.

There was no significant peak in any of the three

unfortified samples (set D, Table 2-1). In the case of the fortified samples from set A,
only fortified with emamectin and its desmethylamino metabolite (Table 2-1), both
analytes were detected in all three samples. In the samples from set B and C which
gave acceptable results, the presence of either dichlorvos or cypermethrin, along side
emamectin and its desmethylamino, did not interfere with the elution of emamectin and
its desmethylamino metabolite at their expected retention times.

Representative

chromatograms obtained for each set of samples is presented in Figure 2-9.
Following the fortification of the samples, the concentrations of emamectin and
desmethylamino metabolite were expected to be in the region of 10 ng g-1. However,
the mean concentrations of emamectin and its desmethylamino metabolite recovered
from the samples from set A (positive controls) were only 4.6 and 2.6 ng g-1
respectively. The concentrations of both analytes determined in the sample containing
cypermethrin were similar with the values of 5.1 and 3.1 ng g-1.

The mean

concentrations of both analytes detected in the samples containing dichlorvos were
lower, 1.9 and 1.3 ng g-1.
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Figure 2-9. Chromatograms of Thurso sand (A) fortified with emamectin and its
desmethylamino metabolite, (B) emamectin, its desmethylamino metabolite and
dichlorvos, (C) emamectin, its desmethylamino metabolite and cypermethrin, (D)
unfortified.
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2.3.3.2 Accuracy and recovery
The concentrations of emamectin and its desmethylamino metabolite obtained in each
of the Thurso sand samples processed to establish the accuracy and recovery of the
method are presented in Table 2-4 and 2-5 respectively.

Table 2-4. Concentrations of emamectin obtained in five replicates of Thurso sand
material fortified at different concentrations.

Replicates
1
2
3
4
5
Mean
SD
%CV
Recovery (%)
Bias (%)

1.0

Level of fortification (ng g-1)
2.5
5.0
10.0

20.0

0.77
0.59
0.63
0.48
0.61
0.62
0.10
16.5
62
-38

2.19
1.14
1.60
2.01
1.48
1.69
0.42
24.9
67
-37

16.40
15.58
15.48
15.29
15.69
15.68
0.42
2.7
78
-22

2.90
4.35
4.13
4.63
4.74
4.15
0.74
17.8
83
-17

7.77
7.83
6.82
6.51
8.08
7.40
0.69
9.4
74
-26

The concentrations of emamectin obtained in the samples fortified at 1.0 ng g-1 ranged
between 0.48 and 0.77 ng g-1, with an average of 0.62 ng g-1 and a standard deviation of
0.10 ng g-1. These concentrations generated the lowest percentage recovery, 62 %, and
highest bias, 38 %. The concentrations of emamectin obtained in samples fortified at
2.5 ng g-1 ranged from 1.14 to 2.19 ng g-1 with an average and SD of 1.69 ± 0.42. The
mean emamectin recovery in these samples was 67 %.

The concentrations of

emamectin obtained in the samples fortified at 5.0 ng g-1 ranged between 2.90 and 4.74
ng g-1 with an average and SD of 4.15 ± 0.74. Although the standard deviation for these
samples was the highest recorded in this study, it was attributed to the concentration of
one replicate being below 4.0 ng g-1. With 83 % the samples fortified at 5.0 ng g-1
showed the greatest recovery of emamectin and the most accurate results.

The

concentrations of emamectin obtained in the samples fortified at 10.0 ng g-1 ranged
between 6.51 and 8.08 ng g-1 with an average and SD of 7.40 ± 0.69.

The

-1

concentrations of emamectin obtained in the samples fortified at 20.0 ng g ranged
between 15.29 and 16.40 ng g-1 with an average and SD of 15.68 ± 0.42. Furthermore,
the percentage of emamectin recovered in these samples was greater than 74 %.
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Table 2-5. Concentrations of desmethylamino metabolite obtained in five replicates of
Thurso sand material fortified at different concentrations.

Replicates
1
2
3
4
5
Mean
SD
%CV
Recovery (%)
Bias (%)

1.0

Level of fortification (ng g-1)
2.5
5.0
10.0

20.0

0.66
0.69
0.77
0.88
0.94
0.79
0.12
15.2
79
-21

1.55
1.22
1.21
1.16
1.28
1.28
0.15
12.0
51
-49

13.49
15.44
12.15
14.74
14.75
14.12
1.29
9.1
71
-29

2.57
3.54
4.32
3.90
4.36
3.74
0.74
19.7
75
-25

6.85
6.24
5.89
6.43
7.70
6.62
0.70
10.5
66
-34

The concentrations of desmethylamino metabolite determined in the samples fortified at
1.0 ng g-1 varied from 0.66 to 0.94 ng g-1 with an average and SD of 0.79 ± 0.12. With
an average determined concentration of 79 %, the samples at this level of fortification
were the ones to give the highest mean recovery and lowest bias for the analyte. The
concentrations of the desmethylamino metabolite obtained in samples fortified at
2.5 ng g-1 ranged from 1.16 to 1.55 ng g-1 with an average and SD of 1.28 ± 0.15. The
concentrations determined for the samples fortified at 2.5 ng g-1 showed little variation,
however they showed the lowest mean recovery (51 %) of desmethylamino metabolite.
The concentrations of desmethylamino metabolite determined in the samples fortified at
5.0 ng g-1 ranged between 2.57 and 4.36 ng g-1 with an average and SD of 3.74 ± 0.74.
The mean recovery of desmethylamino metabolite in these samples was good with
75 %.

The concentrations of desmethylamino metabolite obtained in the samples

fortified at 10.0 ng g-1 ranged between 5.89 and 7.70 ng g-1 with an average and SD of
6.62 ± 0.70. The mean desmethylamino metabolite recovery in these samples was
66 %. The concentrations of emamectin obtained in the samples fortified at 20.0 ng g-1
ranged between 12.15 and 15.44 ng g-1 with an average and SD of 14.12 ± 1.29.
Although the variation between these concentrations was the highest, the mean recovery
obtained for these samples was greater than 70 %.

2.3.3.3 Precision
The coefficient of variation from the results of five analytical standard solutions,
containing different concentrations of both emamectin and desmethylamino metabolite,
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analysed by a single operator was used as an indication of the repeatability of the
method. The results are reported in Tables 2-4 and 2-5. For emamectin, %CV varied
between 2.7 and 24.9, over the range of 1.0 to 20.0 ng of emamectin per gram of
sediment. There was no noticeable connection between the %CV and the fortification
levels.

The highest %CV was observed from the replicate samples fortified at
-1

2.5 ng g , while the lowest was observed in the samples fortified at 20.0 ng g-1. In the
case of the desmethylamino metabolite, %CV ranged between 9.1 and 19.7. While the
lowest %CV was also determined from the concentrations detected in the samples
fortified at 20.0 ng g-1, the highest %CV was determined for the samples fortified at 5.0
ng g-1.
The results from the intra-laboratory reproducibility study are summarised in Table 2-6.
The reproducibility %CV of the overall 12 replicates (between two operators) were of
14.6 and 32.7 for emamectin and its desmethylamino metabolite respectively.

Table 2-6. Concentrations of emamectin and desmethylamino metabolite detected in
the replicates of a sediment sample of unknown concentration analysed in two different
occurrences, by two different operators.
Replicates
1
2
3
4
5
6
n
Mean
MeanR
SD
SDR
%CV
%CVR
tcalc
tcrit
Fcalc
Fcrit

Emamectin benzoate (ng g-1)
Operator 1
Operator 2
2.55
2.79
3.45
3.33
2.27
3.00
2.71
3.67
2.96
3.46
2.65
3.26
6
6
2.77
3.25
3.01
0.40
0.32
0.43
14.6
9.7
14.3
2.12
2.23
1.626
4.950

Desmethylamino metabolite (ng g-1)
Operator 1
Operator 2
0.58
0.83
0.29
0.59
0.33
0.49
0.46
0.56
n/a
n/a
4
4
0.42
0.62
0.52
0.13
0.15
0.17
31.6
23.9
32.7
1.77
2.45
1.257
9.117

SD: standard deviation, %CV: relative coefficient of variation, R: intra-laboratory reproducibility, tcalc and Fcalc: calculated values
for two-tailed t and F tests respectively, tcrit and Fcrit: critical tabulated value for t and F tests.
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Table 2-6 shows that the mean concentrations of emamectin and desmethylamino
metabolite recovered in the samples analysed by operator 2 were greater than those
recovered by operator 1. However, the statistical comparison of the means of the results
obtained by the two operators showed that there was no significant difference between
the results of the two operators (for both the determination of emamectin and its
desmethylamino metabolite tcrit > tcalc, at 95 % confidence). Equally, the statistical
comparison of the variances of the results obtained by the two operators concluded that
there was no significant difference in the precision of the results (for both emamectin
and the desmethylamino metabolite, fcrit > fcalc). The variation between operator 1 and
operator 2 results may be due to the fact that operator 2 was more experienced in the
extraction and derivatisation procedure. Another reason for the variation could be the
use of a different set of calibration standards in the quantification step.

2.3.3.4 Linearity
Figure 2-10 illustrates the scatter plot of the mean emamectin peak areas against the
initial concentrations for the six different analytical standards used.
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Figure 2-10.
Peak area (mean, n=4) versus initial emamectin concentration
-1
(ng mL ). Source: Sediment analysis data from 30/08/05 to 21/12/05.
The linearity for the desmethylamino metabolite was calculated using the same set of
standards only plotting the peak area of the desmethylamino metabolite peak against the
standard solution concentration. The results can be seen in Figure 2-11.
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Figure 2-11. Peak area (mean, n=4) versus initial desmethylamino metabolite
concentration (ng mL-1). Source: Sediment analysis data from 30/08/05 to 21/12/05.
For the four sets of standards the mean coefficient of correlation (R2) was greater than
0.998 for both emamectin and its desmethylamino metabolite.
During the course of the work described in this thesis, a number of standard solutions
were prepared and a standard curve was generated for each set of samples. For these
curves a corresponding coefficient of correlation was calculated. It was observed that
all the coefficients of correlation were greater than 0.993, thus, for future reference, this
value could be chosen as the minimum R2 value for calibration curves.

2.3.3.5 LOD and LOQ
The baseline noise generated by the unfortified samples averaged at a height of 3 to
4 µV. The mean peak heights observed in the samples fortified at 0.25 ng g-1 were in
the same range. In the samples fortified at 0.5 ng g-1 peak heights for both emamectin
and its desmethylamino metabolite averaged 7 µV. The mean peak heights in the
samples fortified at 0.75 ng g-1 were 12 and 9 µV for the desmethylamino metabolite
and emamectin respectively. Finally the mean peak heights in the samples fortified at
1.0 ng g-1 were 38 and 31 µV for the desmethylamino metabolite and emamectin
respectively. Based on signal to noise ratios of 3:1 and 10:1, the LOD and LOQ for the
method were 0.75 and 1.0 ng g-1 respectively.
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2.3.3.6 Stability
The chromatographic responses obtained for the set of analytical standards which had
been stored at < -15 °C and the set kept at room temperature for 5 days are presented in
Table 2-7.

Table 2-7. Mean peak areas (n=3) for emamectin and desmethylamino metabolite
following the analysis of a set of analytical standards stored at < -15 °C since
preparation and a set of analytical standards stored at room temperature for 5 days.
Standards

Emamectin
Stored at

Desmethylamino metabolite
Stored at

(ng mL-1)

< -15 °C

RT °C

< -15 °C

RT °C

10

196

184

185

208

25

470

451

420

406

50

998

990

985

1004

100

2043*

2098**

1869*

1811**

200

4124

3719

4022

3512

concentration

Notes: * n=2, ** n=1, n/a: not applicable

Fcalc=3.003
tcalc=0.323
Fcalc = 1.212
tcalc =0.915
Fcalc = 2.756
tcalc =0.120
Fcalc = n/a
tcalc = n/a
Fcalc = 189.963
tcalc = 2.127

Fcalc = 1.458
tcalc = 0.605
Fcalc = 22.128
tcalc =0.547
Fcalc = 1.672
tcalc =0.343
Fcalc = n/a
tcalc = n/a
Fcalc = 8.909
tcalc =2.930

At 95 % confidence and for ν1= ν1=2, the two-tailed Fcrit = 39.00.
At 95 % confidence and for ν=4, the two-tailed tcrit = 2.776.

The results from two-tailed F and t tests showed that, with the exception of the data
obtained for the desmethylamino metabolite in the standard solution at 200 ng mL-1,
there was no significant difference in the analytical responses of emamectin and its
desmethylamino metabolite obtained from the analysis of standards which had been
kept 5 days at room temperature or stored at < -15 °C since their preparation.

2.4

Discussion

Several methods have been developed for determining avermectin-like compounds in
different environmental matrices and the use of HPLC has been proven to be very
reliable and reproducible. As a result, an analytical method using simple extraction,
clean-up, derivatisation and automated HPLC procedures was developed for the
determination of emamectin and its desmethylamino metabolite in sediment.
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The visual inspection of the chromatograms resulting from the HPLC showed two
dominant peaks. These peaks confirmed the successful elution of emamectin B1a and its
desmethylamino metabolite B1a (free bases), with retention times in the region of 11.5
and 8.5 min respectively. The suitability of the method, particularly the HPLC system,
used to generate the results with acceptable precision and accuracy, was evaluated. The
parameters assessed

were column efficiency, tailing factor, resolution and

reproducibility in retention time and peak area. The peaks were well proportioned with
theoretical plate number greater than 2000 for the emamectin peak and greater than
1600 for the desmethylamino metabolite peak. Furthermore, asymmetric and tailing
factors for both peaks were less than 2, the highest value recommended (CDER, 1994).
The difference in the retention times between the main peaks, emamectin B1a and its
desmethylamino metabolite B1a, was enough to confirm an adequate resolution.
Resolutions between each free base peak and its B1b peak (identified in front of the
dominant peaks) were determined and found to be greater than one. The precision and
injection repeatability of the HPLC instrument were determined by repeating three
injections of five samples. The %CV from the retention times of the emamectin peak
showed good precision with, %CV less than one for three replicates and less than two
for fifteen replicates. The precision of emamectin peak area was about 6 %. The %CV
for the retention times and peak areas of the desmethylamino metabolite were greater,
nonetheless, when based on three replicates the maximum %CV was 5.6. Overall, the
results from the system suitability studies confirmed that the HPLC instrument, under
the chromatographic conditions set for the method, performed well.
Several method validation criteria were used to judge the quality, reliability and
consistency of the analytical results obtained when using the method. To validate these
different criteria, both analytical standards and fortified sediment samples were used.
The selectivity of the method was checked by processing different types of sediment
unfortified and fortified with emamectin and its desmethylamino metabolite. There was
no interference observed at the retention times of emamectin and its desmethylamino
metabolite. No correlations could be established between the sediment particle size
distribution, pH or organic content and the recovery of emamectin and its
desmethylamino metabolite. The specificity of the method was validated by processing
sediment samples fortified with not only emamectin and its desmethylamino metabolite
but also cypermethrin or dichlorvos. No significant interferences were observed at the
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retention times of emamectin and its desmethylamino metabolite. Although the use of
dichlorvos in aquaculture is banned, cypermethrin is still in use and the specificity of
the method when this compound is in use in tandem with emamectin was established.
The method was linear over the range of 1.0 to 20.0 ng g-1, with an overall correlation
coefficient (R2) greater than 0.993. The LOD and LOQ of the method were evaluated
following the signal-to-noise approach; where S/N ratios of 3:1 and 10:1 determined the
LOQ and LOQ respectively. The baseline noise was established to be between 3 and 4.
The signal obtained from samples fortified at 0.75 ng g-1 was on average twice to three
times the baseline noise. Therefore the method LOD was set at 0.75 ng g-1. The
average signal from the samples fortified at 1.0 ng g-1 was ten times this of the baseline
noise. Thus 1.0 ng g-1 was set to be the method LOQ.
A recovery study carried out on Thurso sand samples fortified using five different
concentration levels of emamectin and its desmethylamino metabolite showed good
recoveries. Overall the recovery of emamectin ranged between 62 and 83 % with an
average over the analytical range of 73 %. The recovery of desmethylamino metabolite
ranged from 51 to 79 % with an average of 67 %.

The %CV observed for the

emamectin and the desmethylamino metabolite were, with one exception, below
20 % and overall below 15 %. Although these results were not as good as expected
when compared to the original Schering-Plough Animal Health method (report Nº
37271), they were judged acceptable and adequately precise. The results from the intralaboratory reproducibility study showed that there was no systemic error with the
method and that it was reproducible in the laboratory.
The chromatographic responses for emamectin and its desmethylamino metabolite
obtained in the analytical standard solutions left for 5 days at room temperature did not
significantly differ from those obtained with standard solutions stored at ≤ -15 ºC.
However, as emamectin is a photosensitive compound (Mushtaq et al., 1998), its
storage below room temperature in the dark was recommended.
In conclusion the method reported here is a selective, reproducible and sensitive method
for the determination of emamectin benzoate B1a and its desmethylamino metabolite B1a
(free bases) in sediment.

The sensitivity was accomplished by using HPLC with

fluorescence detection following the formation of suitable derivatives. The method
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selectivity was successfully validated for sediment of different types. The potential
interference from other anti-sea lice medicines on the determination of emamectin and
its desmethylamino metabolite was studied and no interference was found. The method
adequately determined both emamectin and its desmethylamino metabolite over a
concentration range of 0.75 – 50 ng g-1 using a 10 g aliquot of sediment. Over this
working range, the linearity of the method over 1.0 – 20.0 ng g-1 was demonstrated.
Over this analytical range, an overall recovery of emamectin and its desmethylamino
metabolite

for

sediment

was

70

%;

a

relative

standard

deviation

of

≤ 15 % confirmed the method reproducibility. The method has a theoretical LOD of
0.75 ng g-1 and a LOQ of 1.0 ng g-1. In conclusion, by applying and developing the
derivatisation step as described by Kim-Kang et al. (2001) on the original method
developed by SPAH’s study report No. 37271 (Gillan, 2001); a more reproducible
method was developed here. This method is fit-for-purpose and reliable, thus it can
easily be used for the routine analysis of sediment samples from Scottish fish farms.
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3.1

Introduction

Since its commercial release on the UK market in 2000, Slice® has become one of the
most commonly used therapeutants in the control of sea lice on Scottish salmon farms
(Lees et al., 2008). The efficacy and safety of emamectin benzoate, when administered
to Atlantic salmon to control infestations of Lepeophtheirus salmonis, has been
extensively studied in both the laboratory (Stone et al., 1999; 2000a) and field trials
(Stone et al., 2000b; 2000c; 2002).

Overall, these studies demonstrated the
-1

recommended dose of emamectin, 50 µg kg salmon per day for 7 consecutive days, to
be effective against all stages of sea lice including both chalimus and mature motile
stages.

Furthermore, the use of Slice® provides an improvement in fish welfare

compared to bath treatments (Treasurer et al., 2000a; Grant, 2002; Rae, 2002).
However, studies of the toxicity for marine invertebrates exposed to emamectin
reported a range of values, with a 96-h LC50 of 0.04 µg L-1 for Mysidopsis bahia being
the lowest (Connor et al., 1994), while Crangon crangon and Nephrops norvegicus
were affected by emamectin in water with 192-h LC50 values of 161 and 572 µg L-1
respectively (Schering-Plough Animal Health, 2002). Willis et al. (2003) also reported
the sensitivity of copepods species to emamectin at the lowest-observed-effect
concentration (LOEC) of 0.158 µg L-1 – a concentration higher by several order of
magnitude than the predicted environmental concentration (PEC) and maximum
allowable toxicant concentration (MATC). Due to its potential toxicity also reported,
the presence of emamectin in the aquatic environment may be considered an issue for
concern. As a direct result, strict monitoring of the compound in the environment and
the food chain is carried out.
The current method described in Chapter 2, was primarily developed to meet the
demand created by the above regulations.

Therefore, it would be expected to be

accurate and carried out in a reasonably short period of time. This method showed
acceptable recoveries, on average greater than 73 % and 68 % for emamectin and its
desmethylamino metabolite respectively. Nevertheless, the overall recovery depends on
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the precision to which each of the method steps has been carried out and could be lower
if errors occurred within any of these. It is therefore important to ensure every step is as
simple and reproducible as possible. Moreover, the procedure to analyse 24 sediment
samples takes, on average, four days. This could be considered a time consuming
process. For these reasons an investigation aimed at optimising and simplifying the
method seemed necessary.
Chapter 2 detailed the current four main steps that constitute the analytical method used
to determine emamectin in sediment.

These steps are, in chronological order,

extraction, clean-up, derivatisation and HPLC analysis.

Table 3-1 summarises the

procedure, highlighting apparent weak points for each step and objectives for the
optimisation of the whole procedure.
From Table 3-1 it can be concluded that the major weaknesses of the current method lay
in the number of processes performed in both the extraction and derivatisation steps. In
both cases, the fact that the step is actually a series of processes makes it not only time
consuming but also prone to errors and therefore potentially less reproducible.
Although using multiple extractions should result in better recovery; the numerous
stages in the current extraction step could lead to a decrease in recovery of emamectin
caused by excessive manipulations. The derivatisation step is a more sensitive and
specific process, involving the reaction of emamectin with N-methylimidazole and
trifluoroacetic anhydride to form a fluorescent derivative. The timing of this process
and the successful manipulation of relatively small amounts of reagents requires the
analyst to take great care during the procedure in order to derivatise the sample
correctly.
Although the weak points perceived within either of the solid phase extraction (cleanup) or the quantification steps were limited, aspects which could be modified were
identified and included modifications to consumables, i.e. HPLC column, SPE
cartridges, and/or to instrumentation, i.e. HPLC detector.
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Table 3-1. Summary of the procedure described in Chapter 2 along with identified
weak points and areas with a potential for optimisation.
Procedure / steps (reference)

Weak points

Potential optimisation /
possible experiments

1. Extraction step (section 2.2.2.4)
1 x with MeOH
3 x with 1% NH4OAc in MeOH
Sonication and centrifugation
Combination of supernatants
Concentration under N2

−
−
−

Many stages
Time consuming
Possible recovery loss

 Select the optimal solvent
for extracted emamectin
(section 3.2.2.1 and
3.2.2.2)
 Reduce the number of
extractions (section
3.2.2.3)

2. SPE step (section 2.2.2.5)
Extraction with EtOAc #1.
PRS cartridge
Elution with MeOH &
1% NH4OAc in MeOH

−

SPE cartridges are
expensive consumables

 Select the optimal SPE
cartridge sorbents (section
3.2.3.1)

3. Derivatisation step (section 2.2.2.6)
Extraction with EtOAc #2.
Dissolved into CH3CN
Sonication (10 min) in hot
water
Addition of NMIM
Sonication (5 min) in hot water
Addition of TFAA/CH3CN
Sonication (20 min) in hot
water
Dilution in H2O & CH3CN
( 2mL sample))

Many stages and
manipulations
− Time consuming
− Delicate procedure
−

 Reduce the overall time of
the derivatisation step by
reducing time of
sonication (section 3.2.4.1)
 Select optimal
derivatisation procedure:
Try changing the
derivatisation reagent
(section 3.2.4.2 and
3.2.4.4), try salinisation
(section 3.2.4.3), change
final solvent (section
3.2.4.5)

4. Quantification: HPLC analysis (section 2.2.2.7)
Reverse phase HPLC
Column: Synergi MAX-RP C12
Mobile phase : 97% MeOH(aq)
Fluorescence detection
Ex 340 nm, Em 470 nm

−

Detection limits might
not be low enough

 Select optimal conditions:
sensitivity of detection.

SPE: Solid phase extraction; PRS: Propylsulfonic acid; NMIM: N-methylimidazole; TFAA: Trifluoroacetic anhydride; DMAP:
Dimethylamino pyridine.

As mentioned before, several methods for the determination of emamectin have been
published, and a comparison of these shows that they, on the whole, each follow a
similar set of steps i.e. the sequence of extraction, clean-up, derivatisation and
quantification, independent of the matrix analysed. Table 3-2 shows details of these
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four main steps for nine selected methods analysing emamectin in matrices ranging
from vegetables to animal tissues. Although these methods showed similarities, there
are a number of subtle differences, for example in the solvents and SPE cartridges used.
The details of the nine published methods (Table 3-2) show similarities in the
quantification step where liquid chromatography with fluorescence detection is used
following derivatisation.

Table 3-2. Step-by-step details and recoveries from the procedures described in
previously published methods for the analysis of emamectin in various matrices.

Reference

Matrix

Prabhu et al.

Lettuce &

1991b

celery

Hicks et al.
1997

Kim-Kang
et al. 2001

NMIM

1) 3x in MeOH
2) Keep filtrates

TFAA/CH3CN

PRS

In silylated tubes

3) Rinse with H2O

on C8 cartridge
1) Mix with 0.1%
phosphoric acid &

& ice rack
NMIM
TFAA/CH3CN

PRS

In silylated tubes
& ice rack

C18

Quantification &
detection

Reversed-phase
HPLC with
Fluorescence

Reversed-phase
HPLC with

n/a

LC

C18 & NH2

NMIM

HPLC with

2) Evaporate

+ PRS (for

TFAA/CH3CN

Fluorescence

vegetables

3) reconstitute in

radish

In silylated tubes

+ confirmation

MeOH

samples)

& ice box

with LC/MS

Salmon

1) In MeCN, H2O &

tissues &

EtOAc

skin

2) 2 x in EtOAc

tissues

&
comments
96 ± 8%
95 ± 10%
12 samples
in 8-h
84 ± 9.5%
89 ± 11%

Fluorescence

Tea &

et al. 2001

% Recovery

88–98 %

MeOH
1) 2x in acetone

Salmon

2004

conditions

freshwater

Van de Riet

Yoshii et al.

Reagents &

cartridges

NH4OAc in MeOH

fish feed

2001

SPE

procedure

&

1999

2000 and

Solvent &

Concentrate with 1%

Medicated

Yoshii et al.

Clean-up:

Tap water

Farer et al.

Methodology
Derivatisation:

Extraction:

NMIM
TFAA/CH3CN

PRS

In hot water

1) In 2x MeCN
2) + H2O &

NMIM/CH3CN

C18

TFAA/CH3CN

triethylamine

HPLC
Fluorescence

80-110%

94.4 ± 6.89%

LC

96 ± 9%

LC/MS with ESI

90.1-120.9%

LC Fluorescence

96.7 ± 12.4

Tomato,
radishes

2x in acetone

C18

not required

PRS

NMIM/CH3CN

& tea
1) 2x in 1% NH4OAc

Tauber et

Lobster

in MeOH

al. 2006

tissue

2) Concentrate

TFAA/CH3CN

supernatants
PRS: Propylsulfonic acid, NMIM: N-methylimidazole, TFAA: Trifluoroacetic anhydride.
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Although Table 3-1 does not highlight major weak points within the quantification step
of the current method, the derivatisation step appeared to be a critical step. In their
introduction summarising previous findings, Prabhu et al. (1991b) reported that, in the
detection of avermectin-like compounds, the use of fluorescence detection was more
sensitive than UV detection.

However, the formation of fluorescent compounds

(derivatisation) was a challenge and many attempts have been made to obtain a suitable
derivatisation procedure. Initial attempts to shorten the derivatisation step and make it
more reproducible involved replacing acetic anhydride with a new catalyst, Nmethylimidazole (NMIM), in dimethylformamide (Tway et al., 1981). The reaction
which took one hour at 95 ºC was further modified with the addition of trifluoroacetic
anhydride (TFAA) at 30 ºC. Additional development was performed by De Montigny
et al. (1990), who added a solution of TFAA in acetonitrile to the NMIM catalyst. This

was considered a significant improvement as the derivatisation, carried out at room
temperature, was then instantaneous and did not require any additional processing. The
method described in Chapter 2 uses both the NMIM catalyst and a solution of TFAA in
acetonitrile at an elevated temperature. Table 3-2 shows that Prabhu et al. (1991b),
Hicks et al. (1997), and Yoshii et al. (2000, 2001) performed the derivatisation on ice,
and their reported recoveries were higher than those achieved in Chapter 2.
Furthermore, the authors carried out the reaction in silylated glassware. Both these
modifications could be considered in any attempt to optimise the analysis.
The main disparities between the methods summarised in Table 3-2 are in the extraction
and clean-up procedures; both these steps are considered for development (Table 3-1) in
this chapter.

The clean-up step is technically similar for all of the nine methods

selected, although the types of packing material of the solid phase extraction cartridges
differ. Reversed-phase C18 (Farer et al.,1999; Van de Riet et al., 2001; Yoshii et al.,
2004) and propylsulfonic acid (Prabhu et al., 1991b; Hicks et al., 1997; Kim-Kang et
al., 2001; Tauber et al., 2006 and current method) are the two most commonly used

SPE packing materials. In the case of the extraction, while the methods usually used a
similar procedure i.e. mixing the matrix with a solvent and retaining the generated
eluate or supernatants, differences lie in the solvent used. Most of the authors have used
methanol and/or ammonium acetate in methanol (Prabhu et al., 1991b; Hicks et al.,
1997; Tauber et al., 2006 and current method). However others have used acetone
(Yoshii et al., 2000; 2001; 2004) or acetonitrile (Kim-Kang et al., 2001; Van de Riet et
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al., 2001). Although the comparison of the recoveries from the selected methods (Table

3-2) do not show the effect of the solvent used; the use of a different solvent in the
current method should be assessed. Furthermore, one of the weak points of the current
extraction procedure is the time that it takes. Out of the nine methodologies observed,
most workers only repeated the extraction process twice, which is half the number of
extractions currently carried out. This suggests that the number of extractions required
to achieve the best recovery should be investigated.
The literature (Table 3-2) has highlighted a few possibilities for optimising the method
described in Chapter 2, especially within the extraction and the derivatisation steps. In
this chapter, both the methodology and results of a series of experiments carried out
with the objective of improving the current method, to increase recovery and reduce the
overall time involved by the procedures are presented.

3.2

3.2.1

Material and methods

Materials

The majority of the instrumentation and chemicals used in this chapter were common to
those described in Chapter 2 section 2.2. Additional chemicals and materials were
from:
Fisher Scientific, Loughborough, England.

Petroleum ether and chloroform.
Fisons Plc., Ipswich, England.

Toluene.
Rathburn Chemicals Ltd., Walkerburn, Scotland.

Hexane, diethyl ether and acetone.
Sigma-Aldrich Company Ltd., Gillingham, England.

Dichloromethane, butanol and dimethyldichlorosilane (DMDCS),
Dimethylaminopyridine (DMAP).
VWR International Ltd., Lutterworth, England.

Propanol.
Phenomenex, Macclesfield, England.

Solid phase extraction cartridges: Strata-X-C 33 µm cation mixed-mode polymer
(500mg/6mL) and Strata-X-CW 33 µm polymeric weak cation (500mg/6mL).
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From this point on, the method described in Chapter 2 will be referred to as the current
method. Unless otherwise stated, sand was collected manually from Thurso beach and
was used as the reference sediment material. The standard solutions used to fortify any
matrix of interest, were mixtures containing both emamectin benzoate and its
desmethylamino metabolite present at the same concentration and prepared as described
in Chapter 2 section 2.2.2.1.

3.2.2

Experimental studies for the optimisation of the extraction step

3.2.2.1 Solubility of emamectin benzoate
Emamectin benzoate (1 mg) was transferred to each of twelve amber glass vials
(2.0 mL). To each vial one of twelve different solvents, hexane, toluene, petroleum
ether, diethyl ether, chloroform, ethyl acetate, dichloromethane, butanol, propanol,
acetone, methanol and acetonitrile (200 µL) was added. The contents of the vials were
mixed a few seconds by gentle swirling. The solubility of emamectin was observed by
eye and noted as “++” when it dissolved within seconds, “+” within minutes, “-/+”
when only a portion of emamectin had dissolved after few minutes and “-” when no
dissolution could be observed after few minutes.

3.2.2.2 Effect of varying solvent in the initial extraction
This experiment was carried out on nine sediment samples (Thurso sand; 10 g) which
had been fortified with 1 mL of a 100 ng mL-1 standard solution of emamectin and
desmethylamino metabolite using the method described in section 2.2.2.3.

These

samples were analysed using the current method with the exception that for two sets of
triplicates the methanol, used in the first stage of the extraction step (section 2.2.2.4),
was replaced with either acetone or acetonitrile. The remaining set of triplicates was
extracted with methanol as normal.
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3.2.2.3 Contribution of each individual extraction

Experimental study 1
The sediment material used in this study was obtained by pooling sediment samples
which came from Scottish fish farm sites (samples collected 150 m from cage edge) and
which had previously been analysed and found to contain no emamectin above the
LOD. This sediment material was divided into 10 g replicate samples. For this study,
six replicates (10 g) were fortified with a 200 ng mL-1 standard solution of emamectin
and its desmethylamino metabolite (1 mL) and one was unfortified.
The method described in section 2.2.2 was applied to all replicates with the exception
that, for three of the fortified samples, each methanolic extract, resulting from each of
the four extractions, was concentrated independently. These ultimately generated four
samples for each initial sample, rather than a single combined sample (control samples).
Following the extraction step, the remaining stages of the method were performed as
normal on each of the samples.

Experimental study 2
Similarly to experiment 1, six replicates of reference sediment (Thurso sand) were
fortified with a 100 or a 25 ng mL-1 standard solution of emamectin and its
desmethylamino metabolite. The current method was performed on all twelve samples.
For each sample, the four extracts resulting from each of the four extractions (one with
methanol then 3 consecutive extractions using 1 % ammonium acetate) were processed
as a individual sample.

Subsequently, these samples (48 in total) were processed

following the remaining steps of the current method (from 2.2.2.5 to 2.2.2.7).

Experimental study 3
Twelve replicates of reference sediment (Thurso sand) were fortified with 100 ng mL-1
standard solution of emamectin and its desmethylamino metabolite and analysed
following the current method, with the exception that only two extractions were carried
out instead of four. For six of the replicates methanol was used in the first extraction,
while 1% ammonium acetate in methanol was used for the remaining six replicates. For
all twelve samples the second extraction was performed with 1% ammonium acetate in
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methanol. Each extract (24 in total) was subsequently processed individually following
the current method.

Experimental study 4
Two lots of eight replicates of reference sediment (Thurso sand) were fortified with
either 25 ng mL-1 or 100 ng mL-1 standard solutions of emamectin and its
desmethylamino metabolite.

These samples were processed following the current

method, with the exception that the initial methanol extraction was omitted for half of
the replicates at each level of fortification.

3.2.3

Modification to the solid phase extraction step

3.2.3.1 Effect of different cartridge sorbents
This study was performed on an analytical standard solution of emamectin benzoate and
its metabolite (each 100 ng mL-1, 1 mL) evaporated to dryness and reconstituted in ethyl
acetate (12 mL). Portions of acetonitrile (1 mL) treated similarly were used as blanks.
The samples and blanks were then applied to SPE cartridges as described in section
2.2.2.4.

In this experiment, two types of SPE cartridges were compared to PRS

cartridges. These were cation mixed-mode polymer (Strata-X-C) and polymeric weak
cation (Strata-X-CW). For each type of cartridge three samples and a blank were
analysed. Following the SPE, the remaining steps of the method were carried out on
each sample as per the current method.

3.2.4

Modifications to the derivatisation step

3.2.4.1 Effect of the sonication period

After the addition of acetonitrile
The current derivatisation step, described in section 2.2.2.6, was followed with the
exception that the initial 10 minutes sonication period was replaced by 0 or 2 minutes.
The experiment was carried out in triplicate for each treatment and a 10 minute
sonication period was used as the control.
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After the addition of the derivatisation reagent
The above experiment was repeated with the exception that the 20 minute sonication
period after the addition of the derivatisation reagent was replaced by either 0, 2 or 10
minute periods. The experiment was carried out in triplicate for each treatment and a 20
minute sonication period used as the control.

3.2.4.2 Use of the dimethylaminopyridine
In this experiment, the use of the catalyst dimethylaminopyridine (DMAP), in the
derivatisation reaction with TFAA, instead of NMIM was investigated. To carry out
this experiment, six replicates (1 mL each) of both 100 ng mL-1 and
200 ng mL-1 analytical reference standards of emamectin and its desmethylamino
metabolite were used as samples.

These samples were derivatised and analysed

following the methods described in sections 2.2.2.6 and 2.2.2.7; with the exception that,
for three replicates of each analytical standard concentration, NMIM (0.1 mL) was
replaced with 1-2 crystals of DMAP. For each concentration, the remaining three
replicates were treated with NMIM representing the positive controls for the
experiment.

3.2.4.3 Silanisation of the glassware

Preparation of the glassware
The glassware (15 mL centrifuge tubes) used for the derivatisation step was silanised as
a pre-treatment cleaning method. Firstly, the glassware was washed with detergent,
rinsed with deionised water and dried at 110 °C overnight. The glassware was then left
to cool in a fume hood for 45 minutes.

Meanwhile, a solution of 10 %

dimethyldichlorosilane (DMDCS) in toluene was prepared. The cleaned and dried
glassware was filled with the solution of DMDCS and left to stand at room temperature
for 2 hours.

The glassware was then rinsed with toluene twice and immediately

thereafter twice with methanol (Supelco DMDCS Product Specification, 1997). Finally
the glassware was dried in a drying oven.
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Experimental study
The derivatisation step described in section 2.2.2.6 was carried out on three sets of
triplicate analytical standards, 10, 50 and 200 ng mL-1 of emamectin and its
desmethylamino metabolite (1 mL), using both silanised and non-silanised glassware.

3.2.4.4 Preparation of the derivatisation reagent (TFAA:acetonitrile)

Prepared on ice
The derivatisation step described in section 2.2.2.6 was applied to emamectin benzoate
and its metabolite analytical standards (25 and 100 ng mL-1, 1 mL) with the exception
that the derivatisation reagent was made on ice and kept for 5 minutes prior to being
added (0.3 mL) to the standard solution.

Prepared and stored at ≤ -15 °C
A proportion of derivatisation reagent (TFAA:acetonitrile, 1:2) was prepared and stored
at ≤ -15 ºC. After 5 minutes of storage, a portion of this reagent was used for the
derivatisation of emamectin and the desmethylamino metabolite analytical standards
(section 2.2.2.6). Two further studies were performed, by repeating this process using a
portion of this reagent after it had been stored (a) 24 hours and (b) 3 days. Along side
these three studies a series of analytical standards, derivatised with a reagent prepared at
room temperature, was processed as a control.

3.2.4.5 Effect of final solvent
The addition of water and acetonitrile in the last stage of the derivatisation procedure
(section 2.2.2.6) to (a) stop the derivatisation reaction and (b) make the sample up to a
2 mL volume was replaced by the addition of either 97 % methanol (equivalent to the
mobile phase used in the quantification step) or acetonitrile only. Three sets of three
analytical standards of emamectin and its desmethylamino metabolite (100 ng mL-1; 1
mL) were derivatised following the current derivatisation procedure. The samples of
one of the set were finally diluted to 2 mL with water (0.3 mL) and afterwards
acetonitrile (0.3 mL). A second set was diluted with acetonitrile (0.6 mL). The third set
was diluted with 97 % methanol in water (0.6 mL).

89

Chapter 3 – Method optimisation

3.2.5

Combination of modifications applied to the whole method

Experimental study
Six replicate sediment samples were fortified with 25 and 100 ng mL-1 standard
solutions of emamectin and its desmethylamino metabolite. They were then processed
following the current method with the exception of two changes at the derivatisation
step, (1) the derivatisation reagent was prepared on ice as described in section 3.2.4.4;
(2) the final volume was made up with 97% methanol as described in section 3.2.4.5.
Four control samples were also fortified with 25 and 100 ng mL-1 emamectin and its
desmethylamino metabolite standards and processed following the full current method.

3.2.6

Data analysis

For all the studies carried out in this chapter, the data generated by the HPLC analysis
were used to calculate the concentrations of emamectin and desmethylamino metabolite
in the samples as described in section 2.2.3. Furthermore statistical comparisons were
carried out using significance testings as described in section 2.2.3.2.

3.3

Results

In the following section, results are mainly illustrated as bar graphs. For comparison
purposes and when appropriate, white coloured bars will refer to the results obtained
when the current method was used.

3.3.1

Modifications to the extraction step

3.3.1.1 Solubility of emamectin benzoate
In this experiment the solubility of emamectin in a range of solvents was investigated.
This aimed to identify the most effective solvent to be used for the initial extraction of
emamectin benzoate as an alternative to methanol. The solubility of emamectin in the
twelve different solvents tested is reported in Table 3-3.
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The solubility of emamectin in the twelve solvents was very different. While, it did not
dissolve in either hexane or petroleum ether, it only dissolved partially and slowly (after
few minutes) in diethyl ether and 2-propanol.

However, emamectin had totally

dissolved in 1-butanol, chloroform and ethyl acetate within minutes. Furthermore its
dissolution was total and nearly instantaneous (within seconds) in toluene,
dichloromethane, acetone, methanol and acetonitrile.

Table 3-3. Solubility of emamectin benzoate in twelve solvents; “-” no dissolution was
observed after a few minutes, “-/+” only limited dissolution after a few minutes, “+”
total dissolution observed within a few minutes, “++” total dissolution within a few
seconds.
Solvent
Hexane
Petroleum ether
Diethyl Ether
2-Propanol
1-Butanol
Chloroform
Ethyl Acetate
Toluene
Dichloromethane
Acetone
Methanol
Acetonitrile

Polarity
index
0.0
0.1
2.8
3.9
4.0
4.1
4.4
2.4
3.1
5.1
5.1
5.8

Solubility in
water (% w/w)
0.001
0
6.89
100
0.43
0.815
8.7
0.051
1.6
100
100
100

Solubility of
emamectin
-/+
-/+
+
+
+
++
++
++
++
++

3.3.1.2 Effect of varying solvent in the initial extraction
In this experiment, sediment samples were initially extracted using acetone, acetonitrile
or methanol (the latter being the solvent currently used) prior to further processing and
analysis following the method described in Chapter 2. The effect of the solvent was
assessed by comparing the mean recovery of both emamectin and its desmethylamino
metabolite found for a set of three samples extracted with the three different solvents.
Figure 3-1 illustrates the recovery of both emamectin and the desmethylamino
metabolite using each solvent.
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Methanol
Acetonitrile
Acetone

100.0
90.0

Recovery (%)

80.0
70.0
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50.0
40.0
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20.0
10.0
0.0
Emamectin

Desmethylamino
metabolite

Figure 3-1. Recovery (mean ± SEM, n=3) of emamectin and its desmethylamino
metabolite in sediment samples extracted using methanol, acetone or acetonitrile in the
initial extraction stage.
F and t tests showed that there was no significant difference between the variances or
the means of the concentrations of emamectin detected following the use of methanol,
acetone or acetonitrile in the first extraction. The mean recoveries of emamectin varied
between 83.8 and 90.2 % with acetonitrile and acetone respectively. The highest mean
recovery of emamectin was detected in the samples extracted with acetone, although the
highest single recovery of emamectin (97.3 %) was obtained from one of the samples
which had been extracted with methanol.

The mean recovery for the triplicates

extracted with methanol was only the second highest at 88.5 %.
Again, F and t tests showed that there was no significant difference between the
variances and means of the concentrations of desmethylamino metabolite found in the
samples extracted with methanol, acetone or acetonitrile. The mean recoveries of the
desmethylamino metabolite varied between 60.1 % when acetone was used and 77.5 %
with methanol.

In the case of the desmethylamino metabolite the mean recovery

obtained with acetone was the lowest.

The highest single recovery of the

desmethylamino metabolite was also from a sample extracted with methanol; moreover
the standard error for the samples extracted in methanol was the highest.
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3.3.1.3 Contribution of each individual extraction

Experimental study 1
The recoveries of emamectin and its desmethylamino metabolite obtained following the
analysis of sediment controls and samples fortified with a standard solution of
200 ng mL-1 emamectin and its desmethylamino metabolite are presented in Figure 3-2.
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Figure 3-2. Individual and summed (total) recoveries of (A) emamectin and (B) its
desmethylamino metabolite determined following the extraction step. Conditions:
Sediments fortified with 200 ng mL-1 analytical standard of emamectin and its
desmethylamino metabolite.
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The recoveries from the three controls are reported as a whole, following the application
of the current extraction method as described in 2.2.2.4. The recoveries from the
samples are reported individually for each of the five extractions which were carried out
as well as a total sum.
Figure 3-2A shows the recoveries detected for emamectin.

The total emamectin

recovered in the three controls, i.e. using the current method, ranged between 90.1 and
100.4 %. The mean of these recoveries was 7 % greater than the mean of the summed /
total recoveries obtained from the five individual extractions in the three samples. For
these three samples, the highest proportion of emamectin was recovered from the first
extraction using methanol. The recoveries from this extraction represented almost half
of the final recovery for two of the samples. Furthermore, the results from sample 1 and
2 showed that the second extraction using 1 % ammonium acetate yielded the second
highest proportion of recovered emamectin; no peak was observed for emamectin in the
chromatogram of sample 3. This second extraction accounted for a quarter of the total
recovery of emamectin. On average, each of the additional further extractions yielded
an extra 11 % of emamectin.
The recoveries obtained for the desmethylamino metabolite are similarly presented in
Figure 3-2B.

With 46.5 %, the mean recovery of desmethylamino metabolite

determined in the three controls was comparable to the mean of the total recovery
obtained in the samples, 46.8 %. For two of the samples, the highest recoveries, 22.4
and 30.1 %, were obtained in the first methanol extraction representing almost a third of
the total recovery. On average, the second extraction (the first extraction with 1 %
ammonium acetate) showed the second highest recovery of desmethylamino metabolite.
The amounts recovered by the following two extractions were much lower.

Experimental study 2
Figure 3-3 illustrates the results from the second experiment which investigated the
contribution of each of the four extractions currently carried out in the method described
in Chapter 2. For both emamectin and its desmethylamino metabolite the recoveries
obtained for each of the six replicates (fortified with either 25 or 100 ng mL-1 analytical
standard solution) following one of the extractions were averaged.
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emamectin (25 ng mLֿ¹)
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Figure 3-3. Amount of emamectin and its desmethylamino metabolite individually
recovered (mean, n=6) from each of the four extractions constituting the extraction step.
For both of the analytes, the largest amount of material was removed in the first
extraction. On average, this represented between 74 and 97 % of the total amount of
analyte recovered. Afterwards, the second highest recoveries were obtained from the
second extraction. The contribution from this extraction was however more variable,
between 2 and 20 %; the highest contribution being recorded in the sediment sample
which had been spiked with the standard solution of 25 ng mL-1 emamectin and
desmethylamino metabolite. Furthermore, while a little analyte (2 to 5 % of the total
amount recovered) was recovered from replicates after a third extraction, no further
analyte was detected after the second extraction from the samples spiked at 100 ng mL-1
emamectin and its desmethylamino metabolite. The amount of analyte recovered in the
fourth extraction was negligible, with less than 1 %.

Experimental study 3
Figure 3-4 shows the mean recoveries of emamectin and its desmethylamino metabolite
obtained for each of the two extractions carried out on sediment samples fortified with
100 ng mL-1 emamectin and its desmethylamino metabolite standard.
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Figure 3-4. Mean recovery (n=6) of emamectin and its desmethylamino metabolite
following two extractions (A) 1st extraction with methanol and 2nd extraction with 1%
ammonium acetate in methanol; (B) 1st and 2nd extractions with 1% ammonium acetate
in methanol.
Figure 3-4 shows that, in both cases, i.e. using methanol or 1 % ammonium acetate for
the first extraction, the first extraction yielded the highest recovery of emamectin and of
its desmethylamino metabolite. Overall, 63 and 66 % of emamectin were recovered
following the two extractions, with methanol and ammonium acetate as a first extraction
respectively. For those, the first extraction yielded 45 and 49 % respectively; almost
three quarters of the total recovered. The recoveries of emamectin determined from the
second extractions were much lower, averaging 17 %.
A similar pattern was observed in the case of the recoveries of desmethylamino
metabolite. With 51 and 50 % recovered following the first extraction, these were
slightly higher than those for emamectin. Whereas the amount of analyte recovered in
the second extraction was lower 13 % compared to 17 %.

Experimental study 4
In Figure 3-5 the recoveries obtained for both emamectin and its desmethylamino
metabolite from sediment samples (fortified at 25 or 100 ng mL-1) processed with the
omission of the initial methanol extraction are compared with those obtained in samples
processed following the current method.
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Figure 3-5. Peak area (mean ± SEM, n=4) of emamectin and its desmethylamino
metabolite from sediment samples fortified at 25 or 100 ng mL-1 processed following
the current method with the omission of the initial methanol extraction.
The mean recoveries of emamectin following the current method were 74 and 70 % for
the 25 and 100 ng mL-1 samples respectively. The recoveries obtained with the three
extractions with 1% ammonium acetate were similar, with 63 and 70 % recovered for
the 25 and 100 ng mL-1 samples respectively.
In the case of the desmethylamino metabolite and regardless of the fortification level,
the recoveries were almost 1.5 times greater when only three extractions were carried
out. Experimental study 1, 2 and 3 showed that the initial two extractions usually
recovered the majority of desmethylamino metabolite. It appeared that, in a random
event, the application of current method in the experimental study 4 did not recover the
expected amount of desmethylamino metabolite making the recovery of the analyte
greater using three extractions.

3.3.2

Development of the clean-up step

In this experiment the effect of using SPE cartridges packed with different sorbents on
the recovery of emamectin and its desmethylamino metabolite was studied. Figure 3-6
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shows the mean recoveries obtained for both analytes from PRS, Strata-X-C and StrataX-CW cartridges.
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Figure 3-6. Recovery (mean ± SEM, n=3) of emamectin and its desmethylamino
metabolite from samples cleaned-up using SPE cartridges with different sorbent, PRS,
Strata-X-C and Strata-X-CW.
For both emamectin and its desmethylamino metabolite, the mean recoveries varied
with the type of SPE cartridges used, being in order Strata-X-C > PRS > Strata-X-CW.
The highest recovery of emamectin, 61.8 %, was found in the samples cleaned-up using
the Strata-X-C, cation mixed-mode polymer cartridges. Moreover, in using this matrix,
the results from the three replicates showed a very low standard deviation (1.4). The
results obtained from the samples which were extracted using the PRS cartridges
showed the second lowest mean recovery with 55.5 % and the greatest standard
deviation, 9.4. Overall, the single lowest concentration of emamectin, 44.74 ng mL-1,
was recovered from a sample which had been cleaned up on a PRS cartridge. The
highest mean recovery of the desmethylamino metabolite, 40.9 %, was obtained for the
samples cleaned on Strata-X-C cartridges and the mean recovery of desmethylamino
metabolite obtained using the PRS cartridges was 36.1 %. Statistically, the use of t tests
showed that there was no significant difference between the means obtained when using
the Strata-X-C cartridges or the PRS ones (for emamectin, tcalc = 1.151 < tcrit = 2.776;
for the desmethylamino metabolite, tcalc = 0.862 < tcrit = 2.776, at 95 % confidence).
However, when comparing the variances obtained for those two cartridges, F tests
showed that errors the precision was significantly better with the use of Strata-X-C.
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The mean recovery obtained using the Strata-X-CW cartridges was only slightly lower
than the one obtained with the PRS cartridges; furthermore a much lower standard
deviation was observed when using the PRS cartridges. Statistically there were no
significant differences in the variances or means of the emamectin concentrations
obtained when PRS cartridges were used or Strata-X-CW. There was, however, in the
case of the desmethylamino metabolite a significant difference between the means
obtained when using PRS or Strata-X-CW cartridges, with PRS giving greater
concentration recoveries.
For both compounds, t tests showed a significant difference in the means of the
concentrations found when using Strata-X-C and Strata-X-CW, with significantly
greater recoveries obtained with the Strata-X-C

3.3.3

Development of the derivatisation step

3.3.3.1 Effect of the sonication periods

Effect of the first sonication period
The effect of varying the time used to sonicate samples subjected to the derivatisation
step after the addition of acetonitrile was studied by comparing the recoveries of both
emamectin and its desmethylamino metabolite. Three sonication periods were tested,
10 (current method), 2 and 0 minutes. The results of this study are presented in Figure
3-7.
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Figure 3-7. Recovery (mean ± SEM, n=3) of emamectin and its desmethylamino
metabolite found in samples which were sonicated for different periods following their
reconstitution in acetonitrile.
For both emamectin and its desmethylamino metabolite, Figure 3-7 shows an increase
in the mean recoveries with increased sonication period (0 < 2 <10 minutes). The mean
recoveries varied between 79.5 and 96.3 % for emamectin and between 80.2 and 99.3 %
for the desmethylamino metabolite. On average the recoveries of emamectin and its
desmethylamino metabolite were significantly higher, by more than 16 %, after the
samples were sonicated for 10 minutes compared to the recoveries obtained after 0
minutes.

Effect of the sonication period after the addition of the derivatisation reagent
In this experiment the effect of different sonication periods following the addition of
TFAA was studied. A comparison of the recoveries obtained for emamectin and its
desmethylamino metabolite, from samples which were derivatised and for which the
sonication periods were either 20 minutes (current method), 0, 2 or 10 minutes, is
illustrated in Figure 3-8.
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Figure 3-8. Effect of different sonication periods applied to samples following the
addition of TFAA on the recovery (mean ± SEM, n=3 and n=2 for “10 min” samples) of
emamectin and its desmethylamino metabolite.
The mean recoveries of emamectin and its desmethylamino metabolite both had a
similar pattern showing no statistical difference between the values obtained for the
sonication periods of 0, 2 and 10 minutes while for 20 minutes sonication the values
were significantly higher (Figure 3-8). For the 20 minutes sonication period the mean
recoveries were 96.5 % and 109.9 % for emamectin and its desmethylamino metabolite
respectively. This represented a 1.5 fold increase compared to the values found when
no sonication was carried out, and at least a 2 fold increase when 10 minutes sonication
was used.

3.3.3.2 Effect of the use of the DMAP as a catalyst
The analysis of the all the positive controls, regardless of the initial concentration of the
samples, show greater recovery for both emamectin and its desmethylamino metabolite.
The percentage recovery of the 100 ng mL-1 and 200 ng mL-1 samples varied between
66.0 and 109.0 % and 85.0 and 103.8 % respectively. On the contrary, the results from
the samples derivatised using DMAP as the catalyst showed zero or very low recoveries
for both emamectin and its desmethylamino metabolite.
-1

When using DMAP, no

emamectin was recovered from the 100 ng mL replicates. The highest recovery of
emamectin, 5.4 %, was obtained from a 200 ng mL-1 replicate.
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3.3.3.3 Effect of the silanisation of glassware
The recoveries of emamectin and its desmethylamino metabolite found following the
derivatisation of triplicate analytical standards (10, 50 and 200 ng mL-1) using silanised
and non-silanised glassware are illustrated in Figure 3-9.
Figure 3-9 shows that, for each fortification level, with the exception of one set of
samples, the recoveries of both emamectin and its desmethylamino metabolite from the
samples derivatised in silanised glassware were slightly lower than those found using
non-silanised glassware.

The single highest recovery of emamectin, 143.8 % and

112.0 %, for 10 and 50 ng mL-1 samples respectively was detected in samples which
had been derivatised in untreated tubes. However the highest emamectin recovery for
the 200 ng mL-1 standard, 103.1 %, was found in a sample derivatised in a silanised
tube. In the case of the desmethylamino metabolite, the single highest recoveries were
118.5 %, 119.3 % and 105.1 % for 10, 50 and 200 ng mL-1 respectively. These were all
recovered from samples which were derivatised in non-silanised tubes.
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Figure 3-9. Recovery (mean ± SEM, n=3, n=2 for silanisation of 10 ng mL-1 solution
and for no treatment of 50 g mL-1 solution) of (A) emamectin and (B) its
desmethylamino metabolite from the derivatisation of three analytical standard solutions
(10, 50 and 200 ng mL-1 emamectin and desmethylamino metabolite) in silanised and
non-silanised glassware.
Overall, the mean recoveries of emamectin and the desmethylamino metabolite in the
10 ng mL-1 samples derivatised in non-silanised glassware (125.6 and 117.3 %) were
1.5 times greater than those using silanised glassware (80.6 and 88.1 %). A similar
pattern was observed for the 200 ng mL-1 samples as the mean recovery of emamectin
and the desmethylamino metabolite derivatised in non-silanised glassware (97.8 and
103.0 %) was around about 1.2 times greater than in the samples from silanised
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glassware (83.3 and 84.1 %).

In the case of the 50 ng mL-1 samples, the mean

recoveries for both analytes were very similar regardless of whether the derivatisation
had taken place in silanised or non-silanised glassware. These ranged between 91.6 and
95.3 % for emamectin and 100.6 and 99.3 % for the desmethylamino metabolite. The
mean recovery of emamectin detected from the 50 ng mL-1 samples derivatised in
silanised tubes was the only one which showed a greater value compared to results from
non-silanised glassware.

3.3.3.4 Effect of the derivatisation reagent preparation
Several experiments were carried out to assess the effect of the preparation of the
derivatisation reagent (mixture TFAA:acetonitrile) on the recovery of emamectin and its
desmethylamino metabolite.

This was done by comparing the recoveries of both

analytes from samples derivatised using freshly prepared derivatisation reagent at room
temperature (section 2.2.2.6) to those obtained from samples which had been
derivatised using derivatisation reagent prepared at lower temperatures, 0 and -15 ºC.
The possibility of storing the derivatisation reagent was also investigated.

Derivatisation “on ice”
The effect of using a derivatisation reagent prepared on ice was assessed by observing
the chromatographic response obtained for both emamectin and its desmethylamino
metabolite following the derivatisation of analytical standards

of different

concentrations. Figures 3-10 and 3-11 illustrate the mean response, peak area, for
emamectin and its desmethylamino metabolite obtained from two successive studies.
First the effect of using a derivatisation reagent prepared on ice on a set of triplicate
analytical standards of emamectin and its desmethylamino metabolite at 100 ng mL-1
was studied (Figure 3-10). While a chromatographic response was only observed in
two out of the three replicates which had been derivatised with the current derivatisation
procedure, i.e. a reagent prepared at room temperature; all three replicates derivatised
using the reagent prepared on ice show a response. Figure 3-10 (which only illustrates
the detectable response) shows that on average the peak area obtained for both
emamectin and its desmethylamino metabolite was greater in these three replicates.
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Emamectin and the desmethylamino metabolite mean peak areas were respectively 1.15
and 1.2 times greater in the samples derivatised using the reagent on ice.

Reagent at RT ºC
Reagent on ice

1400

Peak area (units)

1200
1000
800
600
400
200
0
Emamectin

Desmethylamino
metabolite

Figure 3-10. Peak area (mean ± SEM, n=3 for “Reagent on ice”, n=2 for “Reagent at
room temperature” (RT ºC) of emamectin and its desmethylamino metabolite following
the derivatisation of analytical standards (100 ng mL-1) with a derivatisation reagent
prepared on ice.
In the second study, six replicates of both 25 and 100 ng mL-1 analytical standards of
emamectin and its desmethylamino metabolite were processed in order to further
investigate the effect of using a derivatisation reagent prepared on ice.

The

chromatographic response obtained for both analytes under the conditions of study are
summarised in Figure 3-11.
The figure shows that, regardless the concentrations of the standards, the peak areas
were greater in the samples derivatised using the reagent on ice. For emamectin, the
mean peak area recorded, from the 25 ng mL-1 replicates, showed a two fold increase
when using the reagent on ice compared to the current procedure. Moreover, data
showed a maximum five fold increase on the smallest peak area recorded. For the same
replicates, the mean peak area of the desmethylamino metabolite was also two times
greater when using the derivatisation reagent prepared on ice. Furthermore, the data
showed a peak area 10 times smaller when the current procedure had been used. The
difference in mean peak area was slightly lower in the case of the 100 ng mL-1
replicates, being 1.2 and 1.3 times greater, for emamectin and its desmethylamino
metabolite respectively, when the reagent on ice was used.
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Figure 3-11. Peak area (mean ± SEM, n=6) of emamectin and its desmethylamino
metabolite following the derivatisation of 25 ng mL-1 and 100 ng mL-1 analytical
standards using a derivatisation reagent prepared either on ice or at room temperature
(RT ºC).
Reagent prepared and stored at ≤ -15 °C
The chromatographic responses (peak area) for emamectin and its desmethylamino
metabolite which were obtained following the derivatisation of analytical standards, of
different concentrations, using a derivatisation reagent which had been stored at

≤ -15 ºC for 5 min, 24 hours or 3 days are presented in Figure 3-12.
The difference in the mean peak areas obtained for both emamectin and its
desmethylamino metabolite were negligible whether the reagent was prepared at room
temperature or stored at ≤ -15 ºC for 5 minutes. Although for the higher concentration
(200 ng mL-1) using the reagent stored at ≤ -15 ºC for 5 minutes showed a marginal
increase.
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A. Emamectin
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B. Desmethylamino metabolite
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Figure 3-12. Peak area (mean, n=3 for room temperature (RT ºC) and 5 min at ≤ -15 ºC
data, n=6 for 24 h and 3 days storage of the reagent at ≤ -15 ºC) of (A) emamectin and
(B) the desmethylamino metabolite following the derivatisation of analytical standards
using a derivatisation reagent prepared and/or stored under different conditions.
Figure 3-12 further shows that the mean peak areas for both emamectin and its
desmethylamino metabolite detected in the 25 ng mL-1 replicates showed little variation
between the reagent prepared at room temperature, stored at ≤ -15 ºC for 5 minutes and
24 hours. However the use of the reagent stored at ≤ -15 ºC for 3 days showed a mean
peak area of half that of the above mentioned reagents. In the case of the 100 ng mL-1
replicates, the mean peak areas recorded for both the analytes of interest when the
reagent stored at ≤ -15 ºC for 24 hours and 3 days were half of that of the reagent
prepared in room temperature or stored at ≤ -15 ºC for 5 minutes.
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3.3.3.5 Effect of the solvent used to make up the final sample volume
This experiment aimed to investigate whether the addition of water + acetonitrile used
to dilute the sample to its final volume could be replaced by the addition of a single
volume of an alternative solvent.

Figure 3-13 shows the mean recovery of both

emamectin and its desmethylamino metabolite in the samples diluted with either water
+ acetonitrile, acetonitrile only or 97 % methanol, following their derivatisation.

0.3 mL H₂O + 0.3 mL CH₃CN
0.6 mL CH₃CN

120

0.6 mL 97% MeOH

Recovery (%)

100
80
60
40
20
0
Emamectin

Desmethylamino
metabolite

Figure 3-13. Recovery (mean ± SEM, n=3, n=2 for 0.6 mL CH3CN) of emamectin and
its desmethylamino metabolite from analytical standard solutions which had its final
volume made up with water and acetonitrile (current method), acetonitrile only or 97 %
methanol (current mobile phase solvent).
The mean recovery of emamectin in the three sets of samples showed very little
variation, ranging between 92.1 and 97.0 % when water + acetonitrile and 97 %
methanol were respectively used to complete the derivatisation step.

The mean

recovery of the desmethylamino metabolite varied from 90.3 % to 100.2 % when using
acetonitrile only and 97 % methanol respectively.

Overall, the maximum mean

recoveries for both emamectin and its desmethylamino metabolite were found in the
three samples diluted with 97 % methanol. Although none of these samples showed the
single highest recovery. For both emamectin and its desmethylamino metabolite the
highest single recoveries were detected in samples which had diluted using the current
procedure (water + acetonitrile).
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3.3.4

Combination of modifications applied to the whole method

The results obtained from performing two alterations to the current derivatisation step
are presented in Figure 3-14.
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Emamectin
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Peak area (units)
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Control
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Control
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Figure 3-14. Effect of using a derivatisation reagent prepared on ice and making up the
sample’s final volume with 97 % methanol on the chromatographic response (mean
peak area, n=4 for controls-current method, n=6 for study samples) of emamectin and
its desmethylamino metabolite.
The average chromatographic response obtained for emamectin and its desmethylamino
metabolite from the study samples fortified at 25 ng mL-1 were comparable to those
determined in the control samples fortified at 25 ng mL-1. However, in the replicates
fortified with 100 ng mL-1 standard solution of emamectin and its desmethylamino
metabolite, the average peak areas for both analytes were greater by a factor of 1.2 and
1.3 in the control samples.

3.4

Discussion

When considering the optimisation of the method described in Chapter 2 to detect and
quantify emamectin in sediments, very few weak points could be identified in the cleanup step (SPE), the HPLC analysis or the partition (liquid-liquid extraction) processes.
However, the extraction and the derivatisation steps were identified as areas of the
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process with a potential for improvement. Both these steps involved many individual
manipulations, making them both time-consuming and prone to error and thus likely to
reduce the overall recovery. A review of the literature relating to methods for the
analysis of emamectin and related compounds suggested modifications which could be
carried out in order to optimise the determination of emamectin and its desmethylamino
metabolite in sediment samples. The objectives of the optimisation performed in this
chapter were to produce a faster and easier method as well as, ultimately, improve the
recovery of both emamectin and its desmethylamino metabolite.

Optimisation of the extraction step
The current extraction step consists of four individual extractions. Each of these stages
involves the extraction of a solid matrix with a solvent, aided by sonication and
centrifugation.

The four resulting extracts are then combined and concentrated.

Therefore, the correct execution of these extractions is important to the success of the
method. However, when many samples have to be processed, the presence of so many
procedures is time-consuming.

The optimisation experiments carried out on the

extraction step were aimed at finding (1) the most suitable solvent and (2) the number of
individual extractions required to achieve an acceptable recovery.
Two solvents are currently used in the extraction step, methanol which is used in the
initial extraction and 1 % ammonium acetate in methanol in the remaining three
extractions. From previously reported methods for the analysis of emamectin in various
matrices, a number of solvents suitable for its extraction were identified. These solvents
are methanol (Prabhu et al. 1991b), ammonium acetate in methanol (Hicks et al. 1997
and Tauber et al. 2006), phosphoric acid and methanol (Farer et al. 1999), acetonitrile
(Kim-Kang et al. 2001 and Van de Riet et al. 2001) and acetone (Yoshii et al. 2000;
2001; 2004).
A range of solvents were tested for their ability to dissolve emamectin. Out of the
twelve solvents tested, five showed good dissolution properties: acetone, acetonitrile,
dichloromethane, methanol and toluene.

Due to their hazardous properties,

dichloromethane and toluene were not considered suitable replacement for methanol.
However, acetone or acetonitrile were investigated as alternatives to methanol in the
first extraction.

This study compared the recoveries of emamectin and its
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desmethylamino metabolite obtained following the use of either methanol, acetone or
acetonitrile in the initial extraction. Although the sample size (n=3) was small, the
mean recoveries observed for emamectin were similar for each of the three solvents.
With 90.2 %, acetone gave the highest mean recovery of emamectin. However, not
only the single highest recovery, 97.3 %, but also the smallest variation between the
results was observed using methanol.

In addition, the highest mean recovery of

desmethylamino metabolite was also obtained using methanol. In generating the most
reproducible results, methanol appeared to be the most suitable solvent for the
extraction of emamectin from sediment.
To assess if all four extractions were required, a series of experimental studies were
performed. Firstly, the contribution of each extraction, plus an additional one, towards
the recovery of both emamectin and its desmethylamino metabolite was investigated
(Figure 3-3).

The results were similar, regardless of the fortification level of the

sediment samples (25, 100 or 200 ng mL-1). They showed that each of the extractions
yielded a portion of the analytes with the initial extraction usually recovering between
30 and 63% and 26 and 73 % of the total amount of emamectin and its desmethylamino
metabolite respectively. This was unexpected as it was originally though that the initial
methanol extraction would mainly remove water from the sediment matrix and would
contribute little to the actual extraction of the analytes.
In addition, the second experiment confirmed that the amounts of analytes recovered
decreased with successive extractions. It was observed, particularly in the 25 and 100
ng mL-1 samples (Figure 3-3), that the fourth and moreover the fifth (not used in current
method) extractions may not be necessary as they accounted for only 0 to 10 % of the
analytes recovered. However, the elimination of the last/fourth extraction could reduce
the time of the whole extraction step. Although this would slightly reduce the overall
recoveries of emamectin and its desmethylamino metabolite if these were present in
higher concentrations.
In previous methods reporting similar extraction protocols, only two extractions were
used (Yoshii et al. 2000, 2001 and 2004, Van de Riet et al. 2001, Tauber et al. 2006).
Therefore, in a third experimental study, the elimination of extraction stages was taken
to the extreme with only two being carried out. Furthermore, with the intention to make
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the process easier, the need of using different solvents, methanol and 1% ammonium
acetate in methanol, was also investigated.

The results of this study once more

confirmed that the first extraction recovered the largest proportion of both analytes of
interest. However, the overall recoveries (approximately 65%) obtained with the two
extractions procedure were much lower than generally obtained in the current extraction
step. Thus, in reducing the time taken to carry out the procedure, a loss in the recovery
of around 20 % of emamectin and its desmethylamino metabolite appears to be
inevitable. This would not be in line with the objectives of optimising the extraction
procedure. With regards to the use of solvent, there was no major difference between
the amount of emamectin recovered using methanol and 1% ammonium acetate in
methanol in the initial extraction, with 72 % and 76 % of the total amount being
recovered respectively. This suggested that the choice of solvent did not affect the
recoveries of emamectin and its desmethylamino metabolite at this stage of the method.
Furthermore one type of solvent could be used in all the extractions, reducing only
slightly the time taken for the procedure.
In the fourth experimental study carried out on the extraction step, the results differed
slightly for emamectin and the desmethylamino metabolite. In the case of emamectin,
the recoveries obtained using the current method or when extracting emamectin three
times with 1% ammonium acetate were similar, 74 and 63 % respectively, in samples
fortified at 25 ng mL-1 and both 70 % in the 100 ng mL-1 samples. However this was
not the case for the desmethylamino metabolite as the current method yielded a
recovery 1.5 times lower compared to that obtained when extracting three times with
1% ammonium acetate.

This suggested that in the case of the desmethylamino

metabolite, fewer extractions may be more effective.
In conclusion, studies on the extraction step showed that methanol is the most suitable
solvent in the initial extraction step for the recovery of emamectin. In addition, the
initial extraction plays the key role in the whole extraction step and the maximum
recovery is almost achieved with two extractions. Furthermore, the additional third and
fourth extractions did not appear to be necessary to recover more of the desmethylamino
metabolite. However, these extractions may be needed to achieve the required accuracy
if the concentration of emamectin in the sediment is relatively high.
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Optimisation of the clean-up (SPE) step
A clean-up step is frequently performed in the determination of analytes from
environmental matrices. It is usually carried out using solid phase extraction (SPE), a
widely used procedure for the isolation and concentration of analytes prior to analysis
(Guide to Solid Phase Extraction, Supelco 1998). SPE allows the separation of the
analyte of interest from many impurities such as lipids, humic acids (in environmental
material), organic material (in faeces), and proteins that may be present in a sample via
an affinity-based process for the SPE material or sorbent (stationary phase). A wide
range of SPE sorbents is available, varying in their chemistry and ability to retain
certain analytes. The choice of sorbents is dependent of the matrix in which the analyte
of interest is present. The mechanism of separation can be based on a variety of
interactions but most are based on either polarity (reversed-phase or normal phase SPE)
or on ionic interactions (ion exchange SPE). Mixed-mode sorbents allow both nonpolar and ion exchange interactions. Most of the sorbents are silica-based, with specific
functional groups such as hydrocarbon chains, sulfonic acid or carboxyl groups bound
to the silica particles via appropriate linkages to provide selectivity.
Methods reported in the literature (Table 3-2) showed the successful use of several
sorbents for the clean-up of emamectin. Non-polar, reversed-phase, octadecyl (C18)
sorbents were used by Farer et al. 1999, Van de Riet et al. 2001 and Yoshii et al. 2004;
while Prabhu et al. 1991b, Hicks et al. 1997, Kim-Kang et al. 2001, Tauber et al. 2006
and the method described in Chapter 2 used the cation-exchange propylsulfonic acid
(PRS) sorbent.

Additionally Yoshii et al. 2000 and 2001 used a series of SPE

cartridges, C18, NH2 and PRS. With the objective of method optimisation, combining
several cartridges was not considered, with the use of a single, quick and easy SPE
procedure being preferred.

In the current method, emamectin is loaded onto the

cartridge as a cation in a relatively non-polar solvent (ethyl acetate). When considering
these conditions, the use of a C18 cartridge was abandoned, in favour of a cationexchange SPE cartridge such as PRS. Therefore the efficiency of PRS was compared
with sorbents of similar properties: Strata-X-C and Strata-X-CW which had been
suggested by their manufacturer as an alternative to PRS. Although both are polymeric
mixed-mode cationic sorbents, Strata-X-CW is a weak cation exchanger while Strata-XC has a strong cation exchanger.
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The results of this comparison showed mean recoveries ranging from 54 to 62 % and
from 20 to 41 % for emamectin and its emamectin desmethylamino metabolite
respectively, with Strata-X-C cartridges giving 5 % greater recovery than PRS. This
confirms that strong cation sorbents are the most suitable to retain both analytes.
However, as the difference in recovery between using Strata-X-C and PRS cartridges
was not statistically significant, the decision to change was not taken further.

Optimisation of the derivatisation step
Since the high sensitivity of HPLC with fluorescence detection has been established for
the determination of analytes such as abamectin (Turnipseed et al., 1999; Danaher et al.,
2006), the derivatisation procedure required has been the subject of few studies (De
Montigny et al., 1990; Danaher et al., 2001). The derivatisation procedure is carried out
to improve the chromatographic behaviour of emamectin and its detectability under
fluorimetric detection.

The sensitivity of emamectin to fluorescence detection is

achieved with the preparation of a fluorescent derivative by introducing a fluorophore
into the sample (Figure 3-15).
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Figure 3-15. Acylation reaction of emamectin into its fluorescent derivative (NMIM:
N-methylimidazole, TFAA: trifluoroacetic anhydride).
The chemical reaction involved is a fluoroacylation of the amine and a double
dehydration of the dihydrocyclohexene ring systems to produce an extended π electron
system.

The reaction is enhanced by the addition of a base catalyst, such as N-

methylimidazole (NMIM) or a pyridine. The derivatisation step therefore relies on the
adequate reaction between those reagents and the analyte. The whole procedure is
complex, time-consuming and sometimes unsuccessful. In an attempt to optimise the
derivatisation step, two types of experiments were carried out. The first related to
reducing the time of procedure while the second involved altering the chemistry of the
reaction. This involved investigating the use of (1) different sonication periods, (2) a
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different catalyst, (3) silanised glassware, (4) an alternative preparation of the
derivatisation reagent and (5) a different final dilution solvent.
In the first experiment aimed at optimising the derivatisation step, the sonication of the
samples performed following addition of derivatisation solvents was assessed.
Sonication is usually used to both speed up the dissolution of a sample and help its
mixing by loosening particles. Deng et al. (2006) reported that sonication was a means
of facilitating and accelerating organic reactions such as acylations.

Thus any

sonication periods should play an important part in the derivatisation step. Of the nine
methods for the determination of emamectin referenced in the introduction, only three
reported the use of sonication within their derivatisation procedure. While Prabhu et al.
(2001b) and Hicks et al. (1997) mentioned using either 5-10 or 10-15 seconds of
sonication in order to re-dissolve their sample prior to derivatisation; Kim-Kang et al.
(2001) reported similar sonication periods to those adopted in the current method.
However, it is clear that sonication periods of 10, 5 and 20 minutes following the
addition of acetonitrile, NMIM and TFAA respectively, result in an increase in the time
needed to carry out the derivatisation step. Both experiments carried out in this chapter
aimed to assess if the timing of two of these periods (following the additions of
acetonitrile and TFAA) was necessary or if it could be reduced, without altering the
recovery of the analytes of interest.
For both experiments the results showed that the sonication times used in the current
method could not be reduced without affecting the recovery of emamectin and its
desmethylamino metabolite. Although, in both cases the recoveries obtained without
sonication were lower by only 16 or 20 %.

This could be useful if qualitative

monitoring of emamectin was required as the method could be shorter.
The second study looked at simplifying the addition of the catalyst, using an alternative
chemical to the one currently in use.

Literature (Table 3-2) showed that N-

methylimidazole (NMIM) is the catalyst of choice for the derivatisation step. However,
Murugan and Scriven (2003) reported the enhancement in the yield of acylation
reactions when 4-dimethylaminopyridine (DMAP) had been used.

In the current

method, the addition of NMIM to samples is a meticulous manipulation involving the
dispensing of a small portion (0.1 mL) of the reagent using a glass syringe. The fact
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that DMAP is available in a crystal form created an opportunity to, not only reduce any
manipulation errors which could occur when processing a large batch of samples, but
also reduce the overall time taken to perform the procedure. However, the results
obtained following the derivatisation of standard solutions of emamectin and its
desmethylamino metabolite using DMAP instead of NMIM showed very little (< 6 %)
or no recovery of the analytes.
The major difference observed between the current method and those reported in the
literature was the preparation of the derivatisation reagent (TFAA and acetonitrile mix).
The following experimental studies were therefore carried out to assess the
effectiveness of different preparation procedures. While in the current method it is
prepared in ordinary glassware and at room temperature, previous methods reported
preparation in silylated glassware and on ice (Prabhu et al. 1991b, Hicks et al. 1997 and
Yoshii et al. 2000 and 2001).
Silanisation (also referred to as silylation) is a pre-treatment which modifies the inner
surface of the glassware by masking any polar Si-OH groups with a non-adsorptive
silicone layer. Such coating should prevent the potential loss of the analyte of interest
by adsorption to the surface of the glassware. The efficacy of this treatment on the
current derivatisation step was assessed.

Overall both emamectin and its

desmethylamino metabolite recoveries obtained from samples derivatised in non-treated
tubes were greater than when silanised tubes were used. This may due to an ineffective
application of the silanisation procedure as it was not a routine procedure and it requires
specific techniques not familiar to the operator. In addition another reason for lower
recoveries of emamectin and its desmethylamino metabolite when using the silanised
glassware may be the fact that the analytes may have interreacted with the silicone
coating; however this was not be investigated. Since the silanisation of glassware not
only involves the use of hazardous solvent but also is ultimately a time-consuming
procedure, its use did not constitute an improvement to the current method.
Furthermore, this suggested that the affinity of emamectin and its metabolite to the
glassware used was minor hence pre-treating the glassware surface is not necessary.
Three studies were carried out to assess the derivatisation process using a reagent which
was prepared or/and stored at low temperature. Although its sample size might have
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been too small, the first study showed that the use of a reagent prepared on ice gave not
only a 1.1 times higher but was also a more reproducible chromatographic response
(standard deviation seven times smaller) for both emamectin and its desmethylamino
metabolite. In the second study, the sample size was doubled and two concentrations of
emamectin and its desmethylamino metabolite were studied. With responses 1.2 to 2
times greater than those obtained with the current method, the results of this experiment
confirmed that using a reagent prepared on ice considerably promotes the derivatisation
reaction. This appears to be even more so in samples containing smaller concentrations
of emamectin and its desmethylamino metabolite. With this information, a further
study was carried out with using a derivatisation reagent which was prepared and stored
at ≤ -15 ºC for different periods of time (up to 3 days) prior use. If this experiment was
conclusive then this would combine not only increasing the efficiency of the procedure
but also reducing its time by not having to prepare fresh reagent for each analysis.
Overall, the results of using the derivatisation reagent stored at ≤ -15 °C for five
minutes were comparable to those obtained with the current method. The results of
using the reagent following longer storage at ≤ -15 °C however showed a reduction of
the chromatographic response by approximately half for both emamectin and its
desmethylamino metabolite. Thus, storing the derivatisation reagent on ice or at a lower
temperature for a short period of time (5 min) resulted in higher chromatographic
responses; however, storage of the reagent for more than 24 hours had a detrimental
effect on the response of the analytes. Therefore, such changes would not be applied in
an attempt to reduce the preparation period needed for current derivatisation step.
However, preparing the derivatisation reagent on ice should improve the sensitivity of
the current method.
In a final attempt to increase the recovery of both analytes of interest, the constituents of
the final make up volume were investigated. In the current method the final volume of
2 mL is achieved by adding equal amounts of water and acetonitrile. This procedure
was also used by Kim-Kang et al. (2001). While, the presence of water is thought to
reduce or terminate the derivatisation reaction; only Tauber et al. (2006) reported the
addition of water as a means to stop the derivatisation procedure. Moreover most
methods used acetonitrile to dilute to the required final volume (Prabhu et al., 2001b;
Hicks et al., 1997; Yoshii et al., 2000 and 2001; Van de Riet et al., 2001). Although
this point of the procedure has not been proven to affect the overall recovery of
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emamectin; a single solvent addition could reduce the manipulation time and any errors
resulting from carrying out consecutive additions. In the experiment three solvent
systems were assessed: Water + acetonitrile, acetonitrile and 97 % methanol in water.
With a difference of recoveries between the solvents of 5 % and 10 % for emamectin
and its desmethylamino metabolite respectively, the results showed that the choice of
solvent used to dilute to the final volume had little impact on the chromatographic
response. Overall, the highest mean recoveries for emamectin and its desmethylamino
metabolite, 97 and 100 % respectively, were both obtained with the use of 97 %
methanol in water. This solvent appeared as a good alternative to the current addition
of water + acetonitrile. Furthermore, using 97 % methanol in water not only showed a
good reproducibility between replicates (standard deviation smaller than 2 and 10 times
smaller than with the current solvent) but could also reduce the time of the
derivatisation procedure.

Summary
The success of the analytical method for the determination of emamectin and its
desmethylamino metabolite from sediment depends upon the efficiency of the
methodological steps used to prepare and analyse samples. The steps currently in use
are similar to those reported in the literature, extraction, clean-up and quantification
steps. However in the literature these vary slightly as to the solvents, consumables, or
protocols used. Although the current method is already an efficient one (Chapter 2), the
experimental studies performed in this chapter were aimed at evaluating the potential of
optimising this method. These studies consisted on making small alterations within the
different steps identified as being either time-consuming, involving many manipulations
or being potentially prone to error. Table 3-4 summarised these alterations and the
conclusion reached about their ability to provide an improvement to the current method.
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Table 3-4. Summary of the optimisation methodology and resulting improvements.
Potential optimisation

Methodology

Outcomes

1. Extraction step
- Selection of the optimal
solvent

 Investigate the dissolution
of emamectin in different
solvents.



Methanol remains the
solvent of choice.

 Assess the use of an
alternative solvent:
Acetone and acetonitrile
 Assess the contribution of
each extraction towards the
final recovery.



 Try different clean-up
cartridges



The use of an alternative
strong cation exchanger,
could increase recoveries
slightly but will increase
cost.

- Reduce the time

 Assess the effect of
sonication period



Current periods showed best
recoveries.

- Select optimal
derivatisation procedure.

 Investigate different
preparation of the
derivatisation reagent,
change of the reaction
catalyst, change of the
making up of the final
volume.



Preparation of the
derivatisation reagent at low
temperature gave better
responses.

- Reduce the number of
extractions

The initial extraction
recovered half of total
amount.
 Three extractions may be
sufficient.

2. SPE step
- Select the optimal SPE
cartridge

3. Derivatisation step

4. Quantification: HPLC analysis
Select the optimal
conditions

No alteration was carried out.

n/a

For the majority of the experiments, the results showed only small differences between
the altered and the current procedures. When the changes gave greater recoveries, only
small improvements were achieved. With respect to reducing the time taken by the
method, it appears that it could not be done without having a negative effect on the total
recovery. However, some of the changes could be considered if a qualitative analysis
was required. For example a shorter method could be employed in screening work
aiming at determining if emamectin is present in samples at high concentrations.
120

Chapter 3 – Method optimisation

Individually the modifications performed did not show a considerable potential for
optimisation. However, if they were carried out collectively, the sum of the individual
improvements could lead to a significant overall improvement in recovery. With this in
mind, a final experiment was performed, combining the two most promising alterations
to the derivatisation step, preparing the reagent on ice and making of the final volume
using the mobile phase (97% methanol). The results however showed no improvement
in samples containing low concentrations. Moreover, the current method proved to be
more effective in samples of higher concentration. Although these results may not be as
optimistic and exploitable as hoped, in the fact that the recoveries were not improved
and the overall time of the method was not reduced as stated in Table 3-1, this work
would not need to be carried out again. It can be concluded that efforts have been made
to optimise the method and the current method is as reliable, accurate and as quick as it
can be for determining emamectin and its desmethylamino metabolite in sediment
samples from fish farms. Therefore
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Chapter 4 DETERMINATION OF EMAMECTIN AND ITS
DESMETHYLAMINO METABOLITE IN ENVIRONMENTAL
MATRICES OTHER THAN SEDIMENT

4.1

Introduction

The early chapters of this thesis have highlighted the importance of determining the
concentration of emamectin in sediments under and around farmed salmon cages
(following the use of the anti-sealice Slice®). This prompted the development of a
robust analytical method that would allow salmon farmers to report accurate monitoring
of their sites. From a legislative point of view only sediments require routine analysis;
however concerns remain regarding the possible dispersion of veterinary medicines
such as emamectin in non-target fauna and flora species around farm sites (Samuelsen
et al., 1992; Ernst et al., 2001). Although emamectin (within feed pellet) is readily

assimilated by fish; it can also be transferred to the environment around the farm. The
two main routes of entry are via waste feed and faeces particles; both usually settle on
the seabed but may resuspend in the water column (Telfer et al., 2006).

Thus

emamectin may become accessible to non-target species present in close proximity to
fish farms.

It may therefore be pertinent to develop methods able to determine

emamectin in these matrices in order to evaluate the dispersion of emamectin in such
matrices.
There was no limit in the choice of species to investigate as fish farming locations are
often host to vast ecosystems. They can be located in various locations: Open water or
seas, and in Scotland, the majority of the salmon cage farms are situated near shore in
sheltered and relatively shallow seawaters.

These areas are a natural habitat for

thousands of marine and non-marine species of fauna and flora. They include species of
large mammals such as seals; various cetaceans including whales and dolphins;
seabirds; wild fish and a wide population of shellfish and molluscs (bivalves and
gastropods) including mussel species, barnacles and periwinkles as well as echinoderms
such as star fish and sea urchins. Furthermore, the complexity of the landscape from
sheltered sea lochs to exposed cliffs and beaches has provided a habitat to a wide range
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flora, including tiny algae, colonies of kelp, laminarians and other seaweeds, sea
anemones

and

sponges

(http://www.scotland.org/about/innovation-and-

creativity/features/education/sea.html [Sep08]).
The literature reviewed for Chapter 3 (see Table 3-2) reported some of the matrices for
which methodology of quantifying emamectin had already been published. Of these
matrices, only a few can actually be found in the vicinity of fish farms i.e. seawater
(Hicks et al., 1997) salmon (Kim-Kang et al., 2001, Van de Riet et al., 2001) and
lobsters (Tauber et al., 2006). Schering-Plough Animal Health furthermore developed a
method for the determination of emamectin and its desmethylamino metabolite in
various matrices including mussels and prawns (Gillan, 1998).

In addition, the

possibility of emamectin accumulating in crustaceans, macrobenthic (Telfer et al.,
2006) and planktonic species (Willis et al., 2005) have also been studied to some extent.
On the whole, most of these matrices had been chosen for their role in food webs of
larger animals (including humans) and/or their potential commercial value.

The

selection for the matrices studied in this Chapter, was not only based on the literature
but also on the ability to illustrate the different routes of uptakes from the discharge of
emamectin as well as on the availability of representative species present around fish
farms and nearby the laboratory. Thus, a filter feeder, the mussel, Mytilus edulis,
already accepted as potential monitoring tool due to its susceptibility towards chemical
and biological contamination (Davies et al., 2001 and Gowland et al., 2002) was
selected. The increasing use of seaweed for commercial purposes (foodstuff) and the
lack of study for the fauna, although wide-spread in fish farm surroundings, lead to the
selection of the red seaweed, Palmaria palmata. Finally, salmon and seawater were
also included to the choice of matrices for this study. The reason for this was that they,
after all, should be the major reservoir for emamectin and its metabolite after sediment.
In applying the method for the determination of emamectin benzoate and its metabolite
developed for sediment to other matrices, this chapter ultimately aimed at finding a
method which could be universally used to quantify the veterinary medicine in nontarget species that live in the vicinity of the fish farms and are potentially exposed to
emamectin.
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4.2

4.2.1

Materials and methods

Materials

Unless otherwise stated, all the chemicals, reagents and instrumentation used in this
chapter were identical to those described in Chapter 2 and/or Chapter 3.

4.2.2

Collection of the matrices of interest

4.2.2.1 Salmon flesh and skin
Samples of salmon flesh and skin were obtained from a portion of wild Atlantic salmon
(S. salar) fillet steak purchased frozen from a local butcher (Bews, Thurso). Upon
arrival to the laboratory, the fillet was stored in a zip lock bag at ≤ -15 ºC until
processed.

4.2.2.2 Seaweed
The red seaweed P. palmata was collected at low tide from rocky pools on the West
side of Thurso beach.

Samples were brought back to the laboratory in buckets

containing fresh seawater and were either processed immediately or stored at 4 ± 2 ºC
for up to 18 hours prior to being processed.

4.2.2.3 Mussels
Edible mussels, M. edulis, were collected at low tide from rocky pools off Thurso East
beach. Placed in a bucket of seawater, they were returned to the laboratory within one
hour of collection. On arrival to the laboratory, the mussels were cleaned in order to
remove visible attached organisms and stored in zip lock bags at ≤ -15 ºC for a
minimum of 48 h until processing.
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4.2.2.4 Seawater
Pentland Firth seawater was collected from the shore of Thurso main beach into a clean
glass bottle (Schott, Stafford, UK) of appropriate volume.

Upon returning to the

laboratory (within 5 minutes of collection), the seawater was sub-sampled into
polypropylene tubes (50 mL) and used immediately.

4.2.3

Preparation, fortification and analysis of each matrix

4.2.3.1 Salmon flesh and skin
Prior to analysis, the salmon fillet was left to partially defrost at room temperature.
Flesh and skin of the fillet were treated as two different matrices. During the thawing
period, the skin was peeled and separated from the flesh with the help of a scalpel. The
skin was cleared of any flesh residue and cut into approximately 0.25 cm2 pieces using
surgical scissors (Kim-Kang et al., 2004). These pieces of skin were placed in two
polypropylene tubes providing two skin samples of 10 g each. Once defrosted, the flesh
was coarsely cut and blended using a domestic food processor into a paste (Kim-Kang
et al., 2004; Roy et al., 2006). This paste was divided into sixteen aliquots of 10 g and

transferred to polypropylene tubes (50 mL).
Four out of the sixteen flesh samples were unfortified (blanks) and the remaining twelve
were fortified, six with an analytical standard containing 100 ng mL-1 of both
emamectin and its desmethylamino metabolite (1 mL) and six with a 25 ng mL-1
analytical standard (1 mL).

One of the skin samples was also fortified with an

analytical standard containing 100 ng mL-1 of both emamectin and its desmethylamino
metabolite (1 mL) and one was unfortified.

The fortification was carried out as

described in section 2.2.2.3.
The determination of emamectin benzoate and its desmethylamino metabolite for both
flesh and skin samples was carried out following the method previously used on
sediment samples as described in Chapter 2, sections 2.2.2.4 to 2.2.2.7.
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4.2.3.2 Seaweed

Pre-study
In order to ensure the adequate homogeneity of the seaweed samples prior their
analysis, two pre-analysis preparation processes were considered. First fresh seaweed
samples (approx. 5 g at the time) were cut into 1-2 cm2 pieces using cleaned scissors
and placed into a mortar. A small volume of liquid nitrogen was then poured onto the
cut seaweed. Using a pestle the seaweed was then ground to a coarse powder. The
powder was then aliquoted into 10 g samples stored in polypropylene tubes (50 g). The
second preparation involved finely blending 1-2 cm2 pieces of fresh seaweed using a
domestic food processor on pulse speed; and storing 10 g aliquots into polypropylene
tubes (50 g).
For each preparation process, ten seaweed samples were prepared. Out of these ten
samples, four were unfortified (blanks) and six were fortified, following the procedure
described in 2.2.2.3, using 1 mL of analytical standard containing 100 ng mL-1 of both
emamectin and its desmethylamino metabolite.

All twenty samples were then

processed following the method described in sections 2.2.2.4 to 2.2.2.7.

Recovery study
The determination of emamectin and its desmethylamino metabolite in seaweed was
carried out on sixteen seaweed samples; following the method described in sections
2.2.2.4 to 2.2.2.7. Prior to their extraction (step 2.2.2.4.), seaweed were coarsely cut
with scissors, placed in a domestic food processor and finely blended at pulse speed.
Twelve out of the sixteen samples (10 g) were fortified with 1 mL of analytical standard
containing both emamectin and its desmethylamino metabolite (25 or 100 ng ml-1; six
samples at each fortification level).

The remaining four samples were unfortified

(blanks).

4.2.3.3 Mussels
The soft tissue of the mussel was the only portion of interest. In order to obtain as much
and as intact soft tissue as possible, mussels were taken out of the freezer and left to
thaw overnight at room temperature and thus open naturally. The soft tissue was then
126

Chapter 4. Determination of emamectin and its desmethylamino metabolite in environmental matrices

gently removed from the mussel’s shell using a kitchen knife. To provide a 10 g mussel
sample, the soft tissues from several animals were pooled.
To ensure that the mussel samples were uniform the soft tissue samples were subjected
to an additional preparation step prior to their analysis. Three different preparation
processes were assessed.

Mussel tissues were either homogenised (Status X620

homogeniser, Philip Harris Scientific, Hyde), blended for few seconds on the pulse
setting in a domestic food processor until a finely liquidised mixture was obtained or cut
into small pieces, 0.5 to 1 cm3 with a scalpel. Each preparation processes was carried
out on three sets of three samples fortified with 1 mL of analytical standard containing
either 0, 25 or 100 ng mL-1 of both emamectin and its desmethylamino metabolite
(fortification as described in section 2.2.2.3).
Following their preparation, all twenty seven samples were processed following the
method applied on sediment samples in Chapter 2, sections 2.2.2.4 to 2.2.2.7.

4.2.3.4 Seawater

Experimental study 1
For this study, 24 samples of 10 mL seawater were prepared.

Three were left

unfortified, referred as blanks while 21 were fortified with three different concentrations
of both emamectin and desmethylamino metabolite (seven samples at each
concentration). To obtain the level of fortification required, 10.0, 5.0 and 2.5 ng mL-1,
one millilitre of fresh seawater was fortified with 500, 250 and 125 µL of a standard
solution containing 200 ng mL-1 of both emamectin and its desmethylamino metabolite.
Following the fortification, the samples were mixed and nine millilitres of seawater was
added to each samples. The samples were mixed and placed for 30 min in a fume
cupboard to allow the solvent from the standard solution to evaporate.
The 24 samples were then processed as described in sections 2.2.2.5, starting from the
initial addition of 5 mL of ethyl acetate to each sample, to 2.2.2.7.

Experimental study 2
Collected seawater was aliquoted into twenty 10 mL samples. Half of these samples
were stored in 15 mL polypropylene tubes and the other half in 50 mL polypropylene
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tubes. For each set of ten samples, six were fortified, following the method described in
2.2.2.3, with 0.1 mL of an analytical standard containing 500 ng mL-1 of both
emamectin and its desmethylamino metabolite; while the remaining four samples were
unfortified (blanks). The determination of both analytes in the seawater samples was
achieved using a customised version of the method described for sediment in Chapter 2
with the omission of the extraction step. Two modifications were tested: In the first
one, the samples in 50 mL tubes were processed starting from the first liquid-liquid
partition stage of the SPE step (section 2.2.2.5), with three 5 mL extractions with ethyl
acetate replaced with 10 mL extractions.
In the second one, the samples were processed in the 15 mL tubes starting at the SPE
stage, where the samples were loaded on PRS cartridges previously conditioned with 1
% ammonium acetate in methanol (5 mL), 1 % phosphoric acid in methanol (5 mL) and
deionised water (5 mL) only. In this case, deionised water was also used for rinsing the
tubes (2 mL) and reservoirs (3 mL) instead of ethyl acetate. From the elution process to
the HPLC analysis, all the manipulations were identical to the sediment method, for all
twenty seawater samples.

4.2.4

Stability of emamectin and its desmethylamino metabolite after storage of
the biological matrices

4.2.4.1 Salmon samples
A study of the effect of storing salmon samples at ≤ -15 ºC on the stability and recovery
of emamectin and its desmethylamino metabolite was carried out on three sets of
genuine salmon samples. These samples were salmon flesh samples which had been
received from a Scottish fish farm site for the purpose of a field investigation (see
Chapter 6). The samples were initially analysed following the method described in
section 4.2.3.1 and in Chapter 2. Any remaining, intact, portions of salmon were again
stored at ≤ -15 ºC for at least 18 months and re-analysed.
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4.2.4.2 Mussel samples
In excess of 400 mussels were collected as described in section 4.2.2.3 and stored at

≤ -15 ºC for 48 h. Following this storage period the mussels were placed at room
temperature and allowed to thaw. The soft tissue of each mussel was removed with a
kitchen knife, placed on a cleaned cutting board and cut into small pieces with a scalpel,
before being grouped together and sub-sampled into 10 g aliquots. A proportion of the
aliquots were fortified with a known volume of emamectin benzoate and its
desmethylamino metabolite of a known concentration, the remaining aliquots were used
as blanks. Six fortified samples and four blanks were immediately analysed following
the method described above.

The remaining samples were stored at ≤ -15 °C.

Following both seven and fourteen days of storage, another six fortified samples and
four blanks were removed from the freezer, allowed to thaw overnight at room
temperature and processed.

4.3

4.3.1

Results

Determination of emamectin and its desmethylamino metabolite in salmon
flesh and skin

4.3.1.1 Chromatography
Typical chromatograms obtained from salmon flesh and skin samples, unfortified and
fortified at 10 ng g-1 with both emamectin and its desmethylamino metabolite, are
presented in Figures 4-1 and 4-2 respectively.
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Figure 4-1. Chromatograms obtained for (A) an unfortified and (B) a fortified sample
of Atlantic salmon (S. salar) flesh. The fortification level was 10 ng of both emamectin
and its desmethylamino metabolite per gram of salmon flesh. Note: Due to loss of the
HPLC hard drive these chromatographs are scanned images of printed HPLC reports
and the scale could not be altered to show consistency.
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Figure 4-2. Chromatograms obtained for (A) an unfortified and (B) a fortified sample
of Atlantic salmon skin. The fortification level was 10 ng of both emamectin and its
desmethylamino metabolite per gram of skin.
In both Figure 4-1 and 4-2, it can be observed that neither of the analyte nor interference
was detected in the unfortified salmon flesh or skin replicates (blanks).

The

chromatograms of the fortified matrices contained peaks at approximately 8.5 and 11.5
min, the retention times previously identified for the desmethylamino metabolite and
emamectin respectively.

4.3.1.2 Recovery
The results from the analysis of the salmon tissues and skin are presented in Table 4-1.
Emamectin was detected in all the fortified replicates of salmon tissue and skin
analysed. However the desmethylamino metabolite was only detected in the replicates
which had been fortified at 10 ng g-1.
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Table 4-1. Concentrations of emamectin and its desmethylamino metabolite detected
from muscle tissue and skin samples of Atlantic salmon (S. salar) fortified at 2.5 and
10.0 ng g-1 of both analytes.
Analyte
Desmethylamino metabolite
Individual Mean
CV
CV
Conc.
recovery
(%)
(%)
(ng g-1)
(%)

Salmon
section

Fortification
level (ng g-1)

n

Emamectin
Individual
Mean
Conc.
recovery
(ng g-1)
(%)

Flesh

0

4

0,0,0,0

n/a

n/a

0,0,0,0

n/a

n/a

2.5

6

1.35, 1.91,
1.95, 1.13,
1.03, 1.28

57.7

27

n/d

n/a

n/a

10.0

6

7.16, 7.77,
6.94, 7.09,
7.82, 6.87

72.3

6

1.91, 2.65,
1.97, 1.71,
1.91, 2.14

20.5

16

0

1

0

n/a

n/a

0

n/a

n/a

10.0

1

7.55

n/a

n/a

2.66

n/a

n/a

Skin

n: number of replicates; CV: Coefficient of variation; n/d: not detected; n/a: not applicable.

The levels of emamectin measured in the flesh samples fortified at 2.5 and 10.0 ng g-1
ranged from 1.03 to 1.95 ng g-1 and 6.87 to 7.77 ng g-1 respectively. The overall mean
emamectin recoveries in the salmon tissue were 57.7 and 72.3 %. A greater recovery
was observed in the samples fortified at 10 ng g-1. In addition the %CV for these
samples was 6, compared to that of 27 for the samples at a lower fortification level. The
recovery of the desmethylamino metabolite in the 10 ng g-1 replicates varied between 17
and 27 %. In the case of the salmon skin sample, the amounts of emamectin and its
desmethylamino metabolite recovered were 76 and 27 % respectively.

4.3.1.3 Stability of emamectin and its desmethylamino metabolite following
storage of salmon flesh and skin
A comparison of the mean amount of both emamectin and its desmethylamino
metabolite detected from the triplicate samples of each set of farmed salmon flesh
samples during the initial investigation and following 18 months of storage at ≤ -15 °C
is reported in Table 4-2.
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Table 4-2. Amount of emamectin and desmethylamino metabolite (ng g-1) recovered
from three sets of Atlantic salmon flesh samples before (study t=1) and after 18 months
storage period at ≤ -15 °C (study t=2).
Emamectin (ng g-1)
Set ID (n=3)

Desmethylamino metabolite (ng g-1)

1

2

3

1

2

3

Study t=1

156

67

3

3

2

n/d

Study t=2

108

53

2

3

3

n/d

Difference

-48

-14

-1

0

+1

n/a

n: number of replicates; n/d: not detected; n/a: not applicable.

Following the first study, 156, 67 and 3 ng of emamectin per gram of sample were
detected from the three sets of salmon flesh samples.

On the second study

(approximately 18 months after the first study) the concentrations of emamectin
recovered were 108, 53 and 3 ng g-1 for the three set of samples respectively. A
decrease in the concentration of recovered emamectin was observed, ranging from 1 to
48 ng g-1.
The concentrations of desmethylamino metabolite recovered in the salmon flesh
samples following the first analysis varied from 0 to 3 ng g-1; and almost identical
values were observed on the second study.

4.3.2

Determination of emamectin and its desmethylamino metabolite in seaweed

4.3.2.1 Results from the pre-study

The results from the pre-study, aimed at determining the most suitable preparation
process, grinding (following freezing) or blending, for the analysis of both emamectin
and its desmethylamino metabolite in seaweed samples are presented in Figure 4-3.
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Ground frozen seaweed
Blended seaweed
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Figure 4-3. Recoveries (mean ± SEM, n=6) of emamectin and its desmethylamino
metabolite in seaweed samples prepared either by grinding seaweed frozen with liquid
N2 or by finely blending them in a food processor.
The mean recoveries of emamectin and its desmethylamino metabolite obtained for the
blended seaweed, 69 and 77 %, were higher than those from the ground seaweed, 61
and 71 % respectively. A two-tailed t test comparing the mean results obtained from
grounding or blending the seaweed showed no significant difference. However, a onetailed F test comparing the spread in the results from both preparation method showed
that blending the seaweed had the better precision (Fcalc = 17.9 > Fcrit = 5.050).

4.3.2.2 Recovery and chromatography
The chromatograms obtained for both an unfortified and a fortified sample of P.
palmata processed for the determination of emamectin and its desmethylamino

metabolite are presented in Figure 4-4. The chromatogram of the unfortified seaweed
sample (Figure 4-4A) does not show any peaks at the retention time particular to either
emamectin or its desmethylamino metabolite.

Figure 4-4B revealed peaks at

approximately 8.5 and under 12 min, times when both the desmethylamino metabolite
and emamectin are respectively expected to be eluted. A small peak observed at 7.5
min in both chromatograms was disregarded as it was out with the retention times of
interest.
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Figure 4-4. Chromatograms obtained for (A) an unfortified and (B) a fortified sample
of the seaweed P. palmata. The fortification level was 10 ng of both emamectin and its
desmethylamino metabolite per gram of seaweed. Note: Due to loss of the HPLC hard
drive these chromatographs are scanned images of printed HPLC reports and the scale
could not be altered to show consistency.
Table 4-3 summarised the results obtained for the determination of emamectin and its
desmethylamino metabolite in seaweed samples. Both analytes were only recovered in
the fortified samples. However, while emamectin was recovered in all the fortified
replicates (n=6), the desmethylamino metabolite was not detected in one of the samples
fortified at 2.5 ng g-1.
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Table 4-3. Levels of emamectin and its desmethylamino metabolite measured in
fortified samples of P. palmata blended prior their analysis.
Analyte
Emamectin
Mean
Individual
recovery
Conc.
(%)
(ng g-1)

Desmethylamino metabolite
Individual
Mean
CV
Conc.
recovery
(%)
(ng g-1)
(%)

Fortification
level (ng g-1)

n

0

4

0,0,0,0

n/a

n/a

0,0,0,0

n/a

n/a

2.5

6

1.47, 1.80,
2.55, 2.66,
2.32, 3.01

92.1

25

0.74, 0.26,
1.08, 0.36,
0.38, 0.00

18.8

81

10.0

6

9.04, 7.97,
7.57, 9.12,
4.60, 9.61

79.8

22

1.84, 2.35,
1.46, 2.59,
2.24, 4.04

24.2

37

CV
(%)

n: number of replicates; n/a: not applicable.

The average levels of emamectin recovered in the seaweed samples ranged between
79.8 and 92.1 %.

The highest average emamectin recovery was detected in the

replicates fortified at 2.5 ng g-1.

The average recovery of the desmethylamino

metabolite in the samples fortified at 10 ng g-1 was higher (24.2 %) than that measured
in the replicates fortified at a lower concentration (18.8 %).

4.3.3

Determination of emamectin and its desmethylamino metabolite in mussels

A comparison of the mean recoveries of both emamectin and its desmethylamino
metabolite detected in mussel samples following three different preparation processes
(blending, cutting and homogenising) prior to analysis is illustrated in Figure 4-5.

The mussel samples fortified at 2.5 ng g-1 showed mean emamectin recoveries of
approximately 85 % for all three modes of preparation. In the case of the samples
fortified at 10 ng g-1 then the recoveries were greater and ranged from 99 to 105 %. For
both levels of fortification, the two-tailed F and t tests carried out with a 95 %
confidence showed no significant difference between the variances or the means results
obtained for all three preparation techniques (Fcalc < Fcrit = 39.00; tcalc < tcrit = 3.182).
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Sample preparation
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Figure 4-5. Recoveries (mean ± SEM, n=3) of (A) emamectin and (B) desmethylamino
metabolite from mussel samples following three different preparation processes:
Blending, cutting or homogenisation of the samples prior to processing. Note: The
standard errors are less than 0.5 %, thus do not appear on the bar graphs.
The results for the desmethylamino metabolite showed recoveries varying between 46
to 55 % and 51 to 61 % in the samples fortified at 2.5 and 10.0 ng g-1 respectively.
Although, considering both levels of fortification, the highest concentration of
desmethylamino metabolite seemed to be recovered when cutting was used as the
preparation technique, F and t tests showed no significant difference in the variances
and means obtained for the results of the three techniques. However, it should be noted
that cutting the mussels probably makes more tissue available to the fortification
material then facilitating the detection of emamectin, compared to how it would occur
in the actual environment. .
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4.3.3.1 Chromatography

Figure 4-6 shows the typical chromatograms obtained for unfortified and fortified
samples of mussels cut up prior to being processed for the determination of emamectin
and its desmethylamino metabolite following the method described in Chapter 2.

Figure 4-6. Chromatograms obtained from (A) an unfortified and (B) a fortified
sample of edible mussel, M. edulis. Note: Due to loss of the HPLC hard drive these
chromatographs are scanned images of printed HPLC reports and the scale could not be
altered to show consistency.
Neither emamectin nor its desmethylamino metabolite was observed in the unfortified
mussel sample (Figure 4-6A); in addition no interfering peaks were present.

The

chromatogram of the fortified mussel sample showed peaks at the retention times
previously identified for the desmethylamino metabolite and emamectin, 8.5 and 11.5
min respectively.
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4.3.3.2 Stability of emamectin and its desmethylamino metabolite following the
storage of mussel samples

The result of the study assessing the stability of mussel samples following their storage
at ≤ -15 ºC and thawing is presented in Figure 4-7.

No thawing
Thawing after 5 days at ≤ -15ºC

120

Thawing after 1 month at ≤ -15ºC

Recovery (%)

100

80

60

40

20

0
Emamectin

Desmethylamino metabolite

Figure 4-7. Recoveries (mean ± SEM, n=6) of emamectin and its desmethylamino
metabolite from mussel samples prior storage and following two freeze/thaw cycles.
Mussels were stored at ≤ -15 ºC for 5 days and 1 month prior thawing and analysing.
Note: The standard errors are less than 0.5 %, thus do not appear on the bar graphs.
Figure 4-7 shows that the mean recoveries of emamectin were between 90 and 96 %;
the lowest recovery being observed following the longest period of storage. A twotailed t test showed no significant difference between the means of the results obtained
between no storage and storage of 5 days in the freezer (tcalc = 0.048 < tcrit = 2.262).
However, t tests showed significant differences between the means of the results
obtained from no storage and storage of one month (tcalc = 3.450 > tcrit = 2.262) and
between the means of the results obtained from storage of 5 days and of one month
(tcalc = 4.287 > tcrit = 2.262). The mean recoveries of desmethylamino metabolite ranged
from 61 to 69 %; with the highest recovery observed following the storage of 1 month
at ≤ -15 ºC.

Two-tailed F test showed significant differences in the variances of the

results obtained on mussels which had not been stored and those where the mussels at
been stored for 5 days at ≤ -15 ºC (Fcalc = 14.00 > Fcrit = 7.146) as well as on the the
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variances of the results obtained on mussels which had been stored 5 days at ≤ -15 ºC
and those where the mussels at been stored for one month (Fcalc = 72.00 > Fcrit =
7.146). However, the t tests showed no significant differences in the means of the
results obtained for the three storage periods.

4.3.4

Determination of emamectin and its desmethylamino metabolite in
seawater

4.3.4.1 Experimental study 1
Following the analysis, neither emamectin nor its desmethylamino metabolite was
recovered from the blank seawater samples. With few exceptions, both analytes were
detected in the fortified samples at all three levels of fortification. The same mean
percentage recovery of 29 % was achieved for emamectin in the samples fortified at 10
and 5 ng mL-1. For the samples fortified at 2.5 ng mL-1 on average 21 % of emamectin
was recovered. The mean recoveries of desmethylamino metabolite varied between 3
and 14 %. While the lowest, 3 %, was recovered from the samples of the lowest
concentrations, 11 % of the desmethylamino metabolite was recovered from the
samples fortified at 10 ng mL-1, and 14 % was recovered from the 5 ng mL-1 samples.
For emamectin, the relative coefficient of variation calculated for each of the three sets
of seven samples ranged from 28 to 81 %. The lowest %CV was found from the set of
samples fortified at 5 ng mL-1, for which the chromatographic results of all seven
samples had shown detectable peaks. Out of the seven samples fortified at 10 ng mL-1,
the result from one sample gave no detectable peak, resulting in a %CV of 47. The
highest emamectin %CV of 81 was found from the results of the samples fortified at 2.5
ng mL-1 where two samples showed no quantification of emamectin.
In the case of the detection of the desmethylamino metabolite, the lowest %CV of 28
was observed from the samples fortified at 5 ng mL-1, with the desmethylamino
metabolite having been detected in all seven samples. The results from the samples at
10 ng mL-1 were variable and with the addition of a sample which did not allow the
quantification of the desmethylamino metabolite, the %CV % for this set was 69.
Finally, a very high %CV of 186 was calculated from the samples fortified at
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2.5 ng mL-1 due to the fact that desmethylamino metabolite had only been recovered
from two samples.

4.3.4.2 Experimental study 2

For both conditions tested, emamectin and its desmethylamino metabolite were detected
in all six fortified seawater replicates and none was detected in the blank samples. In
the seawater samples transferred in ethyl acetate prior to the SPE step, the recoveries of
emamectin and its desmethylamino metabolite ranged from 39 to 56 % and from 15 to
27 % respectively. In the samples for which the method had started at the SPE step
directly, between 43 and 73 % of emamectin and between 24 and 47 % of
desmethylamino metabolite had been recovered. The average recoveries detected in this
study are illustrated in Figure 4-8.
100

Recovery (%)

80

Seawater directly loaded onto PRS
Seawater loaded as ethyl acetate extract

60

40

20

0

Emamectin

Desmethylamino
metabolite

Figure 4-8. Recovery (mean ± SEM, n=6) of emamectin and its desmethylamino
metabolite from seawater samples directly loaded onto conditioned PRS cartridges or
loaded as an ethyl acetate extract following a liquid-liquid partition. The error bars
represent the standard error of the mean. Note: The standard errors are less than 0.3 %,
thus do not appear on the bar graphs.
4.3.4.3 Chromatography and recovery
Chromatograms typically obtained for fortified and unfortified seawater samples are
presented in Figure 4-9.
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The retention time and peak shape for emamectin and its desmethylamino metabolite
were similar to those observed in Chapter 2 in the analysis of sediment samples.

Figure 4-9. Chromatograms obtained for (A) unfortified and (B) fortified samples of
seawater. The fortification level was 5 ng of both emamectin and its desmethylamino
metabolite per millilitre of seawater. Note: The chromatograms show a noisy baseline.

4.4

Discussion

The major focus of the development of analytical techniques to evaluate the impact of
emamectin benzoate used in fish farms has been aimed mainly at its quantification in
sediment and in salmon tissue.

At the time of this study, it was noted that less

consideration had been given to other species such as seaweed or mussels; consequently
no method has been published for their analysis. In an attempt to fill this gap, the
methodology for determining emamectin benzoate and its desmethylamino metabolite
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in sediment, described in Chapter 2, was applied to a range of matrices commonly
found in and around salmon farms: Salmon tissue, salmon skin, red seaweed, mussels
and seawater.
Compared to sediment, the physical nature and texture of these various matrices differ.
The success of the method on sediment samples suggested that the consistent structure
of sediment material was suitable for the extraction and quantification of emamectin
and its desmethylamino metabolite. Thus it seemed essential to achieve a similar
texture or uniformity for the samples of different matrices. For this reason, minor
modifications prior to the extraction were necessary. These modifications consisted
mainly in preparation stages such as cutting, blending, homogenising and grinding.
These different preparation techniques were tested on salmon tissues and skin, mussels
and seaweed samples with the focus of finding the best protocol not only in terms of
recovery but also of feasibility and the timing of the method.
Of the five types of matrices analysed in this Chapter, only methodology for
determining emamectin in salmon tissues (Kim-Kang et al., 2001 and 2004; Van de Riet
et al., 2001) and in seawater (Hicks et al., 1997) were available in the literature. The

methodology for preparing salmon prior to extraction described by Kim-Kang et al.
(2001 and 2004) was used as the basis for the preparation of salmon, seaweed and
mussel samples. Kim-Kang et al. (2001 and 2004) and Van de Riet et al. (2001)
described cutting the matrix to small pieces and/or using a domestic food processor in
order to blend and homogenise their salmon samples prior to continue with analysis. In
the method used here, both types of salmon samples i.e. tissue and skin were cut in
small pieces, and the muscle tissues were homogeneously blended prior to extraction.
There was no technical problem with the presence of high lipid content during the
extraction and analysis of the salmon muscle tissue; however the evaporation and
concentration steps took longer than other matrices.

The method was particularly

successful for both the salmon muscle tissue and skin samples fortified at 10 ng g-1;
with average emamectin recoveries ranging from 72.3 to 76% and desmethylamino
metabolite recoveries ranging from 20.5 to 27 % for the tissue and skin samples
respectively. At the lowest level of fortification of 2.5 ng g-1, only emamectin was
detected in the tissue samples with an average recovery of 57.7 %. The precision for
these results ranged between 6 and 27 % (CV) for emamectin and was 16 % for the
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desmethylamino metabolite. Although no specific study was carried out to determine
the limits of detection or quantification (LOD and LOQ) of the method applied to
salmon tissue samples, they were estimated from the average levels of emamectin and
desmethylamino metabolite and the standard deviations (SD) measured in the samples
from the lowest fortification level detected. Thus, LODs (average + 3 SD) of 2.62 and
3.04 ng g-1, and LOQs (average + 10 SD) of 5.34 and 5.35 ng g-1 were determined
following the analysis of salmon tissue for emamectin and its desmethylamino
metabolite respectively. The fact that the estimated LOD value for emamectin was very
close to the level of fortification tested, helps explain the lower percentage emamectin
recovery and highest %CV found for the salmon samples fortified with 2.5 ng g-1
emamectin. However, in view of using this method for effective field monitoring, these
were encouraging results as the LOQ for emamectin was still about 20 times below the
maximum residue level (MRL) of 100 ng g-1 set by the European Medicines Evaluation
Agency Committee for Veterinary Medicinal Products for emamectin in salmon
tissue/skin (EMEA, 1999).

Two different methods of preparation were tested on seaweed samples; grinding with
liquid nitrogen and blending in a food processor. The results from the pre-study for the
determination of emamectin and its desmethylamino metabolite in seaweed samples
showed a slight difference between the two methods of preparation. The recoveries of
both analytes were on average 10 % higher in the samples which had been blended.
From a practical perspective, the latter mode of preparation was the easiest to perform
in the laboratory. Therefore it was selected as the process of choice for the preparation
of seaweed samples. A second, larger, study was then performed on seaweed samples
fortified either with 2.5 or 10.0 ng g-1 of emamectin and its desmethylamino metabolite.
The method was again successful, showing average emamectin recoveries of 92.1 and
79.8 % for the 2.5 and 10 ng g-1 levels of fortification respectively. However, in each
set of samples (n=6), the level of emamectin detected for at least one was lower. This
resulted in a %CV of about 25; value at the higher end of %CV required for the method
validation of any method. The average recoveries for the desmethylamino metabolite
ranged between 18.8 and 24.2 %. The levels of desmethylamino metabolite detected in
the samples fortified at 2.5 ng g-1, with a %CV of 81, were low and varied. These
results suggested that the method applied to determine emamectin and its
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desmethylamino metabolite in seaweed samples would, in the case of the
desmethylamino metabolite, have a LOD greater than 2.5 ng g-1.

Three sample preparation methods were assessed for the analysis of the mussel samples.
The average emamectin recoveries from the samples fortified at 2.5 ng g-1 and 10 ng g-1
ranged from 84 to 85 % and from 99 to 105 % respectively.

Similarly the

desmethylamino metabolite recoveries were between 46 and 55 % in the samples at
2.5 ng g-1, and between 51 and 61 % for the samples at 10 ng g-1. On the whole, these
results demonstrate that the method was very efficient in determining emamectin and its
desmethylamino metabolite in mussel. However, this study did not identify one of three
preparations, blending, cutting or homogenising, as being more effective than the
others. For each of the sample sets (n=3), %CV were measured to evaluate if the
precision of one of the three modes of preparation was superior to the others. The
results from the mussel samples which had been blended showed for emamectin %CV
ranging between 7 and 17 in samples at 10 and 2.5 ng g-1; and between 11 and 16 for
desmethylamino metabolite at 2.5 and 10 ng g-1 respectively. In the case of the samples
which were cut, %CV were for emamectin between 4 and 11 and for the
desmethylamino metabolite between 10 and 18 %; with the lowest %CV obtained in
samples fortified at 10 ng g-1. Finally for the samples which had been homogenised
%CV for emamectin varied from 3 to 21 in samples at 10 and 2.5 ng g-1 respectively
and was 10 for the desmethylamino metabolite. These %CV suggested equal precision
of the method for mussel samples independent of the preparation method. Nevertheless,
technically these processes were quite different as they involved different equipment,
set-up and times. It was initially thought that homogenising by producing the most
homogeneous mixture would give the best result; however it was the most timeconsuming as it required delicate cleaning of the homogeniser probe between every
single mussel sample and a minimum of ten mussels were required to provide a 10 g
sample.

On the other hand the most practical and least time-consuming method

involved cutting the samples with a scalpel. Thus if the method was to be repeated, the
cutting method would be used in the preparation stage.

In the case of the seawater samples, their aqueous state meant that there was no
requirement to undertake a solid-liquid extraction procedure. Therefore these samples
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could be processed directly from the clean-up step.

Two choices were however

available; start at the liquid-liquid partition performed prior the SPE step or directly at
the SPE step. In their method determining emamectin in seawater and freshwater,
Hicks et al. (1997) directly applied their water samples onto conditioned SPE C8
cartridges. However they noticed the possibility of suspended particles being present in
the samples leading to cartridges becoming clogged. In order to avoid this issue and to
remain as close as possible to the original sediment methodology, it was decided to
carry out an initial experiment on fortified seawater samples extracted with ethyl acetate
prior to the SPE step. The analysis of these samples showed maximum mean recoveries
of 29 and 14 % for emamectin and its desmethylamino metabolite respectively.
Furthermore high disparities were observed between samples, with a number showing
no detection of either analytes. The second experiment compared the results from
fortified seawater samples which had been processed following a liquid-liquid partition
to these from fortified seawater samples directly loaded on SPE cartridges. On average,
the levels of emamectin and its desmethylamino metabolite recovered from the seawater
samples directly applied on PRS cartridges were between 1.3 and 1.7 times greater than
those recovered in the seawater samples which were extracted with ethyl acetate.
Following the application of the seawater samples on SPE cartridges, 63 ± 20 % of
emamectin and 36 ± 27 % of desmethylamino metabolite had been recovered
respectively.

The findings of this chapter suggest that, with modifications to the preparation step, the
method, developed for the analysis of emamectin in sediment could be used to carry out
field monitoring of emamectin in various matrices commonly found in the environment
of fish farms. However, it was also necessary to ensure that matrices could be stored
prior to processing, without degradation of emamectin or its metabolite. Therefore
stability studies were carried out on fortified salmon and mussel samples. Thus a
comparison was made between the levels of emamectin and its desmethylamino
metabolite recovered from the salmon tissue samples following storage for 18 months in
the freezer. The results showed a loss up to 30 % in the recovery of emamectin and
none for the desmethylamino metabolite. This suggested that the conditions tested did
influence the degradation of the analytes; hence although salmon samples can be stored
at -15 ºC prior to analysis, a longer storage is not recommended in order to report
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accurate results. The results from the analysis of mussel samples following a cycle of
thawing and storage at -15 ºC demonstrated the stability of the samples; although the
recoveries of emamectin decreased slightly after storage for one month at -15 ºC, the
recoveries of desmethylamino metabolite slightly increased.

This indicated that

emamectin in mussel tissue may degrade into desmethylamino metabolite when stored
at -15 ºC. This hypothesis was not investigated further; however, it was thought that
another storage temperature, e.g. - 85 ºC, could affect this reaction.

Summary
Overall, the method used to determine emamectin and its desmethylamino metabolite in
sediment has been successfully applied to four other matrices (salmon, seaweed,
mussels and seawater). Although it required minor modifications of the preparation
step, these did not impair the efficacy or timing of the whole method, and yielded good
recoveries; comparable to these obtained in other work on other matrices (Table 4-4).

Table 4-4. Summary of the performance of the sediment method applied for the
determination of emamectin benzoate B1a and the desmethylamino metabolite B1a in
different marine matrices.
Emamectin

Desmethylamino metabolite

Matrix

Fortification
concentration
(ng g-1 or
ng mL-1 for
seawater)

Mussels

10

83 ± 6

0.25

77 ± 10

0.22

Mussels
Seawater

10
1

104 ± 7
99 ± 7

n/d
0.02

61 ± 14
n/s

n/d
n/s

Water

10

96 ± 4

0.20

70 ± 24

0.20

Seawater
Salmon tissue

5
50

63 ± 20
94 ± 7

n/d
2.60

36 ± 27
n/s

n/d
n/s

Salmon tissue

5

92 ± 5

0.50

n/s

n/s

Salmon flesh

10

72 ± 6

2.60

20 ± 16

5. 34

This work

76
97 ± 18

n/d
1.10

27
90 ± 14

n/d
0.76

This work
Tauber et al. (2006)

80 ± 22

2.5

24 ± 37

n/d

This work

10
10
10
Seaweed
n/s: not studied, n/d: not determined.
Salmon skin
Lobster tissue

Mean
recovery
± CV (%)

LOD (ng g-1
or ng mL-1
for seawater)

Mean
recovery
± CV (%)

LOD (ng g-1
or ng mL-1
for seawater)

Reference

Schering-Plough
Animal Health (1998)
This work
Hicks et al. (1997)
Schering-Plough
Animal Health (1998)
This work
Kim-Kang et al. (2001)
Van de Riet et al.
(2001)

Although the recoveries presented here are somewhat lower than those reported by
Hicks et al. (1997), Schering-Plough Animal Health (1998), Kim-Kang et al. (2001)
and Van de Riet et al. (2001), the advantages of using a single method for the analysis
of different matrices and a single set of consumables and common equipment make this
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method attractive when analysing varied matrices present in and around aquaculture
facilities.
The observation of the chromatograms obtained from the analysis of each matrix
(Figure 4-2, 4-3, 4-4, 4-6 and 4-9) showed the elution of both emamectin and its
desmethylamino metabolite at the typical retention times (approximately 8 and 12
minutes respectively) established using the sediment method.

Furthermore, the

chromatograms showed no interferences from the different matrices allowing the
determination of both analytes. The blank chromatograms suggested low limits of
detections for all matrices. This confirmed not only the elution of both analytes of
interest in samples of seawater, salmon flesh and skin, mussel and seaweed but also the
specificity of the method.
Thus the proposed methodology reported herein provided a sensitive, reliable and
valuable tool in determining emamectin and its desmethylamino metabolite in matrices
found in fish farms and their surroundings.
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Chapter 5 LABORATORY BASED STUDIES OF THE FATE OF
EMAMECTIN BENZOATE AND ITS DESMETHYLAMINO
METABOLITE

5.1

Introduction

The use of veterinary medicines on animals plays an important part in the treatment and
prevention of disease in modern livestock. As with human pharmaceuticals, veterinary
medicines are extensively studied for side-effects and toxicological effects prior to
being placed on the market. However, there has been little documentation of their
potential environmental fate and effects (Halling-Sørensen et al., 1998; Boxall et al.,
2004). Most of the existing body of work considers antibiotics used on terrestrial
livestock while little is available on the fate of medicines used by the aquaculture
industry in the aquatic environment. From the early stages of their production and
during their use, veterinary medicines and their metabolites can be transported to the
various environmental compartments, especially water and soils (Boxall et al., 2003a;
Kümmerer, 2004). The entry of veterinary medicines into the environment can occur
either via their direct discharge during farming activities or via excretion of residues by
the animals (Halling-Sørensen et al., 1998; Boxall et al. 2003a and 2003b).
Figure 5-1 shows the pathways via which veterinary medicines may be released to the
environment. In the case of medicated in-feed products, uneaten medicine also provides
a direct route for chemicals to enter the environment (Lunestad et al., 1992, Samuelsen,
1992; Boxall et al. 2004).
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Medicine production
Therapy
Waste

Excrement

Environment / Landfill

Water:
surface, ground, sea

Soil, Sediment

Figure 5-1. Source and distribution of veterinary medicines in the environment
(Kümmerer, 2004).
The transport and movement of the medicine in the environment is highly dependent on
not only its physicochemical properties but also on the physical and biological
characteristics of the environmental compartment into which it is discharged. The
aquatic environment consists of four major compartments: Water, sediments, suspended
solids and biota (living organisms). In each of these compartments, different biotic and
abiotic processes occur.

These influence any changes to chemicals present in the

compartment. Veterinary medicines used in aquaculture initially dispersed within the
water column. However if the chemicals are immiscible or insoluble, their eventual
destination may be the sediment.

Moreover, previous studies have shown that

veterinary agents are often found in non-target organisms living in the vicinity of the
farms (Coyne et al., 1997; Samuelsen et al., 1992; Ervik et al., 1994). Therefore
establishing the fate of a chemical in the aquatic environment can be a complex process.
Direct evidence of the accumulation of a chemical in an environmental compartment
can be achieved by analysing (quantification) samples collected in-situ. However this
approach is not always possible. Reasons for this are various, for example some sites
cannot be sampled due to restricted access or there may only be a limited number of
sites where the discharge occurs. In such cases other methods have be used to predict
the environmental fate of potential pollutants. The simplest methods involve evaluating
the chemical and physical properties of the compound and modelling its likely fate in
the environment. Other methods involve laboratory studies of the fate of the compound
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using controlled conditions to study the stability or the partitioning of the compound
between different environmental matrices.
Studying the fate of a chemical in environmental systems, using standardised laboratory
experiments, is a routine practice used to collect data required for the registration of
medicines. The experiments are various including small scale tests, carried out with
small sample sizes under controlled environmental conditions (temperature, light, pH)
and larger scale tests, more realistic, tests which investigate the effects of the chemical
on populations of organisms. The larger the test, the less the environmental conditions
are controlled ranging from “green-house” environments to semi-field conditions; this
can show different fates for the individual chemicals.
With access to actual locations, where emamectin is used commercially, limited to
times when emamectin is being used and by logistical constraints, laboratory studies
were designed to evaluate both the stability and uptake of emamectin in some matrices
commonly found in the vicinity of fish farms. Sediment and seaweed were chosen for
such studies. Sediments are of interest as it is predicted to be the major sink for
emamectin discharged from fish farming operations (McHenery and Mackie, 1999).
Additionally, seaweed are of interest for a number of reasons including, their natural
abundance in coastal waters (especially on and around inshore fish farming localities),
the fact that they are primary producers at the base of the food chain and the recent
focus on adapting fish farming sites for polyculture where seaweed are cultivated in the
organic rich environment of fish farms either to be used directly in some form (Ahn et
al., 1998; Sanderson, 2006) or as food for other reared organisms such as urchins (Cook

and Kelly, 2007).
This chapter presents the results from two studies (1) the stability of emamectin
(introduced as free emamectin and in fish food) and of its desmethylamino metabolite in
two different sediments and under different temperature regimes, and (2) the uptake by
seaweed of emamectin benzoate from seawater.
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5.2

5.2.1

Materials and methods

The stability of emamectin benzoate and its desmethylamino metabolite in
sediment at two different temperatures

5.2.1.1 Materials
Standard solutions of emamectin benzoate (EBfree, 10 µg mL-1) and its desmethylamino
metabolite (DESfree, 10 µg mL-1) were freshly prepared in acetonitrile following the
method described in section 2.2.2.1. Medicated Slice® pellets (EBFeed), containing
4 mg kg-1 of emamectin benzoate, were supplied by Schering Plough Animal Health
(Penicuik, Scotland).
Sediments were collected at low tide from Loch Fleet (a large tidal basin located in
national Nature Reserve site, Sutherland, UK) and from the beach at Thurso Bay
(Caithness, UK), two locations uninfluenced by fish farming and shown to be free of
emamectin benzoate (Chapter 2). The Loch Fleet sediment was of a muddy consistency
and Thurso Bay sediment was predominantly sandy. These are referred to as “mud”
and “sand” respectively in the following work.

5.2.1.2 Methods

Experimental set-up
The stability of emamectin benzoate and its desmethylamino metabolite in sediment
was tested, over a three month period, using two different types of sediments (fortified
with either analyte) at two temperatures (4 and 14 ºC). The temperatures were selected
to represent a seasonal difference. The winter temperature for sediment in Scottish
lochs was estimated at 4 ºC. A difference of 10 ºC was then applied to obtain the
summer temperature, even though 14 ºC may be a high estimate for the summer season.
Table 5-1 summarises the experimental design.
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Table 5-1. Experimental design for the study of the stability of emamectin benzoate, in
the form of food pellets (EBFeed) or a standard solution (EBfree), and its desmethylamino
metabolite (DESfree) in two types of sediments and at two temperatures.
Fortification

Matrix
Mud

EBFeed
Sand
Mud
EBfree
Sand
Mud
DESfree
Sand
None
(negative
controls)

Mud
Sand

Storage
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC
4 ºC
14 ºC

Sampling

4 replicates collected at t = 0, 4,
14, 31, 45, 61 and 94 days.

2 replicates collected at t = 0, 4,
14, 31, 45, 61 and 94 days.

For both types of sediment, mud and sand, one kilogram of each material was fortified
with emamectin benzoate or its desmethylamino metabolite to an equivalent
concentration of 50 ng g-1. In order to achieve this, one kilogram of sediment material
was mixed with a portion of either (i) powdered medicated feed pellets (12.5 g –
equivalent to a concentration of 50 µg kg-1 of emamectin benzoate); (ii) a 10 µg mL-1
standard emamectin benzoate solution (5 mL) or (iii) a 10 µg mL-1 standard solution of
the desmethylamino metabolite (5 mL). One kilogram of untreated mud and one of
sand were used as negative controls.
After fortification, all sediments were thoroughly homogenised and 12 g sub-samples
placed in 50 mL polypropylene tubes with caps. Freshly collected seawater (1 mL)
from the Pentland Firth was added to create a water layer on top of each sediment
sample. The tubes were sealed and half of them were stored in a fridge at 4 ºC, with the
other half stored in an incubator at 14 ºC. Neither the fridge nor the incubator had
inside light when closed, thus the samples were stored in the dark.
Over a period of three months, samples (one tube representing one sample) were
removed from the fridge or the incubator and analysed. This process was repeated to

153

Chapter 5. Laboratory based studies of the fate of emamectin and its desmethylamino metabolite

provide seven time points.

The first time point, day 0, was the day of sample

preparation and as there had been no incubation, no differentiation was made between
the two incubation temperatures.

For each type of sediment two negative control

samples as well as four fortified samples of each analyte were taken for analysis.
Subsequently, samples were collected after 4, 14, 31, 45, 61 and 94 days of incubation.
On each of these days and for each sediment, four samples of EBFeed, EBfree and DESfree
for both temperatures were removed for analysis. In addition, two sand and two mud
negative controls from both temperatures were removed (see Table 5-1). The samples
were either processed on the day of collection or stored at <-15 ºC until further analysis.

Samples analysis
The samples were homogenised and analysed following the sediment analysis method
described in Chapter 2. The samples were analysed by sediment type therefore a total
of 28 sand samples and 28 mud samples were prepared on different days. A series of
standard solutions of emamectin and its metabolite were analysed in parallel with the
samples as method controls.

Data analysis
The concentration data obtained for the different analytes were subjected to a range of
statistical analyses using SPSS for Windows (version 14.0). Firstly, the assumption that
each analyte datasets distribute normally was assessed using the Kolmogorov-Smirnov
(K-S test) goodness to fit test. Then, for each of the four incubation process i.e. sand at
4 ºC, sand at 14 ºC, mud 4 ºC and mud at 14 ºC, the relationship between the detected
concentration of analyte and the time was assessed against a straight line fit using the
linear regression function. The regression also allowed relational differences between
the concentrations detected from two temperatures in a similar sediment type to be
observed.
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5.2.2

Uptake of emamectin benzoate by P. palmata under laboratory conditions

5.2.2.1 Materials
Fresh and young P. palmata fronds were collected in July 2005 from the intertidal zone
of Thurso Bay (Scotland) at low tide. The species was collected as it was in abundance
within the rock pools of Thurso Bay. Seaweed samples were immediately transported
to the laboratory in buckets filled with fresh seawater. Chemicals and reagents used for
the cultivation media were purchased from Aldrich (Gillingham, England). Aquarium
air stones, pumps (Rena® Air 100, max flow 72 L h-1) and corresponding tubing were
purchased from a local retail outlet.

Preparation of working solutions
The cultivation of the algae requires a mixture of various vitamins and minerals for
maximum algal growth. F/2-Si media (Guillard and Ryther, 1962) was chosen for this
study.

The removal of silicate from the f/2 medium reduces the growth of

contaminating diatoms. Stock solutions of sodium nitrate and sodium phosphate were
prepared by dissolving NaNO3 (75.0 g) and NaH2PO4.H2O (5.0 g) respectively in 1.0 L
of distilled water. F/2 trace metal and vitamin solutions were prepared as follows. F/2
trace metal solution consisted of FeCl3.6H2O (3.15 g), Na2EDTA.2H2O (4.36 g),
CuSO4.5H2O (9.8 g L-1 dH2O; 1.0 mL), NaMoO4.2H2O (6.3 g L-1 dH2O; 1.0 mL),
ZnSO4.7H2O (22.0 g L-1 dH2O; 1.0 mL), ZnSO4.7H2O (22.0 g L-1 dH2O; 1.0 mL),
CoCl2.6H2O (10.0 g L-1 dH2O; 1.0 mL) and MnCl2.4H2O (180.0 g L-1 dH2O; 1.0 mL)
per litre of distilled water. F/2 vitamin solution consisted of vitamin B12 (1.0 g L-1
dH2O; 1.0 mL), biotin (0.1 g L-1 dH2O; 10.0 mL) and thiamine HCl (0.2 g) per litre of
filtered and purified MilliPore water.
The solutions of sodium nitrate, sodium phosphate and trace metals were autoclaved at
121 °C for 15 min (Dixons Vario 19, 1.5 bar) and stored at room temperature. The
vitamin solution was stored at 4 °C for the duration of the study and filter sterilised
through a sterile 2 µm syringe filter (Nalgene) before use.
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The F/2-Si media was prepared by adding 1.0 mL of the NaNO3 solution, 1.0 mL of
NaH2PO4 solution, 1.0 mL of f/2 trace metal solution and 0.5 mL of the vitamin
solution to 1 L of seawater which had been filtered using both glass wool (placed in the
neck of a funnel) and a Whatman filter GF/A 42.5 mm Ø (Whatman International Ltd,
Maidstone, England).

5.2.2.2 Methods
The experiment was carried out in two stages, the initial stage being the cultivation of
P. palmata and the second being the introduction of emamectin benzoate to the growing

seaweed to assess its uptake.

Cultivation of P. palmata – experiment set-up
P. palmata fronds were gently rinsed with seawater, to remove associated debris,

pat-dried with a tissue and cut into 2-3 cm long pieces prior to being weighed and
distributed equally between four plastic buckets of 8 L capacity (10.0 ± 0.5 g of
seaweed per bucket). Each bucket was then filled with 4 litres of seawater enriched
with f/2-Si media. Three buckets were aerated by means of an air stone linked to an
aquarium air pump; the fourth bucket was not aerated.
The buckets were then set up under natural light conditions either in the laboratory
(indoor conditions) where the temperature varied between 18 and 26 ºC or outdoors at a
constant temperature of 15 ºC. Constant temperature was obtained by placing the
buckets in larger tanks connected to a continuous temperature controlled water flow
source which passed through the tanks. The seaweed was maintained in the f/2 medium
enriched seawater and checked daily.
For each bucket, the seawater and media was changed once a week, every week for six
weeks (July – August 2005). At each change, the buckets and air-stones were cleaned
with distilled water to remove unwanted growth of unidentified algae. The growth of
the seaweed was determined by measuring the increase in total biomass in each bucket
at weekly intervals. Each week, when the growth medium was changed, the seaweed
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was drained, surplus water removed by drying on absorbent paper before the seaweed
was weighed (Neori et al., 2000).

Introduction of emamectin
After four weeks the mass of seaweed had steadily increased, suggesting its established
growth. At the beginning of the fifth week, 40 µg of emamectin benzoate was added to
two of the four buckets (buckets 1 and 3). The seaweed was exposed to this single
addition of emamectin for seven days i.e. the entire duration of week 5. At the end of
week 5, portions (10.00 ± 0.01 g) of the seaweed were taken from each bucket for
analysis. The inside walls of the buckets were rinsed with methanol (50 mL) which was
kept for analysis. Triplicate samples (10 mL) of the enriched seawater were also
collected for analysis. After this, there was no seaweed left in bucket 4. However, the
remaining seaweed in buckets 1, 2 and 3 were incubated in fresh seawater media (no
emamectin was added) for a further week (week 6). At the end of week 6, seaweed
portions in each of the three buckets were removed for analysis. Samples of seawater
and methanol washes from the bucket walls were also analysed.

Analysis of samples
Seaweed and the seawater samples, collected at the end of both weeks 5 and 6, were
analysed for emamectin benzoate following the methods described in Chapter 4. The
methanol washes were sub-sampled (10 mL) and concentrated to 1 mL and analysed as
described in Chapter 4 with the omission of the extraction step.

5.3

5.3.1

Results

Stability of emamectin benzoate and its desmethylamino metabolite in
sediment under laboratory conditions

No peaks, either at the typical retention time of emamectin benzoate or its
desmethylamino metabolite, were observed for any of the blank samples. Thus the
blank samples confirmed that both Thurso sand and Loch Fleet mud sediments were
originally free from emamectin and that there had been no cross contamination between
the samples during the time of the study. For the seven time points, HPLC analysis of
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the sediment samples stored under different conditions, 4 or 14 ºC, the concentration of
feed emamectin or its desmethylamino metabolite in each type of sediment was
determined. These concentrations are presented in Tables 5-2 to 5-4 in following
sections.

5.1.1.1 Stability of emamectin, introduced in the form of feed pellets, in sediments
The data for the determination of emamectin, introduced in the form of feed pellets, in
sand and mud at different storage temperatures are given in Table 5-2.

Overall,

emamectin concentrations were slightly lower in the sand samples than in the mud
samples with average values of 27.3 ng g-1 at 4 ºC and 27.0 ng g-1 at 14 ºC for the sand
samples and 31.3 ng g-1 at 4 ºC and 29.5 ng g-1 at 14 ºC for the mud samples.

Table 5-2. Mean concentrations of EBFeed in the mud and sand sediments when stored
at 4 and 14 ºC on the seven sampling dates. Standard deviations (SD) are shown in
brackets.
Mean Concentration (n=4) of EBfeed in ng g-1 (SD)
Mud
Time (days)
0

Sand

4 ºC

14 ºC

4 ºC

32.1 (7.6) *

14 ºC
27.2 (5.3) *

4

25.6 (7.1)

34.1 (4.2)

17.4 (9.0)

25.8 (10.2)

14

33.7 (10.6)

26.5 (5.1)

27.5 (5.9)

29.4 (6.1)

30

28.4 (3.5)

25.2 (5.0)

33.9 (11.2)

26.3 (5.5)

45

37.1 (6.1)

33.8 (2.4)

28.3 (8.4)

26.6 (4.9)

61

28.2 (4.8)

22.5 (2.3)

29.6 (1.7)

25.6 (3.4)

94

34.0 (5.6)

32.4 (2.3)

27.1 (5.2)

27.9 (6.4)

*Although the number of replicates is 4, no incubation had been taken place at this time.

Figure 5-2, which illustrates the data from Table 5-2, shows the mean concentrations of
emamectin determined at individual time points over the 94 day period in both sand and
mud sediments stored at 4 and 14 ºC. Although there is some variability between
individual time points the concentration remains more or less constant over the entire
time period in both sediment types at both temperatures.
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Figure 5-2. Stability of emamectin, introduced in the form of feed pellets, in both sand
and mud sediments stored at both 4 ºC and 14 ºC over 94 days.
In the sand samples stored at 4 ºC the mean concentration varies between 17.4 ng g-1 at
day 4 and 33.9 ng g-1 at day 30 while the mean concentration of those stored at 14 ºC
varies between 25.6 ng g-1 at day 61 and 29.4 ng g-1 at day 14. Similarly, the mean
concentration determined in the mud samples stored at 4 ºC varies from 25.6 ng g-1 at
day 4 and 37.1 ng g-1 at day 45 while the mean concentration of those stored at 14 ºC
varies between 22.5 ng g-1 at day 61 and 34.1 ng g-1 at day 4.

Data analysis
After running the K-S test the assumption that there was no statistically significant
difference between the data set for EBFeed and a normal distribution was accepted
(p=0.952). Figure 5-3 shows the relation between the concentration of EBFeed and time
for each of the conditions of incubation. Even though the regression trends for three of
the scatterplots, Sand 4 ºC, Sand 14 ºC and Mud 4 ºC, show a slight rise i.e. R-square
greater than zero, there was no significant trend (p > 0.05) between the concentrations
of emamectin over the time for any of the four conditions.

Furthermore, it also

demonstrates that there is no significant difference between the concentrations detected
at 4 and 14 ºC for each of the sediment type over the timescale studied.
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Sand 4 ºC

Sand 14 ºC

Mud 4 ºC

Mud 14 ºC

Figure 5-3. Scatterplots of the concentration in ng g-1 of EBFeed (n=4) against time in
days (samples were analysed at seven time points: 0, 4, 14, 30, 45, 61 and 94). The
equation of the regression line and the coefficient of correlation (“R-Square”) are also
shown.
5.1.1.2 Stability of emamectin introduced as a standard solution in sediments
The mean concentrations of emamectin, from standard solution, found over the 94 day
period in fortified sand and mud sediments both stored at 4 and 14 ºC are summarised in
Table 5-3. Overall, for both sediments, the concentrations did not show significant
variability; although the concentrations determined in the mud samples were higher than
those for the sand samples. On day 0, the initial mean concentrations for the mud and
the sand samples were 33.3 ng g-1 and 23.3 ng g-1 respectively. Furthermore, on
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average over the 94 day study the concentrations in the mud samples were 38.4 ± 6.1
and 36.1 ± 7.5 ng g-1 at 4 and 14 ºC; whereas in the sand samples these were 21.1 ± 4.2
and 23.9 ± 5.4 ng g-1 respectively.

Table 5-3. The concentrations of EBfree found in both sediments and both storage
conditions for 94 days.
Concentration (ng g-1) of EBfree (SD)
Mud
Time (days)
0

Sand

4 ºC

14 ºC

4 ºC

33.3 (4.7)

14 ºC
23.3 (1.9)

4

34.2 (1.8)

34.7 (1.7)

12.2 (0.9)

12.1 (2.3)

14

38.0 (0.7)

30.1 (6.2)

22.9 (6.1)

24.5 (1.3)

30

34.4 (2.2)

34.6 (0.6)

22.2 (0.9)

27.1 (2.4)

45

49.4 (8.5)

51.2 (4.2)

19.1 (1.9)

26.9 (1.1)

61

35.5 (1.4)

29.1 (5.0)

24.2 (2.0)

27.7 (2.2)

94

44.0 (1.9)

39.7 (4.2)

22.7 (3.3)

25.7 (5.5)

Figure 5-4 illustrates the mean concentrations of emamectin, EBfree, determined, over
the study period, in both sediments under both temperature conditions. It is apparent
that the general trend of the concentrations of the sand samples is different to that of the
mud samples. However, for both sediments, the trends were almost identical at both
temperatures; with the exception of the concentrations in the sand samples stored at
14 ºC being slightly higher compared to these stored at 4 ºC.
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Figure 5-4. Stability of emamectin benzoate from standard solution in both sand and
mud sediments stored at both 4 ºC and 14 ºC over 94 days.
The mean concentrations in the sand samples remained relatively constant over the
study period; with the exception of day 4 where it was lower. The minimum mean
concentrations were 12.2 ng g-1 for the samples stored at 4 ºC and 12.1 ng g-1 for those
stored at 14 ºC. The maximum mean concentration were found on day 61, 24.2 ng g-1,
for the sand samples stored at 4 ºC was and 27.7 ng g-1, for the samples stored at 14 ºC.
The mean concentration of emamectin measured in the mud samples were on the whole
stable over the 94 day study, with an atypical increase observed on day 45. The mean
concentrations found in the mud samples stored at 4 ºC ranged between 33.3 ng g-1 (day
0) and 49.4 ng g-1. In the samples stored at 14 ºC, the mean concentrations varied
between 29.1 ng g-1 (day 61) and 51.2 ng g-1.

Data analysis
The distribution of the dataset for EBfree was not significantly different to a normal
distribution (K-S test, p=0.581). The linear regressions illustrated in Figure 5-5 showed
that there was no significant relationship between the concentrations of EBfree detected
in the sand at 4 ºC and time nor between the concentrations detected in the mud samples
stored at 14 ºC and time.

However, there was a significant relation between the

concentrations in both sand at 14 ºC (p = 0.007) and the mud at 4 ºC (p = 0.004) over
time. In these cases the trend showed a slight increase in concentrations over time,
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however this relation was very weak as shown by the very low the coefficient of
correlation, R2 = 0.24 and R2 = 0.27 respectively.

Sand 4 ºC

Sand 14 ºC

Mud 4 ºC

Mud 14 ºC

Figure 5-5. Scatterplots of the concentration in ng g-1 of EBfree (n=4) against time in
days (samples were analysed at seven time points: 0, 4, 14, 30, 45, 61 and 94). The
equation of the regression line and the coefficient of correlation (“R-Square”) are also
shown.
5.1.1.3 Behaviour of desmethylamino metabolite in sediments
The mean concentrations of the desmethylamino metabolite, DESfree, found during the
study are presented in Table 5-4. For both sediment types, the concentrations stayed
relatively stable over the study period. The initial mean concentrations were 33.3 ng g-1
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in the mud samples and 23.3 ng g-1 in the sand samples. On average, over the 94 days,
the concentrations of the mud samples stored at 4 and 14 ºC were 19.2 ± 3.0 ng g-1 and
17.9 ± 2.5 ng g-1 respectively, compared to 10.9 ± 3.2 ng g-1 (at 4 ºC) and 12.0 ±
2.6 ng g-1(at 14 ºC) in the sand samples.

Table 5-4. The concentrations of DESfree found in both sediments and both storage
conditions for 94 days.
Concentration (ng g-1) of DESfree (SD)
Mud
Time (days)
0

Sand

4 ºC

14 ºC
15.6 (1.1)

4 ºC

14 ºC
15.8 (2.3)

4

20.7 (2.7)

19.9 (0.9)

5.5 (2.0)

7.5 (0.7)

14

19.9 (2.0)

19.4 (1.2)

12.2 (1.7)

10.9 (2.0)

30

20.1 (1.5)

18.6 (1.7)

11.7 (4.0)

13.4 (2.4)

45

24.2 (3.4)

21.2 (2.8)

9.8 (1.3)

12.0 (2.9)

61

15.7 (1.3)

14.6 (2.7)

9.4 (2.5)

11.2 (5.5)

94

18.4 (0.3)

16.0 (3.0)

12.0 (2.2)

13.3 (4.0)

The mean concentrations of desmethylamino metabolite detected in both sand and mud
stored at both 4 and 14 ºC are plotted against the time in Figure 5-6.
The concentrations found in the sand samples follow a comparable trend for both
storage conditions, being very stable for the 94 day study period with exception of
lower values on day 4. For sand samples stored at 4 ºC the concentrations vary between
5.5 and 12.2 ng g-1. For those stored at 14 ºC, the mean values range between 7.5 and
13.4 ng g-1.
The concentrations in the mud samples also show a stable trend over the time. The
minimum mean concentration of desmethylamino metabolite in the mud samples was
15.6 ng g-1 (on day 0). The maximum mean concentration were found on day 45,
24.2 ng g-1, for the sand samples stored at 4 ºC was and 21.2 ng g-1, for the samples
stored at 14 ºC.
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Figure 5-6. Stability of desmethylamino metabolite from standard solution in both sand
and mud sediments, stored at both 4 ºC and 14 ºC, over 94 days.
Data analysis
The distribution of the dataset for DESfree was not significantly different to a normal
distribution (K-S test, p = 0.727).

The linear regressions showed no significant

correlation between the concentration of desmethylamino metabolite and either of the
conditions tested (p > 0.05).
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Sand 4 ºC

Sand 14 ºC

Mud 4 ºC

Mud 14 ºC

Figure 5-7. Scatterplots of the concentration in ng g-1 of DESfree (n=4) against time in
days (samples were analysed at seven time points: 0, 4, 14, 30, 45, 61 and 94). The
equation of the regression line and the coefficient of correlation (“R-Square”) are also
shown.

5.3.2

Uptake of emamectin benzoate by P. palmata

5.3.2.1 Cultivation of P. palmata

Indoor conditions
The P. palmata samples, incubated at room temperature, rapidly lost pigmentation and
were dead within a week. It was concluded the temperature varying unpredictably
166

Chapter 5. Laboratory based studies of the fate of emamectin and its desmethylamino metabolite

between 18 and 26 ºC coupled with high light levels through the laboratory windows
were inadequate for the culture of algae.

The experimental design was therefore

modified to provide more natural temperature and light regimes.

Outdoor conditions
The mass of P. palmata in each bucket over the five week time period is shown in
Figure 5-8.
60

Addition of emamectin

bucket 1

mass of Palmaria palmata (g)

bucket 2
50

bucket 3
bucket 4

40

30

20
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Figure 5-8. Growth of P. palmata under outdoor conditions.
Under the outdoor conditions, the seaweed showed continuous and regular growth,
every week. Starting with an average biomass of 10.18 g per bucket, after 5 weeks the
fresh biomass on average increased to 36.47 g, with 54.65 g being the maximum
biomass recorded in bucket 3. The minimum growth was observed in bucket 4, which
did not have any air stone to assist in aerating the water/medium (in response to
equipment availability), confirming that a steady growth would be optimised with the
presence of air circulation creating water/medium movement in the bucket.

A

comparison of the weekly growth rates is shown in Table 5-5.
The seaweed in buckets 1, 2 and 3 had grown 32, 28 and 42 % weekly between week 0
and 4. Following the addition of emamectin at week 4, the seaweed weekly growth
rates, in bucket 1 and 3, decreased only slightly to 29 and 33 % over this short time
period. Thus emamectin did not seem to affect the growth of P. palmata.
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Table 5-5. Growth rates of P. palmata. The weekly growth rate between week 0 and
week 5 is the average of the five individual weekly growth rates (i.e. growth rate
between week 0 and 1, week 2 and 1, and so on).
Weekly growth rate (%)
Bucket

Weeks 0-4
(average)

Weeks 0-5
(average)

Week 4-5

1
2
3
4

32
28
44
12

31
27
42
12

29
25
33
14

5.3.2.2 Emamectin benzoate analysis
At the end of week 5, concentrations of emamectin benzoate in P. palmata samples, the
seawater/media and in the methanol rinses of the buckets walls were determined. These
are reported in Table 5-6.

Table 5-6. Concentration of emamectin benzoate uptake from the seawater/media after
one week.
Matrix

Bucket

Replicates

1

Mean detected emamectin benzoate concentration (ng g-1)
Week 5

Week 6

2

2.5

n/d

2

1

n/d

n/d

3

3

0.6

n/d

4

1

n/d

n/d

1

3

n/d

n/d

Seawater

2

3

n/d

n/d

(F/2 enriched)

3

3

n/d

n/d

4

3

n/d

n/d

1

3

n/d

n/d

2

3

n/d

n/d

3

3

n/d

n/d

4

3

n/d

n/d

Seaweed

Methanol wash
(from bucket
walls)

n/d = emamectin benzoate not detected.

There was no emamectin found in either the seaweed, seawater or methanol rinses of
both negative controls (buckets 2 and 4). Additionally no emamectin was detected in
the seawater or methanol rinses from buckets 1 and 3; yet emamectin was found in the
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seaweed which had been incubated with emamectin for a week (bucket 1 and 3). The
concentrations of emamectin in the plants were however low, 2.6 ng g-1 in bucket 1 and
0.6 ng g-1 in bucket 3; the maximum concentration being equivalent to only 0.2 % of the
emamectin input.
Following the first analysis, the seawater had been renewed and the seaweed incubated
for a further week. A second analysis of the remaining plants, seawater and methanol
rinses of the bucket walls, was carried out at the end of week 6. No emamectin was
detected in any of the samples.

5.4

Discussion

Stability of emamectin in sediments
The rapid growth of the aquaculture industry has undoubtedly been accompanied by an
increase of waste released into the environment around fish farms and thus raising
concerns regarding the impact of fish farming on the marine environment.

The

increased amount of organic matter, nutrients and chemicals (mainly in uneaten feed
and faeces) released into the surrounding waters and underlying sediments is of
particular concern (Gowen and Bradbury, 1987; Hall et al., 1990; Pearson and Black,
2001; Ernst et al., 2001). Most of these waste products will degrade, in the aquatic
environment, via abiotic (hydrolysis, photodegradation) and biotic (usually from microorganisms) processes (Sakrabani and Boxall, 2007).

However, the persistence of

certain compounds in the water column and sediments, their effect on the sediment
chemistry and their presence in non-cultured organisms have been identified as major
issues due to their potential toxicity (Schneider, 1994; GESAMP, 1997; Davies et al.,
1997; Read and Fernandes, 2003).
Several types of chemicals are associated with these issues. In the case of veterinary
medicines used in aquaculture, the persistence of antibacterial agents such as
oxytetracycline and quinolones and antiparasitic agents such as ivermectin and
diflubenzuron have been investigated (Jacobsen and Berglind, 1988; Samuelsen, 1989;
Björklund et al., 1991; Coyne et al., 1994; Samuelsen et al., 1994; Hektoen et al., 1995;
Capone et al., 1996; Davies et al., 1997; Cannavan et al., 2000; Selvik et al., 2002).
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These chemotherapeutic agents are usually used in the form of medicated feed pellets.
Following therapy, uneaten and digested feed constitute the major part of the fish farm
organic waste output (Harvey and Phillips, 1996). It is well documented that this
organic waste impacts greatly the seabed (Macleod et al., 2004) and modifies the
sediments in and around fish farms by increasing the load of organic material, therefore
shifting decomposition processes from aerobic to anaerobic (Harvey and Phillips,
1996).
The physicochemical properties of emamectin benzoate (Chapter 1) suggest that it is
likely to accumulate in soil and its use in marine aquaculture ultimately leads to its
deposition in sediments below and around fish farm cages. As with other medicated
compounds administered as premixes coated on fish feed, emamectin can enter the
environment directly as uneaten food and/or as excreta. McHenery and Mackie (1999)
reported that around 10 % of the assimilated emamectin coated feed is immediately
excreted following a treatment and that emamectin is present in fish faeces for a 3 to 4
month period after treatment. This implies that the deposition of emamectin on the
seabed occurs not only during but also following treatment. Although this has been
established there is still little information about the fate of emamectin once in the
sediments.

To address this, a laboratory experiment was set-up to investigate the

behaviour of emamectin and its desmethylamino metabolite in anaerobic marine
sediments, a condition chosen to represent the depletion of oxygen caused by the
sedimentation of feed under a fish farm. The behaviour of both emamectin and its
desmethylamino metabolite was studied by measuring their concentrations in two
different types of sediments and at two temperatures over a three month period. The
results showed no significant reduction in the concentration of both analytes under the
conditions tested. This indicates that, under conditions similar to those used here,
neither emamectin nor its desmethylamino metabolite degraded when in anaerobic
marine sediment.
Previous studies on the persistence and degradation of emamectin in sandy loam soil
systems have showed that emamectin half-lives varied, depending on oxygen content,
between 193.4 days and 427 days in aerobic and anaerobic soils respectively
(McHenery and Mackie, 1999). Furthermore, when investigated in marine sediment
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under anaerobic conditions emamectin half-life was reported to be between 164 and 175
days (SEPA, 1999). In accordance with these studies, it would have been expected to
observe a slight decrease in the concentration of emamectin at the end of the 94 day
study, even though this timescale might have been limited. However, the stability of
emamectin whether in feed form or in solution, confirmed the persistent nature of
emamectin in anaerobic sediments.

In addition, neither the matrix type nor the

temperature showed a significant correlation with the analytes concentrations. This
implies that the stability of emamectin and its desmethylamino metabolite within marine
sediments is independent of the sediment texture and characteristic as well as being
independent of the temperature at which it is incubated (4 or 14 °C). These results are
substantiated by Mushtaq et al. (1996a) who reported that emamectin is bound strongly
and possibly irreversibly to soil particles and that this immobility was similarly
independent of the soil texture and organic carbon content. Consequently, the fact that
the stability of emamectin is independent of the sediment type implies that the selection
and positioning of future fish farms on the basis of the sediment characteristics is
unlikely to have any effect on the degradation of emamectin in anaerobic sediments
found at the site. However, it can be considered that, under conditions similar to the
ones used in the study, there might be a risk of emamectin accumulated in the sediment
as a result of repeated Slice® therapies.
In general, the results of the study were comparable to the findings of previous
laboratory based studies which had investigated the fate of other medicinal compounds,
used in aquaculture, in marine sediments.

For example, Selvik et al. (2002) had

reported the persistence and the stability of diflubenzuron in similar conditions to those
studied. Furthermore the results also reflect findings from field studies (more common)
such as the study by Davies et al. (1998) which reported a very slow degradation of
ivermectin in marine sediments. Overall, such findings raise concerns on the direct
impact of these chemicals on organisms living in the sediment under and in the vicinity
of fish farm cages. The potential toxicity (usually due to the mode of action of the
chemical) and, in the case of the antibacterial compounds, the possible development of
resistance are some of the issues which have already been investigated. In the case of
emamectin, studies which aimed at evaluating its effect on sediment dwelling species,
macrobenthic fauna and planktonic copepods have shown that risks were low or
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unlikely when using the recommended dosage (Davies et al., 1998; Schering Plough
Animal Health, 2002; Willis and Ling, 2003; Telfer et al., 2006).
Although the trend for the concentration of emamectin and its desmethylamino
metabolite observed in both the sand and mud samples was not different for the two
types of sediment over time; the concentrations determined in the mud samples were
significantly higher than those determined in the sand samples. While this experiment
was not aimed at assessing the recovery from sediment samples, the results differed
from those found in Chapter 2 where it was demonstrated that the method was robust
across a range of sediments. The difference between the recovered concentrations in
both sediment types was apparent from t0, the day of the preparation. This difference
was observable over the entire study period. Thus the difference was not due to the
incubation period. Moreover, the initial concentrations of emamectin benzoate (both
under the form of feed pellet or standard solution) and its desmethylamino metabolite in
both sand and mud samples showed lower recovery compared to the introduced
concentrations. The fact that the recoveries differed significantly between the two
sediments could be a direct result of the sample preparation. Here a bulk sample was
prepared and fortified before being subsampled. The preparation involved manually
mixing a small volume of emamectin in a large volume of sediment in a plastic vessel
using a spatula. Since the values found for the standard deviation calculated for each
set of four samples ranged between 0.3 and 11.2 the mixing technique was not
considered to be the cause of the disparity between the recoveries.
However, experiments carried out in the Environmental Research Institute showed that
emamectin has a strong affinity for plastic such as polyethylene when in aqueous
solution, implying that the plastic and the sediment will be competing to absorb
emamectin. Therefore, the difference between the recoveries might have been caused
by emamectin sticking to the vessel walls during the sample preparation. It can be
assumed that, when introduced in the vessel and one kilo sediment sample, emamectin
had a shared affinity for either the sediment or the vessel walls. This could also explain
why the target concentration, 50 ng g-1, could not be recovered. In this case the amount
that ends up in the sediment is determined by its affinity for both the vessel wall and the
sediment type. It seems that in the study, emamectin had a tendency to stick to the
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vessel walls. Nonetheless, the difference between the concentrations recovered from
mud and sand sediments does not influence the findings of the laboratory study as to the
behaviour of emamectin and it desmethylamino metabolite was unaltered over the three
month study in each of the experimental set-ups. For further similar studies, in order to
minimise the loss of emamectin, it would be sensible, to use vessels made from a
material for which emamectin has no affinity, in the preparation step.
Overall, this study investigated the stability of emamectin and its desmethylamino
metabolite within different sediment textures, at different temperatures, however only
under anaerobic conditions. Emamectin and its desmethylamino metabolite deposited
in sediments under anaerobic conditions would not be expected to be transported out of
this environmental compartment, unless the sediment itself moved or is moved by fauna
and flora (bioturbation).

Therefore if emamectin was deposited under anaerobic

conditions it may persist in the environment.

However, this might have to be

considered with some caution as while anaerobic sediments were common in around
fish farming sites at one time, the use of modern husbandry practices attempt to reduce
the development of anaerobic zones to areas directly under the cage.

Uptake of emamectin by seaweed
P. palmata is a common seaweed species found on both sides of the North Atlantic

Ocean from the Arctic to cold-temperate regions (Lüning, 1990). Historically it has
been harvested in Northern Europe and North America where it is used for direct
consumption or as dietary supplement. Since P. palmata has some economic value it
has become an attractive species for integrated mariculture systems and indeed the farm
where the field work was carried out in this thesis (Chapter 6) is actively investigating
the possibility of utilising P. palmata in such a system (Matos et al., 2006; Sanderson et
al., 2006; 2008). The cultivation of the species using rope systems where thalli are

collected from the wild and inserted into strings suspended around the farm to intercept
nutrients, has been successfully trialled on Northern Ireland and Spain (Browne, 2001;
Martinez et al., 2006; Pang and Lüning, 2006). Although the beneficial uptake of
nitrogen by the seaweed has been reported (Troell, 2003; Sanderson, 2006), the
possibility of the accumulation of the hazardous chemicals, used during the farming
operations, in the growing seaweeds has not been investigated. This is an important
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issue that should be addressed if these new polyculture systems are to be implemented
successfully. The laboratory-based study that was performed in this chapter aimed at
investigating the possible uptake of emamectin by growing P. palmata. This required
two phases (1) the successful cultivation of the seaweed and (2) the determination of the
emamectin uptake by P. palmata following an incubation period with the compound.
When incubated under outdoor conditions (air-agitated F/2 enriched seawater, at 15 ºC,
with summer natural light) P. palmata exhibited satisfactory growth within four weeks.
Furthermore, there was no sign of interruption of this growth when emamectin was
added. After incubation with the compound for one week (i.e. at the end of week 5),
emamectin was detected, at low levels, in the seaweed. However none was detected in
the samples collected two weeks after the addition of emamectin (at the end of week 6).
In addition, the aqueous samples taken from the buckets where the seaweed were
incubated and the methanol washes taken from the walls of these buckets showed no
detectable levels of emamectin. With 40 µg of emamectin being added to each bucket a
mass balance indicates that less than 1 % of the emamectin added to the system was
recovered after one week incubation and none after two weeks.

It was therefore

concluded that in the long term, under the experimental conditions used, emamectin is
not accumulated by P. palmata. However, this conclusion is based on short term data
and would have been stronger if the study had been carried out for a longer period and /
or with repeated addition of emamectin. Furthermore, to avoid potential photolysis, it
could have been considered to add emamectin at dusk for several nights.
The most plausible explanation for the loss of emamectin during the experiment is
through photodegradation. However, although emamectin is extremely sensitive to
light, this had to be balanced with the need for direct sunlight to allow the algae to
survive the experiment. McHenery and Mackie (1999) reported that emamectin halflife in aqueous media (phosphate buffer, pH 7), under continuous artificial light, varies
between 13.3 hours and 64.5 days depending on the co-solvent used. The longest halflife of 64.5 days was reached for a solution of emamectin in water containing 1 % (v/v)
acetonitrile.

Under autumnal natural sunlight, the photodegradation half-life of

emamectin ranged between 1 and 22 days (Mushtaq, 1995).
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The photodegradation products reported include polar residues and the metabolites: 8,9Z isomer of MAB1a, 8a-hydroxy-MAB1a, 8a-oxo-MAB1a, and N-desmethyl MAB1a.
(Roberts and Hutson, 1997). A number of these products are not greatly dissimilar to
emamectin itself and would be expected to form fluorescent derivatives upon treatment
with NMIM and TFAA.

However there was no evidence of any of the reported

photodegradation products in the HPLC chromatograms obtained from any of the
matrices tested. This suggests that these compounds might not be the products of the
degradation which occurred during the study carried in this chapter or more likely the
degradation was probably more extensive to produce products not detectable using the
analytical technique used here.
The fact that a small portion of emamectin was detected in the plants after treatment
shows that, in the short term emamectin survived the environmental conditions. The
concentrations of emamectin in the two seaweed samples analysed after incubation with
emamectin (at a target concentration of 10 ng ml-1 in the aqueous phase) were 2.5 and
0.6 ng g-1. The amount recovered represents less than 1 % of amount added. This
suggests a half-life of less than 1 day which is at the lower end of the range reported by
McHenery and Mackie (1999). It should also be noted that emamectin was only found
in the seaweed samples from the incubation and was not detected in the liquid medium
or in the methanol washes from the vessel walls. This suggests that emamectin might
be offered some sort of protection from photolysis by association with the seaweed.
Seaweeds have sophisticated mechanisms for both harvesting light (photosynthesis) and
protecting the plants from harmful levels of solar radiation (Bischof et al., 2006). The
emamectin present in the seaweed samples could either be associated with the seaweed
surface through incorporation into the surface biofilm of the plant or assimilated into the
seaweed tissue. It is therefore possible that emamectin associated with the seaweed
samples could benefit from the UV screening mechanisms utilised by the plant itself
slowing the rate of photodegradation. Although seemingly significant in the short term
(1 week) such mechanisms do not protect the emamectin for longer periods.
The fact that P. palmata does not appear to accumulate emamectin has important
implications in its potential use in developing integrated aquaculture and polyculture
systems. These systems are designed to improve the dispersal of dissolved nutrients
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from fish farming operations using nutrient assimilating photoautrophic seaweeds and
solar energy to turn the nutrients into a secondary product of the primary aquaculture
activity (Neori et al., 2004). The potential uses of seaweeds cultured in polyculture are
various ranging from their direct use in foodstuff, either for human or for animal
consumption, to the extraction of high value natural products such as pharmaceuticals,
nutraceuticals and cosmoceuticals.

In the case of polyculture systems where the

seaweed products are destined for consumption either by humans or animals it is
important that the hazardous chemicals used in the fish farming operations are not
allowed to reach unacceptable levels in the final product. This aspect of polyculture
seems to have been largely overlooked. However in the case of P. palmata, and most
likely seaweeds in general, the accumulation of emamectin should not represent a
significant obstacle to the developing industry.

Summary
Being the active compound of a veterinary medicine used in the aquaculture, emamectin
benzoate and its metabolites, such as desmethylamino metabolite, are known to enter in
the aquatic environment. Uneaten feed and excrement are major routes to the water
compartment, sediment and other non-target organisms. This study confirmed that the
environmental risk associated with emamectin benzoate being accumulated in marine
organisms can be considered to be low to moderate (Scottish Executive, 2002).
However the timescale of the present study is relatively small and gives little
information on the long-term fate of emamectin in the field. Most of the data available
on the fate of emamectin in marine sediments have been generated from laboratory
based assessments which were carried out prior to emamectin coming to the market as
Slice®. The experiment carried out in this chapter might be considered as an insight as
to what to expect on a fish farm site. A field experiment to investigate the spatial
dispersion or distribution on emamectin and its desmethylamino metabolite in the
sediment and other biota following a treatment would give a more realistic overview.
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Chapter 6 THE FATE OF EMAMECTIN BENZOATE IN THE
MARINE ENVIRONMENT – A CASE STUDY OF A WORKING
SALMON FARM
6.1

Introduction

Scottish fish farms are typically situated close to the shoreline in sheltered locations,
such as sea lochs or sheltered bays (Figure 6-1). The cool waters, stable seawater
temperatures and strong tidal streams off the west coast of Scotland make an ideal
location for rearing adult Atlantic salmon, S. salar (Armstrong et al., 2003).

Figure 6-1. Distribution of fish farming in Scotland (SEPA, 2006; Hall-Spencer and
Bamber, 2007).
At a local scale, the most visible feature of the Scottish aquaculture industry is the
structures used to hold the growing fish and feed barges. The design of these structures
depends on the size and geographical location of the farm and on the type of species
cultured.

Widely used in commercial salmon aquaculture in Western Europe,

Scandinavia and North America, cages and pens are the most frequently used culturing
facility for salmonids. Cages are enclosure production systems made of small wire or
fibre mesh nets suspended in the water by floating pontoons which make up the pens.
This method allows good water exchange with a continuous supply of clean and
oxygenated seawater, essential for farming salmon. Individual cage units come in a
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range of shapes and sizes and can be tailored to suit individual farms. In the early days
of the industry, cage sizes tended to be small (Beveridge, 2004). However, due to the
expansion of aquaculture production, modern cages can be much larger, with surfaces
of up to 1000 m2 (Beveridge, 2004) - yielding hundreds of tonnes of fish.

The

development of the industry has been beneficial to the economy of remote rural areas.
However concerns have risen over the impacts of such developments.
Chapter 1 gave an overview of the issues often associated with the operations of the
aquaculture industry. These usually resulted from the use of chemicals (including
medicines) in fish farms. Intensive rearing of large numbers of fish can lead to an
increase in disease outbreaks such as sea lice infestations. This can be controlled with
the use of veterinary medicines such as Slice®. The use of emamectin, as Slice®, added
to the fish diet, has proven effective in the management of sea lice infestations on
salmonids. However the release of this compound into the environment and its possible
impact on the natural ecosystem surrounding fish farms has generated concerns.
Together with regulatory local and international agencies the aquaculture industry is
working to ensure that its growth is sustainable and has a minimal impact on the
environment. In Scotland, salmon farmers monitor not only the level of emamectin in
salmon prior to sale but also the levels of emamectin in sediments around their cages.
This chapter aims to provide information on the longer term fate and dispersion of
emamectin benzoate and its desmethylamino metabolite in and around the environment
of a fish farm. By applying the methodologies developed in Chapters 2 and 4, the fate
of emamectin benzoate and its desmethylamino metabolite at an operational fish farm
was studied.
This study consisted of field investigations at a Scottish salmon farm facility. In a first
investigation the concentration of emamectin benzoate and its desmethylamino
metabolite was measured in the biological target system i.e. the salmon (tissue, skin,
mucus and faeces) and the sea lice. A second investigation monitored the spatiotemporal dispersion of emamectin benzoate and its desmethylamino metabolite in
sediments.

Finally, in a third investigation the occurrence and concentration of

emamectin benzoate and its desmethylamino metabolite in non-target species
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commonly found on the cages and in the vicinity of the fish farm such as seaweed and
mussels were determined.

6.2

6.2.1

Materials and methods

Description of fish farms

The salmon farm chosen for the field study was located in Eddrachillis Bay, two miles
south of Scourie, off the north-west coast of the Scotland (Figure 6-2).

Figure 6-2. Location of the sampling sites, Badcall and Calbha on the North West
coast of Scotland (© Crown Copyright 2008).
The facility established in 1975, is surrounded by a sparsely populated rural community
where the fishing industry is a key business. The farm rears Atlantic salmon (S. salar)
in rotation over nine sites, through a fully-integrated system.

The farm produces

approximately 3600 tonnes of salmon per annum, which corresponds to 2.5% of the
total annual Scottish production of salmon (http://www.lochduart.com/ourcompany.htm
[2007]).
In this study, two of the nine sites were selected for sampling. The first was situated in
Badcall Bay (NC 1500 4090) and the second at Calbha (NC 1660 3750) (Figure 6-2).
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These sites were selected based on the timing of anti-sea lice treatments and
accessibility to the sites which was determined by the farm operators.
It was initially planned to carry out all field investigations at a single site, Badcall.
However the analysis of sediment samples from this site showed a disparity between
concentrations of emamectin detected at different sampling locations. Therefore an
additional site at Calbha was chosen to generate a new set of sediment samples using a
new sampling design.

6.2.1.1 Badcall site
At the time of the study, three walkways were located in Badcall Bay. Salmon in the
cages of the most westerly situated walkway were undergoing a Slice® treatment. This
walkway was therefore chosen as the location to carry out the sampling of salmon,
sediment and other non-target living biota. To sample salmon, a single cage was
selected from this walkway. Over the study period, the position of the treated stock was
moved to different cages within the walkway, as part of the farm routine husbandry
practices (cage rotation/cleaning). Figure 6-3 shows an aerial view of the Badcall site
and its surrounding area.

Near shore sampling point
Farhead point shore
Badcall House shore

Walkway of interest
Walkway of interest

Figure 6-3. Aerial photograph of the Badcall site showing the location of the chosen
sampling points, shores and walkway of interest with the assumed area of discharge
deposition at the walkway). (©TeleAtlas NV / Crown Copyright 2005). The red kite
has no other significance than to indicate the centre of the photo.
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While most of the sampling was carried out on the walkway of interest, another three
distinct locations were used to broaden the sample collection. These were a point near
the shoreline where sediment was collected (near shore sampling point), the shore of the
Farhead point and the shore nearby Badcall House (Figure 6-3). Farhead point was
situated less than 300 m from the walkway and accessed from Upper Badcall by
walking a short distance through open moorland. The distance from the walkway to
Badcall House shore was approximately 2 km.

Site characteristics
The walkway consisted of fourteen square cages (each 15 m x 15 m x 10 m) arranged
into two rows of seven cages, separated by pontoons. The longest axis point of the
walkway ran in a north easterly direction. The water depth at the walkway was shallow;
measurement ranged between 14 and 20 m depending on the tide, and the seabed
surface. Results of the Badcall site hydrographic analysis carried out by the Institute of
Aquaculture (IoA), University of Stirling, Scotland (1999) are summarised in Table 6-1.
These analyses were performed using a weather station and two Valeport BFM105
current meters deployed at two depths, 3 m below the surface and 3 m above the seabed.
The results suggest that any discharge from the site is likely to be transported to the
west or south-west side of the walkway.

Furthermore, approximately 7% of the

material is likely to be re-suspended due to the seabed current speed (Telfer, 1999).
These data were the only dataset presented by the fish farm, there was no DEPOMOD
available for this site.

Table 6-1. Summary of the speed and the direction of both surface and seabed currents
at the Badcall site (Telfer, 1999).
Speed (m s-1)
Site

Current

Residual
direction

Average

Max.

Min.

Frequency
(within the deployment period
of 16-17 days)

Surface

0.062

0.26

0.0

≤ 0.03 for 28.2%

West-south-west

Seabed

0.031

0.24

0.0

≤ 0.03 for 58.6%

South-westerly

Badcall
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6.2.1.2 Calbha site
While the Badcall site is situated in close proximity to the main farm facilities, the
Calbha site is located further south. At the time of the study, Calbha Bay housed two
salmon walkways, however only one was undergoing a Slice® treatment. This walkway
was chosen as the location for the collection of sediment samples. The exact position of
the walkway is outlined in Figure 6-4. Henceforth the term “Calbha site” will refer to
this walkway.

Walkway of interest

Figure 6-4. Aerial photograph of Calbha site with the exact position of walkway of
interest. (©TeleAtlas NV / Crown Copyright 2005).
Site characteristics
The water depth at the Calbha site consistently averaged around 20 m. The speed and
the direction of the currents at the surface and seabed were analysed by the IoA
(Robinson, 1999). Results of the deployment of two current meters at 3 m and 21 m
depths are summarised in Table 6-2. There was no DEPOMOD available for this site.

Table 6-2. Summary of both speed and direction of Calbha site’s surface and seabed
currents (Robinson, 1999).
Speed (m s-1)
Site

Current

Residual
direction

Average

Max.

Min.

Frequency
(within the deployment period
of 16-17 days)

Surface

0.0120

0.091

0.0

≤ 0.03 for 86.68%

South-east

Seabed

0.0212

0.122

0.0

≤ 0.03 for 72.96%

Southerly

Calbha
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6.2.2

Treatment

The fish farm uses Slice® as one of their anti-sea lice therapies. This feed premix can
be administered to the fish as an in-feed treatment as part of their diet either manually or
automatically, using an auto-feeder. Emamectin benzoate is the active component of
the medicine and is present in a concentration of 2 mg g-1 of Slice®. The manufacturer,
Schering-Plough Animal Health, recommends a therapeutic dose of 50 µg of emamectin
per kg of fish biomass per day of the seven day treatment. Treatments, carried out over
seven consecutive days, have been reported to be highly effective against all stages of
sea lice parasites (Stone et al., 1999, 2000b; Armstrong et al., 2000).

Badcall site
In response to a sea lice outbreak, Slice® was used on the walkway of interest (Figure 63) during the first week of September 2005. The medicine was administered, from the
31st of August to the 6th of September 2005, to the salmon in six of the fourteen cages
constituting the walkway. At the beginning of the treatment, the total fish biomass for
the walkway of interest was 84186 kg. Farm records reported that a total 50.8 g of
emamectin benzoate in 25.375 kg of Slice® was applied to treat the fish. The cage of
interest i.e from which salmon and sea lice were sampled and from which the initial
distances for the sediments sampling were taking from, contained 10820 kg of fish and
received 8.8 g of emamectin benzoate in 4.375 kg of Slice®.

Calbha site
The Calbha walkway was treated with Slice® at the end of November 2006. At the time
of the treatment, the total fish biomass in the twelve cages being used was 160 t. The
farm reported to use of 33.495 kg of Slice®, equivalent to 67 g of emamectin.

6.2.3

Sampling regime

Badcall site
Samples were collected from the Badcall site to investigate (1) the accumulation and
depuration of emamectin and its desmethylamino metabolite in both treatment group
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(the fish) and the target organism (sealice); (2) the spatial and temporal distribution of
emamectin and its desmethylamino metabolite in the sediments around the fish farm;
and (3) the distribution of emamectin and its desmethylamino metabolite in the natural
biota, both within the cage system and the surrounding environment. In order to carry
out these three investigations, three sampling regimes were followed.
For the first investigation salmon and sea lice were sampled. These were collected from
a single pen on the walkway of interest. The first set of samples was collected on the
day prior the commencement of the emamectin treatment. A further six sets of samples
were collected on day 1, 8, 15, 29, 58 and 76 after treatment. No further sampling of
salmon was undertaken as the stock being studied was harvested shortly after day 76.
Sediment samples were collected from under walkway, at set distances from the
walkway and from a point near to the shoreline close to Badcall House. Sediment
sampling also commenced on the day prior to the treatment and was continued for a five
month period. Sediment samples were collected on the same days as the fish samples
above with a further two sampling dates corresponding to days 106 and 135 posttreatment. The near shore location was however not sampled during any of the last
three visits (day 76, 106 and 135).
Non-target species were sampled on the same dates as the sediment samples. However,
while on day 1 seaweed and mussels were only collected from the walkway and the
Farm House shoreline, an additional sampling point was selected on day 8. From this
day on, Farhead shore was sampled in order to acquire a wider range of species as well
as providing samples from a shoreline closer to the walkway’s discharge area (refer to
Figure 6-3 for locations). Table 6-3 summarises the overall sampling regime.
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Table 6-3. Sampling regime at the Badcall site, including the sampling dates, the
matrices collected on each date: (1) salmon and sea lice, (2) sediment, (3) natural biota
and the sampling points visited: (W) walkway, (B) Badcall House shoreline and (F)
Farhead shore.
Matrices

Visit

Dates

Description

1

30/08/05

Day pre-treatment

1, 2, 3

W, B

2

07/09/05

Day 1 after treatment

1, 2, 3

W, B, F

3

14/09/05

Day 8 after treatment

1, 2, 3

W, B, F

4

21/09/05

Day 15 after treatment

1, 2, 3

W, B, F

5

05/10/05

Day 29 after treatment

1, 2, 3

W, B, F

6

03/11/05

Day 58 after treatment

1, 2, 3

W, B, F

7

28/11/05

Day 76 after treatment

1, 2, 3

W, B*

8

21/12/05

Day 106 after treatment

2, 3**

W, B, F

9

19/01/06

Day 135 after treatment

2, 3

W, B, F

collected

**

Sampling points

*There was no sampling from the Farhead shore as poor weather conditions made impossible to access the site. **Salmon had
been harvested and therefore no fish could be sampled from this date on.

Calbha site
Only sediment samples were collected from the Calbha site. Sampling took place on
three occasions (7, 55 and 104 days post-treatment), between December 2006 and
March 2007, following a Slice® treatment. One additional single cage edge sampling
was carried out by employees of the farm at the end of May 2007 (approximately 180
days).

6.2.4

Investigation 1

This first investigation, carried out at the Badcall site, aimed to quantify emamectin and
its desmethylamino metabolite in the target organisms following a treatment with
Slice®. This involved the sampling and analysis of salmon and sea lice samples. Since
sea lice feed on the skin, mucus and blood of the fish head, back and perianal region
(Kabata, 1979 and Pike, 1989), sea lice and salmon flesh, skin, mucus were collected
and analysed. Faeces samples were also collected and analysed in order to observe the
depuration of emamectin in the salmon. All samples were taken from salmon reared in
a single cage previously selected by the farm operators for the study.
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6.2.4.1 Samples collection
From the group of Atlantic salmon (S. salar) lured by feed thrown into the pen, ten
adult were individually caught by hand using a fishing net. The fish were immediately
placed in a tank containing a solution of benzocaine which anaesthetised the fish within
2-4 min. A maximum of four fish were in the tank at one time. Once anaesthetised
salmon were individually taken from the tank and all parasitic sea lice (both
Lepeophtheirus salmonis and Caligus elongatus.) were carefully removed from their

skin using forceps. For each individual fish, the sea lice were transferred into a labelled
polypropylene tube containing seawater. The tubes were then placed in a cool bag and
transported to the farm laboratory where the total number of C. elongatus and the
number of L. salmonis at each life cycle stage was recorded.
Five of the ten salmon were then returned to their pen. The remaining five were killed
by a blow to the head. Mucus, faeces, and fillet (flesh and skin) were collected from
each of these five fish individually. Mucus and faeces samples were collected in
labelled tubes. The label indicated and identified the fish with a number and the date of
sampling. The mucus was collected using a disposable sterile scalpel. It was scraped
from both flanks of the fish and transferred in the appropriate labelled tube. The faeces
were collected by squeezing the content of the fish abdomen directly in a tube. At this
stage, the tubes and the five salmon were stored with ice packs in a cool box and
transported to the farm laboratory. On returning to the fish farm laboratory, the salmon
were weighed, measured and prepared (gutted and cut) by the site Quality Analyst. The
fillet portion, an approximately cubic piece from the dorsal area between the head and
the dorsal fin, was kept for analysis.
All samples were then stored in cool box and returned to the laboratory in Thurso.
Upon arrival the samples were stored at <-15 °C prior to further analysis. In the event
of the fish farm Quality Analyst not being able to prepare the salmon and sea lice
immediately, they were processed as soon as possible and stored in the freezer until the
following visit to the site when they were returned to the laboratory in Thurso.
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6.2.4.2 Sample analysis
All the samples were analysed by HPLC with fluorescence detection for the
determination of emamectin and its desmethylamino metabolite (methods described in
Chapters 2 and 4). Any matrix related pre-extraction procedures, necessary to carry out
the method, are described below. For each sampling date, fillet flesh (in triplicate),
skin, mucus and faeces of all five fish collected were analysed together with duplicate
negative and positive controls. Blank and fortified (10 ng g-1) sand samples were used
as negative and positive controls in each run.

Sea lice
To our knowledge, there is no published methodology for the determination of
emamectin, or any other veterinary medicine, in sea lice. Moreover the small sample
size and the uncertainty over the concentration of emamectin that could be expected in
this matrix made the analysis of sea lice complex. Therefore, it was initially assumed
that the concentration of emamectin in the sea lice would be relatively high as they feed
on the mucus and skin of the fish where high concentrations have been reported. It was
therefore decided to initiate the sea lice analysis using a small mass of sea lice in order
to maximise the number of replicates that could be run from samples taken from
individual fish. As an initial trial sea lice taken from two fish collected on the first day
following treatment were pooled, processed and analysed. Sea lice from this day were
chosen since the results of the analysis of the salmon fillet samples collected on this day
showed a high concentration of emamectin. The method described in Chapter 2 for the
analysis of sediment was used to determine the concentration of emamectin in the sea
lice sample.
Although emamectin was detected in the trial sample, the concentration was not as high
as expected. Therefore it was decided to analyse the remaining sea lice samples by
pooling together the sealice collected from all ten fish sampled on each sampling date.
This procedure would maximise the chances of detecting low concentrations of
emamectin in the sea lice samples. This safety range of analysis was preferred even
though pooling sealice of all fish resulted in the loss of replicates from one sampling
day. In the case of day 1, the analysis was carried out on the sealice from the remaining
eight fish. The mass of sea lice samples analysed varied between 0.71 and 3.45 g.
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Salmon flesh and skin
Salmon fillets, with skin attached, were removed from the freezer and allowed to thaw
overnight at 4 ºC. On the following morning, the skin was easily removed from the still
partially frozen fillet. Portions of the flesh (10 g for a single sample, three replicates per
salmon per sampling date) were blended to a paste prior being analysed as described in
Chapter 4. The skin (10 g, only one sample) was cut in small pieces using surgical
scissors and analysed as described in Chapter 4.

Salmon mucus and faeces
Both mucus and faeces samples were thawed for approximately one hour. The whole
amount of mucus collected (min. 0.58 g; max.: 6.15 g), and faeces (10 g) were analysed
using the method described for sediment (Chapter 2).

6.2.4.3 Data processing
For each salmon matrix, the biological elimination half-life, t1/2, of emamectin was
calculated. By definition, the half-life is the time it takes for the compound to be
eliminated to half its initial value (Ansel and Prince, 2004). The process is described by
following exponential decay equation [6-1]:
Ct = C0 e-kt

[6-1]

Where: Ct is the concentration at time t,
C0 is the initial concentration,
k is the elimination rate constant.

The elimination process of emamectin in the salmon was assumed to show first-order
behaviour. Therefore equations [6-2] and [6-3] can be derived:
k=

ln 2
t1 / 2

[6-2]

and
t1/2 =

ln 2
k

[6-3]

The depuration rate constant, k, was graphically determined from the exponential
trendline obtained in Excel when plotting the concentration of emamectin as a function
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of time. From the exponential equation [6-1], the value of k was replaced in equation
[6-3] to calculate t1/2 (Ansel and Prince, 2004).

6.2.5

Investigation 2

6.2.5.1 Sampling design

Badcall site
Sediments were collected at five locations at different distances from the cage:
(i)

At the cage edge (CE),

(ii)

25 m from CE,

(iii)

50 m from CE,

(iv)

100 m from CE,

(v)

Near the shore line (Figure 6-3).

These locations are schematically presented in Figure 6-5. Sampling at CE was carried
out directly from the walkway while those at the positions (ii) to (v) necessitated the use
of a boat. The sampling pattern illustrated in Figure 6-5 was identified on the first day
of sampling. At that time, the cage edge location was chosen to be the edge of the
walkway structure, and closest to the cage where the salmon had been collected from
(investigation 1). The 25, 50 and 100 m sampling stations were subsequently identified
by measuring the distance with a pre-marked rope attached to the walkway structure and
following a northerly direction. The geographical and physical position of the walkway
(see Figure 6-3) did not allow sampling to the southerly, south-westerly and westerly
directions.
Due to the nature of the seabed, very little sediment was retrieved from the cage edge
sampling point on day 76. Therefore, attempts to obtain another sediment sample were
made on other points along the walkway’s edge. Sampling from the diagonally opposed
end of the walkway resulted was successful and sediment samples were obtained from
this point. This point (referred as CE2 on Figure 6-5) was thus used to obtain sediment
from day 76 onwards. Sampling from the initial cage edge point (CE1) was also carried
out when possible; this was not the case on day 106.
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Figure 6-5. Layout of the sampling points for sediment at the Badcall site.
Calbha site
At Calbha site, sediment samples were collected at seven different locations, using a
cross shaped pattern. Four samples were taken from the cage edge (CE) and three in a
distance of 25 m from the CE (Figure 6-6). The four CE stations were located around
the walkway, at the middle point of each side of the walkway. The three other stations
were located 25 m away from CE in (i) northerly, (ii) southerly and (iii) easterly
directions. It was impossible to sample at the westerly 25 m position due to the
presence of an island on the west side of the walkway. The addition of a further
distance away was not considered.
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Figure 6-6. Layout of the sediment sampling points at the Calbha site.
6.2.5.2 Collection of sediment samples
For each sampling location, sediment was collected using a stainless steel Van Veen
benthic grab of 0.045 m3 volume. This was the equipment provided by the fish farm
and what was used for its commercial analyis of sediment. Although it might not be the
most ideal sampling tool as the grabing mechanism may disturbed the surface layer of
the sediment no diver or corer were available, and the fact that no fauna was to be
analysed and that the Van Veen grab was accepted by SEPA (2004a) and easy to use
from the boat made it an adequate tool. Upon retrieval of the grab on the boat, the
sediment was visually inspected through the top doors. Samples were taken when the
surface of the sediment showed minimal disturbance and a layer of water was still lying
on top of it. The grab was rejected when the sediment appeared to have washed away
or if the grab was not closed properly (Stubbs et al., 1987). Core samples of the grab
were taken from the top 5 cm sediment layer using a 30 mL plastic syringe of 2.0 cm
diameter with the needle end cut off. Triplicate samples were obtained from each grab
by combining two core subsamples.

Pooled core subsamples were transferred to

labelled polypropylene tubes, stored in an icebox, transported to the laboratory on the
day of the sampling and stored at <-15 ºC until further analysis.
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6.2.5.3 Sample analysis
Sediment samples were thawed overnight prior to being analysed as described in
Chapter 2. Each sample was analysed in triplicate. For each sampling date, between 12
and 15 Badcall samples and 15 to 21 Calbha samples were analysed and run on the
HPLC. A set of triplicate positive and negative controls (fortified and blank sand
samples) were processed and analysed with each set of sediment samples.

6.2.5.4 Half-life calculation
The half-life, t1/2, of emamectin in sediment was estimated by applying equation [6.3],
as described in section 6.2.4.3.

6.2.6

Investigation 3

This investigation determined the concentration of both emamectin benzoate and its
desmethylamino metabolite in natural biota and non-target matrices available within the
farm cage system and surrounding environment. The matrices available and accessible
were seawater; species of seaweed, mussels, periwinkles and dogwhelks.

6.2.6.1 Sample collection

Algal Species
A total of eight different seaweed species from three different locations were studied for
the presence of emamectin. These species as well as the location from where they were
collected are shown in Table 6-4.
Fucus spiralis, Ulva lactuca, Alaria esculenta, Laminaria digitata and Ceramium sp.
were collected from the mooring ropes and buoys directly adjacent to the study cage.
These species were abundant and easily collected around the edge of the cage.
Ascophyllum nododsum, Pelvetia canaliculata and Fucus spiralis were collected from
two different onshore locations, Farhead Point (the closest accessible point to the fish
cage under investigation) and Badcall House (approximately 2km away from the
offshore farming activities). Seaweed samples were collected by hand from the three
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sampling points and placed in clean labelled re-sealable plastic bags. These were stored
in a cool-box and transported back to the analysis laboratory on the day of collection,
where they were stored overnight at 4 ± 2 °C. The analysis of the seaweed was always
performed the day after sampling.

Table 6-4. Seaweed species sampled for emamectin analysis and sampling locations at
the Badcall site.
Species
Fucus spiralis

Notes
common brown seaweed

Location(s)
Farhead Point, Badcall House and cage edge

Palmaria palmata

common red seaweed

cage edge

Ulva lactuca

common green seaweed

cage edge

Alaria esculenta

brown seaweed

cage edge

Ascophyllum nodosum

common brown seaweed

Farhead point and Badcall House

Pelvetia canaliculata

brown seaweed

Farhead Point and Badcall House

Laminaria digitata

common brown seaweed

cage edge

Ceramium sp.

common red seaweed

cage edge

Mussels
Mussels (M. edulis) were sampled from all three locations, walkway, Badcall house
shore and Farhead point, from arms length depth at the walkway and from exposed
intertidal locations in the other two locations. Only living mussels were collected;
either from the walkway mooring ropes or buoys or from rocks on the two different
shorelines. The mussels were collected by hand, sometimes using a knife, and placed
into labelled freezer bags indicating the species sampled, the date and location of
sampling. The bags were placed in a freezer box, transported to the lab and stored at
<-15 ºC until further analysis.

Periwinkles and dogwhelks
Two species of marine gastropod molluscs were collected to represent non-target
species.

These were the periwinkle, Littorina littorea and the dogwhelk, Nucella

lapillus. Both molluscs were chosen as due to their abundant presence either on the
exposed shore at the Farhead point, in the case of Littorina littorea or in the Farhead
point rocky pools in the case of Nucella lapillus. This was the only location where
periwinkles and dogwhelks were sampled. Both species were collected by hand and
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placed in labelled freezer bags. The bags were transported in a freezer box to the
laboratory in Thurso and stored at <-15 ºC until further analysis.

Seawater
Surface seawater (> 40 cm depth) was sampled from the walkway directly into labelled
50 mL polypropylene tubes and stored in a cool box for transportation to the laboratory.
Upon arrival the samples were stored at <-15 ºC until further analysis.

6.2.6.2 Sample analysis

Seaweed
Seaweed samples were always prepared the day following collection. Both preparation
and analysis were performed following the method described in Chapter 4. For each
seaweed sample, three replicates (10 g each) were analysed.

Therefore for each

sampling date a total of 36 seaweed samples were analysed together with a set of
positive and negative controls. The controls were blank sand samples or sand samples
spiked with 1 mL of a solution containing 100 ng mL-1 of emamectin and 100 ng mL-1
of desmethylamino metabolite.

Seawater
Frozen seawater samples were left to thaw prior to analysis. For each of the seven
sampling dates, two seawater sample replicates (10 mL each) were run through
conditioned SPE cartridges and eluted following the method described in Chapter 4.
Samples of fresh seawater collected from the Pentland Firth and seawater spiked with
0.1 mL of a solution containing 500 ng mL-1 of emamectin and 500 ng mL-1 of
desmethylamino metabolite were used as positive and negative controls run in parallel
with the samples.

Mussels
Frozen mussels were thawed overnight allowing them to open. Soft tissue was removed
from the shells using a knife and homogenised prior to the analysis. For each sampling
date, the mussels were pooled into aliquots (10 g) to give a minimum of three replicate
samples. The samples were processed following the method described in Chapter 4.
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Periwinkles and dogwhelks
All frozen periwinkles and dogwhelks were thawed overnight prior to analysis. For
each animal, the operculum was removed then the flesh was extracted from the shell by
gently pulling on the foot of the animal. If this was not possible, then the animal was
placed on the bench and its shell was broken using a small hammer. The flesh was then
isolated and removed from the shell. For each sampling date, the flesh extracted from
the collected animals was pooled together and cut into very small pieces using a scalpel
to provide a homogeneous sample. Four and three replicates (10 g aliquot each) of
winkle and dogwhelks respectively were then subsampled and extracted. For each
species, additional samples were made by spiking the matrix with 1 mL of a solution
containing 100 ng mL

-1

of emamectin and 100 ng mL-1 of desmethylamino metabolite.

These samples were processed as positive controls. The analysis procedure described
for the mussels in Chapter 4 was then followed.

6.3

6.3.1

Results

Investigation 1

6.3.1.1 General characteristics of the fish and sea lice count
In total, fillet flesh, skin, mucus and faeces from 35 salmon as well as sea lice from 70
salmon were collected and analysed. Records of the weight and length of the salmon
caught over the three month study are summarised in Table 6-5. For each fish, a
condition factor was calculated to evaluate the health and stoutness of the fish. A
condition factor greater than 1 was a sign for a robust, well fed fish (Schäperclaus,
1992). The calculation of the condition factor, K, is based on the equation [6-4]:
K=

100W
L3

[6-4]

Where: W and L are the weight (in grams) and length (in millimetres) of the fish
respectively (Schäperclaus, 1992).
All the fish caught for the sampling were healthy (i.e. K>1). The growth of the fish was
observed in between each sampling time points. On average, between the beginning
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and end of the study, the fish weight increased by 1,000 g and the fish length by 100
mm. At each sampling date, the mean condition factor was greater than 1.

Table 6-5. Main characteristics of the salmon and associated sea lice collected during
the study.
Weight (g)

Length (mm)

Sampling
dates

Condition

Sea lice

factor
Min.

Max.

Min.

Max.

(mean,

Number

Predominant life cycle stage

n=5)

(n=10)

(proportion)

30/08/05

2600

5100

630

760

1.1

38

L. salmonis ♂ adult (24 %)

07/09/05

3600

5400

680

720

1.1

31

L. salmonis ♂ adult (43 %)

14/09/05

3800

5600

640

750

1.3

36

L. salmonis ♂ adult (35 %)

21/09/05

4000

4800

650

750

1.3

25

L. salmonis ♀ pre-adult (48 %)

05/10/05

3900

5000

700

750

1.2

10

L. salmonis chalimus (54 %)

03/11/05

4100

5100

710

740

1.2

12

L. salmonis chalimus (57 %)

28/11/05

4800

6400

730

830

1.2

23

L. salmonis ♂ adult (25 %)

The average number of sea lice per fish (n=5) prior the treatment was 38. On the first
day after the end of the treatment, this number had dropped by almost a quarter. A
month after treatment, it had reduced by a third. The lowest number of lice per fish was
10 and observed on day 58 post-treatment. At the beginning of the treatment, the
predominant stage of the sea lice life cycle was the adult male. This was replaced, on
day 29 post-treatment, by the pre-adult female. On day 58, half of the sea lice present
on the fish were of the chalimus stage. The number of lice increased between day 58
and day 76. The chalimus stage had developed into their adult stage which again
became predominant on day 76.

6.3.1.2 Analysis of salmon tissues, body fluids and excrement

Levels of emamectin and fish-to-fish variability
Figure 6-7 shows, for each sampling date and for each sample type, the levels of
emamectin detected in each fish (n=5).
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Figure 6-7. Concentrations of emamectin in samples of salmon fillet flesh, skin, mucus
and faeces collected over different time periods following a Slice® treatment. Note that
different unit scales were used for the graphs above in order to show clear values as
well as the trend of the decrease in the concentration of emamectin.
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On the first day after the treatment, all five fish displayed similar levels of emamectin in
all samples. The highest concentrations of emamectin were in the faeces samples with
values ranging between 661.8 and 1123.9 ng g-1. In four out of five fish, the next
highest concentrations were observed in the skin samples; in the case of the remaining
fish the concentrations of emamectin determined in the skin was similar to that in the
mucus sample (218.9 and 222.6 ng g-1 respectively). Overall, the lowest concentrations
of emamectin on day 1 were detected in the mucus and flesh samples with values
between 100 and 200 ng g-1.
A similar trend was then observed on day 8 with the concentration of emamectin being
in order faeces > skin> mucus > flesh for four out of five fish. Even though the
concentrations of emamectin in the faeces samples were still the highest the values had
decreased by approximately a third.

In the case of the remaining fish, while the

concentration of emamectin in the skin sample was not as high as for the other fish, the
concentration detected in both mucus and flesh samples were slightly higher.
The determination of emamectin in the different matrices showed more fish-to-fish
variability on day 15. Emamectin concentrations were low and below the limit of
detection in the samples from two of the fish (fish 3 and 5 respectively). For the other
three fish, the faeces samples again showed the highest concentration of emamectin
although the concentrations had decreased by half since day 8. The concentrations of
emamectin in the skin, mucus and flesh samples had also decreased by approximately
half and were similar for all fish with the exception of fish 5.
The data obtained for day 29 were quite similar for the five fish, with the highest
concentration of emamectin detected once more either in the faeces or skin samples.
Furthermore for four fish out of five the concentration of emamectin determined in the
mucus was higher than in the flesh.
On day 58 the highest concentration was again observed in the faeces with the skin
samples having the second highest concentration in all five fish. The samples of mucus
and flesh showed, to a certain extent, similar concentrations of emamectin with slightly
higher values for fish 1 and 4; however no emamectin was detected in the mucus of fish
3.
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Finally, on day 76, emamectin concentrations in the different matrices displayed, for all
five fish, a similar trend to that evident on day 58.

Mean concentration
Tables 6-6 and 6-7 respectively show the mean concentrations of emamectin benzoate
and its desmethylamino metabolite in the salmon fillet flesh, skin, mucus and faeces
samples, determined for each sampling date.
With the exception of the mucus samples, the highest concentrations of emamectin in
the salmon samples were detected on the first day following the treatment. These
concentrations were 127.8 ng g-1 in flesh, 299.1 ng g-1 in skin and 860.1 ng g-1 in faeces.
In the case of the mucus, the highest emamectin concentration, 156.6 ng g-1, was
detected a week later on day 8.

Table 6-6. The average concentrations (ng g-1) of emamectin benzoate detected in the
fillet flesh, skin, mucus and faeces of Atlantic salmon following a 7 day Slice®
treatment with a recommended dose.
Sampling
dates

Number of
days after
treatment

Concentration of emamectin benzoate (SD)
Flesh

Skin

Mucus

Faeces

07/09/05

1

127.8 (28.8)

299.1 (109.5)

146.4 (47.9)

860.0 (207.1)

14/09/05

8

91.5 (25.1)

197.1 (43.9)

156.6 (38.0)

554.9 (58.9)

21/09/05

15

44.3 (26.8)

83.6 (57.1)

51.9 (25.8)

188.8 (149.0)

05/10/05

29

22.7 (14.7)

74.2 (40.9)

58.1 (39.8)

119.4 (96.5)

03/11/05

58

10.0 (6.2)

36.6 (24.6)

8.2 (6.6)

71.1 (55.8)

28/11/05

76

9.1 (4.6)

19.0 (5.7)

3.3 (2.9)

38.3 (20.7)

When looking at the averaged data found for each matrix over the time, Table 6-6
confirms that the highest concentration of emamectin was always found in the faeces.
The salmon skin consistently displayed the second highest concentration of emamectin
with concentrations ranging from 19.0 to 299.1 ng g-1; yet these concentrations were
substantially lower than those found in the faeces.

While, average emamectin

concentrations in mucus and flesh samples were similar they were considerably lower
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than those determined in the fish faeces. These concentrations ranged between 9.1 and
127.8 ng g-1 and 3.3 and 156.6 ng g-1 in the flesh and the mucus respectively.

Table 6-7. The average concentrations (ng g-1) of the desmethylamino metabolite in the
fillet flesh, skin, mucus and faeces of Atlantic salmon following a 7 day Slice®
treatment with a recommended dose.
Sampling
dates

Number of
days after
treatment

Concentration of desmethylamino metabolite (SD)
Flesh

Skin

Mucus

Faeces

07/09/05

1

2.3 (0.8)

7.4 (3.8)

3.8 (2.3)

110.6 (54.0)

14/09/05

8

2.8 (0.6)

9.2 (5.2)

7.6 (1.3)

206.4 (34.8)

21/09/05

15

2.0 (1.2)

5.2 (2.1)

6.6 (7.3)

100.7 (72.9)

05/10/05

29

1.1 (0.7)

3.9 (3.2)

11.0 (11.2)

48.6 (51.4)

03/11/05

58

n/d

4.0 (4.6)

1.0 (2.3)

46.6 (42.3)

28/11/05

76

n/d

2.3 (1.5)

0.7 (1.6)

29.7 (15.2)

n/d: not detected, Note: Desmethylamino metabolite could be detected below the LOD = 3.04 ng g-1 approximately established in
Chapter 4.

The highest concentrations of the desmethylamino metabolite were found either on day
8 after treatment in the case of flesh, skin and faeces samples; or on day 29 for the
mucus samples.

In common with the emamectin concentrations found, the faeces

samples showed the highest concentrations of the desmethylamino metabolite, ranging
from 29.7 to 206.4 ng g-1. The lowest concentrations were found in the flesh samples
where the maximum concentration determined was 2.8 ng g-1. Data from the mucus and
skin samples again showed similar values, ranging between 0.7 and 11.0 ng g-1 and
between 2.3 and 9.2 ng g-1 respectively.
On the whole the concentrations determined in the salmon samples were higher for
emamectin than for its desmethylamino metabolite. In addition these concentrations
decreased over time in each of the matrices tested. The elimination of emamectin and
its desmethylamino metabolite from the fillet flesh, skin, mucus and faeces over the
three month period after the end of the anti-sealice treatment for each matrix is
illustrated in the Figures 6-8 to 6-11.
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Analysis of salmon flesh samples
Figure 6-8 shows the average concentration of emamectin in the flesh sample over time.
Similar to the faeces samples, the concentrations of emamectin in the flesh decreased
rapidly, by 65 % from 127.8 to 44.3 ng g-1, during the two weeks following the end of
the treatment. During the following 43 days the concentration decreased by 78 % again.
However a plateau could be observed over the last 18 days of the study with the
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Figure 6-8. Mean concentration (ng g-1) of emamectin (EB) and its desmethylamino
metabolite (DES), over time, in fillet flesh samples of Atlantic salmon treated with
Slice® (n=15 i.e. 3 replicates for 5 fish for each time point).
The concentrations of the desmethylamino metabolite in the flesh samples rose only
slightly between day 1 and 8 after the end of the treatment and decreased steadily during
the remainder of the study to the point that on day 58 and 76 none or very little of the
metabolite was detected in the flesh samples.

Analysis of salmon skin samples
The concentration of emamectin in the skin samples (Figure 6-9) showed a similar trend
over time to that observed in the faeces and flesh samples. Over the first 15 days the
concentration decreased by more than two thirds, from 299.1 to 83.6 ng g-1. During the
following 14 days the concentration of emamectin remained relatively stable
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(74.2 ng g-1) before decreasing by approximately 50 % by day 58 (36.6 ng g-1) and
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Figure 6-9. Mean concentration (ng g-1) of emamectin (EB) and its desmethylamino
metabolite (DES), over time, in skin samples of Atlantic salmon treated with Slice®
(n=5 for each sampling date).
Similarly to the concentrations in the flesh samples, the concentrations of the
desmethylamino metabolite in the skin samples initially increased, from 7.4 to 9.2 ng g-1
in the first seven days after the treatment.

After day 8 the concentrations of the

desmethylamino metabolite showed a similar trend to the concentration of emamectin,
decreasing by more than 40 % between day 8 and day 29 before stabilising during the
following 29 days. The concentrations of the desmethylamino metabolite reduced again
by half, from 4.0 to 2.3 ng g-1, on the last month of the study.

Analysis of salmon mucus samples
The concentrations of emamectin detected in the mucus (Figure 6-10) showed a slightly
different trend to that observed in the other biological matrices, as no decrease was
observed between day 1 and 8, with values ranging from 146.6 to 156.6 ng g-1. On day
15 more than 60 % of emamectin had been lost with an average value of 51.9 ng g-1.
The concentrations of emamectin in the mucus samples detected on day 29 were similar
to day 15. However, they had decreased seven folds, from 58.1 to 8.2 ng g-1 by day 58.
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By day 76, the average concentration of emamectin in the mucus was 3.3 ng g-1. This
represented a reduction of 97% of the concentration initially detected.

EB

250

25
20

200

15
150
10
100
5
50

0

0

DES concentration (ng g-1)

EB concentration (ng g-1)

DES

-5
1

8

15

22

29

36 43 50 58
Days after treatment

65

72

76

Figure 6-10. Mean concentration (ng g-1) of emamectin (EB) and its desmethylamino
metabolite (DES), over time, in mucus samples of Atlantic salmon treated with Slice®
(n=5 for each sampling date).
Over time the trend line in the concentration of desmethylamino metabolite in the
mucus samples (Figure 6-10) was quite different to those observed in the other matrices.
Although there was a similar increase of the concentration between day 1 and 8, this
increase continued more or less steadily for the first 29 days of the study. A large
reduction was however observed after day 29 with concentrations dropping from 11.0 to
1.0 ng g-1 (day 58) and remained at this concentration until the end of the study.

Analysis of salmon faeces samples
The concentrations of emamectin benzoate in the salmon faeces, illustrated in Figure
6-11, showed a rapid decrease over the first 15 days after the Slice® treatment. Starting
at an average value of 860 ng g-1, the concentration of emamectin in the faeces samples
dropped by almost 80 % between day 1 and day 15 reaching 188.8 ng g-1. This
reduction continued, for the remainder of the study, although less dramatically. By day
76, the concentrations of emamectin in faeces had ultimately decreased to 38.3 ng g-1, a
decrease of more than 95 % over the three month study.
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The concentration of desmethylamino metabolite showed over time a similar pattern to
emamectin with the exception of an initial increase between day 1 and day 8 (Figure 611). A maximum concentration for the desmethylamino metabolite of 206.4 ng g-1 was
observed on day 8. The concentrations then decreased by 75 % to 48.6 ng g-1 on day
29. While this value remained stable at this concentration on day 58, it had decreased a
further 40 % by day 76.
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Figure 6-11. Mean concentration (ng g-1) of emamectin (EB) and its desmethylamino
metabolite (DES), over time, in faeces samples of Atlantic salmon treated with Slice®
(n=5 for each sampling date).
6.3.1.3 Analysis of sea lice
Out of the six sea lice samples, emamectin could be quantified in only three.
Concentrations of 14.5, 18.2 and 7.8 ng g-1 were detected from the pooled sea lice
collected on days 1, 8 and 15 post-treatment respectively.

Lower levels of the

desmethylamino metabolite (below limit of quantification) were also detected on day 1
and 15.
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6.3.1.4 Estimate of emamectin half-lives in the different salmon matrices
The biological elimination half-life of emamectin in the four salmon portions were
estimated using emamectin concentrations presented above. Half-lives of 21.0, 19.5,
18.4 and 13.4 days were calculated for skin, flesh, faeces and mucus respectively.
The half-life of the desmethylamino metabolite was not estimated due to the complexity
in evaluating the elimination of the metabolite while it is being formed as emamectin is
metabolised.

6.3.2

Investigation 2

6.3.2.1 Sediment characteristics
Sediments below the Badcall site were fine to medium sand with occasional shell debris
and did not show any obvious sign of organic enrichment. At the shore sampling point,
the sediment was muddy and had a characteristic black green colour and a strong smell.
At the Calbha site, the sediment was sandy and showed slight accumulation of feed and
faecal matter and the presence of worms.

6.3.2.2 Measurement of the of emamectin and its desmethylamino metabolite in
sediments at Badcall site
In the Badcall site investigation, samples were taken from the cage edge (CE) and from
a range of locations in a northerly direction from the initial sampling point (Fig. 6-5).
Sediment samples were also collected from a shoreline point.

At each sampling

location triplicate samples were taken to limit error. This resulted in 15 sediment
samples being collected on nine occasions (a total of 135 sediment samples). For each
of these samples, the average concentration of emamectin from the three replicates is
presented in Table 6-8. The desmethylamino metabolite was not detected in any of the
samples.

205

Chapter 6. A case study of a working salmon farm

Table 6-8. Concentration of emamectin benzoate (mean (SD) in ng g-1, n=3) recovered
in the sediment samples at the Badcall site.
Number
of day
after
treatment

CE1

CE2

25 m

50 m

100 m

Near shore

0

0.35* (0.61)

n/s

n/d

<LOD

<LOD

<LOD

1

<LOD

n/s

<LOD

<LOD

0.24* (0.41)

<LOD

8

0.74* (0.15)

n/s

n/d

n/d

n/d

n/d

15

n/d

n/s

n/d

n/d

n/d

n/d

29

<LOD

n/s

n/d

n/d

n/d

0.93* (1.21)

58

n/d

n/s

n/d

<LOD

n/d

n/d

76

<LOD

3.53 (0.26)

<LOD

n/d

n/d

n/s

106

n/s

2.74 (0.45)

<LOD

n/d

n/d

n/s

135

n/d

1.17 (0.28)

n/d

n/d

n/d

n/s

Sampling positions

* One or more replicate(s) ≥ LOD, LOD = 0.75 ng g-1; n/s: not sampled, n/d: not detected in any of the replicates, <LOD:
emamectin was detected in one or more replicates at a concentration between 0 and LOD.

Over the study, the detection of emamectin did not display a particular temporal or
spatial pattern. The majority of the samples (replicates) did not detect emamectin above
the LOD of 0.75 g g-1. Five out of the eight samples from CE1 showed the presence of
emamectin. At this cage edge position the mean levels of emamectin in sediment varied
between 0.28 and 0.74 ng g-1; with the highest concentration found 8 days after
treatment. However emamectin was detected in all three samples from CE2. Moreover,
the emamectin concentrations of 3.53, 2.74 and 1.17 ng g-1 for day 76, 106 and 135
respectively were the highest concentrations found in the Badcall site sediment. In
addition, samples from CE2 were the only samples which showed a level of emamectin
on day 135.

The samples taken at 25 m showed a maximum mean emamectin

concentration of 0.15 ng g-1 on the first day after treatment and no emamectin was
detected between day 15 and 76. On both day 76 and day 106, 0.11 ng g-1 emamectin
was detected at the 25 m position. For the 50 m position, emamectin was detected on
four of the nine sampling dates. These were on day 0, 1, 8 and 58 with a highest
concentration of emamectin of 0.33 ng g-1 on day 1. There was only one occurrence
when emamectin was detected in the samples taken at 100m after treatment. This was
on day 1 with a level of 0.24 ng g-1. Finally, the samples from the shore position
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showed level of emamectin of 0.08, 0.01 and 0.93 ng g-1 on day 0, 1 and 29
respectively.

6.3.2.3 Measurement of the of emamectin and its desmethylamino metabolite in
sediments at Calbha site
Over a period of approximately 180 days after the end of a Slice® treatment, sediment
samples were collected in triplicate from 20 locations from the Calbha site (a total of 60
samples). Two thirds of these samples were located at cage edges and one third was
collected from approximately a distance of 25 m away from the cages. For both the
cage edge and the 25 m positions, the sampling followed the four cardinal directions.
Tables 6-9 and 6-10 show the average concentrations of emamectin and
desmethylamino metabolite detected in the triplicate sediment samples collected at the
Calbha site.

Table 6-9. Concentration of emamectin benzoate (mean (SD) in ng g-1, n=3) recovered
in the sediment samples at the Calbha site.
Number
of day
after
treatment

Sampling positions
CEN

CEE

CES

CEW

25mN

25mE

25mS

7

4.89 (0.97)

3.96 (0.56)

17.95 (2.94)

8.49 (1.21)

n/s

n/s

1.57 (1.44)

55

3.49 (1.50)

2.32 (0.12)

10.48 (0.53)

7.41 (0.66)

n/d

1.01 (0.87)

1.23 (0.31)

104

12.81 (2.53)

8.59 (1.62)

21.23 (1.72)

8.37 (1.52)

n/d

1.43 (0.45)

2.69 (0.70)

~ 180

7.13 (2.19)*

n/s

n/d: not detected; n/s: not sampled.
*Note that only one cage edge position was sampled at approx. 180 days after treatment – the data used are those from the
sediments collected by Loch Duart Ltd. as part of the routine sampling in compliance with SEPA discharge content –the exact
direction of the cage edge sampling point was not recorded.

For each sampling date, emamectin was detected in all the samples collected from the
north cage edge position. The average concentrations of emamectin in the sediment at
these points were 4.89, 3.49 and 12.81 ng g-1 on the 7th, 55th and 104th day after
treatment respectively. Emamectin was never detected in the sediment collected from
the 25 m north position. Among all the samples collected from the east positions,
emamectin was detected in all but one of the triplicate sample from the 25 m point on
the 55th day after treatment. The average concentrations of emamectin at the east cage
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edge points’ sediment were 3.96, 2.32 and 8.59 ng g-1 on the 7th, 55th and 104th day after
treatment respectively. The average concentrations of emamectin at the 25 m east
points’ sediment were 1.01 and 1.43 ng g-1 on the 55th and 104th day after treatment
respectively. Over the sampling period, emamectin was detected in all but one of the
samples collected from the south positions. One of the triplicate samples from the 25 m
point collected on the 7th day after treatment did not show any emamectin. Overall, 7,
55 and 104 days after treatment, the average concentrations of emamectin in the
sediment at the south cage edges positions were 17.95, 10.48 and 21.23 ng g-1
respectively. The concentrations of emamectin in the samples collected at the 25 m
south position were 1.57, 1.23 and 2.69 ng g-1, 7, 55 and 104 days after treatment
respectively. Emamectin was detected in all the samples collected from the west cage
edge point. The average concentrations of emamectin in the sediment at these points
were 8.49, 7.41 and 8.37 ng g-1 on the 7th, 55th and 104th day after treatment
respectively. Due to the presence of an island west of the fish cages, no samples were
collected at a 25 m distance in the west direction.

The average concentration of

emamectin from samples collected at a random cages edge position, approximately 180
days after treatment, was 7.13 ng g-1.
In general, over the study period, the sediments collected at cage edge on the east side
contained the least emamectin. This was closely followed by the north, then the west
cage edge position. The highest concentrations were detected in the samples from the
south cage edge.

Moreover, independently of the direction, the concentrations of

emamectin in the sediment below the cage edges showed a similar trend over time
(Note: This cannot be certain for the results from 180 days after treatment as only one
cage edge position was sampled). For each direction, the lowest concentrations were
detected in the samples collected 55 days after treatment. The greatest concentrations
were detected 104 days after treatment. On day 7 after the treatment, the average
concentrations of emamectin in the sediment below the north and east cage edges were
similar, between 4 and 5 ng g-1. On the same day, the concentrations of emamectin
were two and four times greater at the west and south cage edge positions respectively.
On day 55, the average concentrations of emamectin detected in the north and east cage
edges’ samples were again around the same value, at approximately 3 ng g-1; whereas
the concentration of emamectin were two to three times greater in the west and south
cage edge samples. However, on the whole, the concentrations of emamectin were
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lower on day 55 than those detected on day 7. This was particularly clear in the case of
the sediment below the south cage edge for which the concentration was nearly halved,
from 17.95 to 10.48 ng g-1, between day 7 and day 55. The highest single average
concentration was 21.23 ng g-1 and detected on day 104 after treatment in the south cage
edge sediments. The concentrations of emamectin detected on that day in the south and
west cage edges’ sediments were similar values to those found on day 7. Furthermore,
the concentrations of emamectin in the north and east cage edges’ samples were two to
three times higher on day 104 than they had been at the beginning of the study. Overall,
the concentration of emamectin in the sediment below cage edges had decreased by day
180 after treatment.
Of the three directions where sediments were sampled at a 25 m distance from the cage
edges, emamectin was detected in the east and south locations only. There was no
emamectin detected in the sediments from the 25 m north position. On the 7th day after
treatment, sediment samples were only collected from the 25 m south position. The
concentration of emamectin in these samples was 1.57 ng g-1. This was 10 fold lower
than the concentration of emamectin detected in the sediments collected the same day at
the south cage edge position. The data for the average concentration of emamectin on
the 55th day after treatment showed a similar trend for the sediments collected from the
25 m south position than it did for the cage edge samples. There was a slight decrease
in the concentration of emamectin in the sediment collected on the south direction on
day 55. The average concentration was again higher on day 104, and nearly twice this
observed on the 7th after treatment. However, at 2.69 ng g-1, this concentration was
again 10 times lower than the concentration of emamectin detected on day 104 at the
south cage edge. The average concentrations of emamectin detected in the sediments
collected from the 25 m east were 1.01 and 1.43 ng g-1 on day 55 and 104 after
treatment respectively. For both these time points, these concentrations were lower than
those found in the 25 m south sediments.
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Table 6-10. Concentration of the desmethylamino metabolite (mean (SD) in ng g-1,
n=3) recovered in the sediment samples at the Calbha site.
Number
of day
after
treatment

Sampling positions
CEN

CEE

CES

CEW

25mN

25mE

25mS

7

n/d

n/d

4.01 (1.04)

n/d

n/s

n/s

n/d

55

n/d

0.51 (0.45)

1.51 (0.05)

1.37 (0.14)

n/d

0.18 (0.15)

n/d

104

1.34 (1.22)

0.85 (0.50)

2.31 (0.86)

1.37 (0.92)

n/d

1.54 (1.41)

0.92 (0.80)

~ 180

n/d*

n/s

n/d: not detected; n/s: not sampled.
*Note that only one cage edge position was sampled at approx. 180 days after treatment – the data used are those from the
sediments collected by Loch Duart Ltd. as part of the routine sampling in compliance with SEPA discharge content –the exact
direction of the sampling point was not recorded.

From all the sediments collected from the north cage edge and north 25 m positions, the
desmethylamino metabolite, with an average concentration of 1.34 ng g-1, was only
detected in the samples collected on the 104th day after treatment. No desmethylamino
metabolite was recovered from the sediments collected at the east cage edge, seven days
after treatment. However it was recovered in all the samples collected at this position
on the following sampling dates.

The average concentrations of desmethylamino

metabolite detected in the sediment from the east cage edge were 0.51 and 0.85 ng g-1
on day 55 and 104 after treatment respectively.

Although the desmethylamino

metabolite was only detected in two of the three replicate samples collected at the 25 m
east position on both these dates, the average recovered concentration was of 0.18 and
1.54 ng g-1 respectively. The average concentrations of desmethylamino metabolite in
the sediment from the south cage edge position were 4.01, 1.51 and 2.31 ng g-1 on the
7th, 55th and 104th day after treatment respectively. Among all the sediment samples
taken at 25 m south position, the desmethylamino metabolite was only detected from
those collected on the 104th day after treatment, with an average concentration of
0.92 ng g-1. Similarly to the east cage edge results, the desmethylamino metabolite was
not recovered from the sediments collected at the west cage edge on the first sampling
date.

However, the average concentration of desmethylamino metabolite in the

sediment at this position was 1.37 ng g-1 on both remaining sampling dates. There was
no desmethylamino metabolite detected in the sediment collected at a cage edge
position 180 days after the treatment.
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Over the whole study at the Calbha site, the sediments collected below the south cage
edge position on the 7th day after treatment were the samples with the highest
concentration of desmethylamino metabolite. Nevertheless this value was four times
lower than the average concentration of emamectin detected at the same position on the
same day. Overall, with the exception of the 25 m north samples, the desmethylamino
metabolite was only recovered from all of the sampling positions after 104 days posttreatment. On that day, the average concentration of desmethylamino metabolite in the
sediment below the cage edge ranged from 0.85 (east direction) to 2.31 ng g-1 (south
position). Similarly to the results observed with the emamectin over the study period,
the highest concentrations of desmethylamino metabolite recovered in the cage edges’
sediment were from the south cage edge position while the lowest were at the east
direction. The concentrations at the west cage edge were stable between the 55th and
the 104th day after treatment. On that last date, the desmethylamino metabolite was
recovered at a similar level in the sediment from the north and west cage edge positions.
Furthermore, the concentrations of desmethylamino metabolite were at least eight times
lower than those of emamectin.
In accordance with the emamectin results, the desmethylamino metabolite was not
recovered in the samples collected from the 25 m north position. Furthermore, for the
samples collected at the 25 m south position, it was only detected on the 104th day after
treatment. The highest concentrations of desmethylamino metabolite in the sediment
collected at a 25 m distance from the cages were recovered in the east direction
samples. These were of 0.18 and 1.54 ng g-1 on day 55 and 104 after treatment
respectively.

6.3.2.4 Estimation of emamectin half-life in sediment
The data obtained from the second investigation was not adequate to establish the
environmental half-life of emamectin in sediment using natural logarithmic plots. The
concentrations of emamectin detected on the Badcall site (Table 6-8) were low and
appeared random over time. The samples collected from the initial cage edge point did
not give a true representation for the spatial dispersion of emamectin at the Badcall site.
The data from Calbha site (Table 6-9) gave a better representation; however, over time,
the concentrations of emamectin also varied due to a continual input of emamectin
211

Chapter 6. A case study of a working salmon farm

(likely from faeces or sediment movement) which did not allow for a suitable
mathemathical interpretation to be done.

6.3.3

Investigation 3

The HPLC chromatograms resulting from the analysis of the negative controls run
along side the non-target biota showed no interferences. Peaks corresponding with the
retention times of emamectin and its desmethylamino metabolite elution were observed
in the positive controls. The quantification of both analytes in the positive controls
validated the performance of the analysis.
Neither emamectin benzoate nor its desmethylamino metabolite was detected in the 14
seawater samples collected around the walkway. Similarly, the analysis of all eight
species of seaweed collected over the 6 months study, whether collected from the
walkway or both shore lines (more than 300 samples in total), did not show any
detectable levels of emamectin or its desmethylamino metabolite. Finally, for each of
the sampling dates, none of the 81 mussel, 28 periwinkle and 21 dogwhelk samples
showed detectable levels of emamectin benzoate or its desmethylamino metabolite.

6.4

Discussion

To date the majority of the field studies published on emamectin benzoate used as an
anti-sea lice treatment has been focused on its efficacy, safety (Roy et al., 2000; Stone
et al., 2000b and 2000c) and potential toxicity on indigenous marine species (McHenery
and Mackie, 1999; Waddy et al., 2002 and 2007; Black et al., 2003; Willis et al. 2005
and Telfer et al., 2006). These studies provided data on the safety of the dosage of
emamectin not only to the treated salmon but to other species inhabiting the vicinity of
the salmon cages. However, only few publications have looked at the fate of the
compound in the marine environment (McHenery and Mackie, 1999; Black et al., 2003
and Telfer et al., 2006). Figure 6-12 shows a schematic of the main possible recipients
of emamectin following its use as Slice®.
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Figure 6-12. Schematic overview of the environmental recipients of emamectin
benzoate and its desmethyl metabolite following a Slice® treatment on a working
salmon farm.
The field work presented in this chapter was carried out on a working Scottish salmon
farm to establish the occurrence and fate of emamectin and its desmethylamino
metabolite in these recipients, if any. Overall, three investigations were carried out to
understand the distribution of both analytes. The first investigation focused on the
target organisms i.e. the sea lice via the salmon. The second investigation looked at the
spatial and temporal distribution of the analytes in the sediments (under and around fish
farm cages). The third investigation looked at the presence of the analytes in the wider
environment and the farm natural biota, including seawater.

6.4.1

Fate of emamectin and its desmethylamino and metabolite in target
organisms

To sustain an economical sampling, the number of fish collected from the pen of
interest (on the Badcall site) was limited to five. This represented less than 0.2 % of the
total number of fish in the pen. The suitability of this sample size was evaluated by
comparing the individual levels of emamectin found, over time, in each fish (Figure 67). Overall, for each day, similar concentrations of emamectin were found in the
replicates of individual matrices. There was very little individual variation between the
five fish sampled. This indicated that the overall results were not greatly influenced by
the sample size; and the latter was representative for the actual pen population. The
distribution of emamectin, over time in the fish treated in Badcall site, could therefore
be drawn from the average result of the concentrations of emamectin (and its
desmethylamino metabolite) obtained in the five fish.
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6.4.1.1 Uptake and distribution
McHenery and Mackie (1999) reported a slow absorption of emamectin from the gut,
with maximum levels of emamectin in most tissues being reached between 2 and 7 days
post Slice® treatment. When studying the depletion of emamectin (following Slice®
treatment) in rainbow trout, Roy et al. (2006) found peak levels of the compound in
samples collected 24 h post-treatment. During investigation 1, no samples were taken
within the treatment period thus the real rate of the uptake of emamectin could not be
assessed.

However, the visual and physical examination of the salmon collected

following the treatment showed continuous and healthy growth. This implied that the
fish had fed properly throughout the treatment and that emamectin, coated on the feed,
should have been ingested. The quantification of emamectin in the mucus, skin, salmon
flesh and faeces samples collected on day 1 post-treatment confirmed that it had been
readily ingested, absorbed, distributed to the salmon tissues and excreted in faeces. A
slow absorption and excretion of emamectin was assumed as the highest concentrations
of emamectin and of its desmethylamino metabolite were detected in the salmon tissues
and faeces on day 1 and 8 following the end of the treatment respectively. This was in
agreement with studies by McHenery and Mackie (1999), Kim-Kang et al. (2004),
Sevatdal et al. (2005) and Skilbrei et al. (2008), whose findings reported maximum
levels of emamectin within the last days of the treatment or within the first days
(between 1 and 8 days) post-treatment.
Previous studies of the distribution of avermectins (ivermectin and emamectin) in
Atlantic salmon involved the use of radiolabeled compounds (Høy et al., 1990;
McHenery and Mackie, 1999; Kim-Kang et al., 2004 and Sevatdal et al., 2005). In an
early study, Kim-Kang et al. (2004) studied the distribution and metabolism of [3H]
emamectin in Atlantic salmon which had received a therapeutic dose of emamectin
while maintained in tanks.

The quantification of total radioactive residues of

emamectin benzoate was carried out on a variety of samples included muscle, skin,
liver, kidney, bone, mucus, plasma, bile and gut contents samples collected over the
period from 3 h to 90 days after treatment. For the muscle, skin, muscle and skin, bone,
plasma and bile samples the maximum total emamectin concentrations were found 72 h
after treatment. The results from Kim-Kang et al. (2004) showed a decline with time in
the concentration of emamectin in the tissues, body fluids and gut contents samples.
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The highest concentrations were recorded in the kidney. Sevatdal et al. (2005) carried
out a field study to establish the elimination of emamectin in biological matrices on
which sea lice feed i.e. blood, mucus and flesh. For this study ten fish were collected at
15 time points at seven days intervals, starting on the day prior the treatment. The
quantification of emamectin was carried out on blood, mucus and fillet flesh samples of
the salmon. The results showed a maximum concentration of emamectin on the last day
of the treatment for all three matrices.
The quantification of emamectin and its desmethylamino metabolite in the mucus, skin
and flesh samples confirmed the successful distribution of emamectin to these tissues.
The distribution of emamectin to the sea lice was established by the detection of
emamectin in the samples collected following treatment. In addition, the decline in the
number of sea lice present on the salmon during the investigation confirmed the uptake
of emamectin by the sea lice. An overview of the concentrations of emamectin detected
in the different salmon tissues over the study period is illustrated in Figure 6-13.
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Figure 6-13. Overview of the concentration of emamectin (ng g-1) detected in the of
salmon fillet flesh, skin, mucus and sea lice samples throughout the study and the
average number of sea lice per fish.
Of all the flesh, skin and mucus samples, the highest concentrations of emamectin were
detected in the skin throughout the study. Ranging between 299 and 19 ng g-1, the
concentrations of emamectin in the skin were on average three times greater than these
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detected in the flesh samples.

Up to day 29, they were twice the concentration

compared to the mucus. From day 58, the lowest levels of emamectin were observed in
the mucus samples. Overall, the concentrations of emamectin in the flesh and skin
samples gradually decreased over the study. The highest concentration of emamectin in
the flesh and skin was detected on day 1 post-treatment. For both these matrices the
concentration of emamectin over time followed a similar trend. Between day 1 and day
15 a rapid decline in the concentration of emamectin saw it drop by 66 and 72 % in the
flesh and skin samples respectively. Over the remaining 61 days of study (between day
15 and 76) the decrease, although in the order of 80 %, occurred steadily.

The

maximum concentration of emamectin in the mucus sample was detected on day 8. The
trend of the elimination of emamectin observed in the mucus samples was different,
showing two step-like phases prior a slower decline phase (Figure 6-12). The first step
was observed over the fifteen days post-treatment when there was no abrupt decline of
concentration of emamectin in the mucus but, in the contrary, a slight raise was
observed between day 1 and 8. It was only after day 8 that a drop of 66 % was detected.
An identical second step was observed between day 15 and 58, showing a drop of 85 %
in the emamectin concentration by day 58. Finally the concentration slowly decreased
up to day 76. The concentrations of emamectin detected in the sea lice followed a
similar trend to those in the mucus, with the highest concentration observed on day 8
post-treatment. This suggested the passage from emamectin to the sea lice via the
mucus. This was expected as Egiduis (1985) and Pike (1989) established that sea lice,
while located on their host, fed from the mucus. Furthermore, the data showed a drop in
the number of sea lice when emamectin was at its highest concentrations in both the
mucus and the sea lice. This validated the use of the treatment for control of sea lice
infestation.

6.4.1.2 Elimination and persistence
As the concentrations of emamectin in the matrices studied decreased gradually over
time, it can be assumed that a gradual elimination took place. Plotting exponential
trendlines (Figure 6-14) showed that the concentrations of emamectin in salmon flesh,
faeces, skin and mucus decreased at a proportional rate with time.
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Figure 6-14. Concentrations of emamectin detected in each of the target matrices from
day 1 to day 79 after treatment with Slice® along with exponential decay trendlines and
equations.

217

Chapter 6. A case study of a working salmon farm

The calculated half-lives of emamectin after seven days treatment in the mucus, skin,
flesh and faeces were 1.8, 2.5, 2.6 and 2.8 days respectively. The value for the mucus
half-life was much lower than the 11.3 days reported by Sevatdal et al. (2005). The
flesh half-life was lower than values reported by McHenery and Mackie (1999), than
the 9.2 days reported by Sevatdal et al. (2005) or the 8.5, 11.5 and 11.9 days reported by
Skilbrei et al. (2008). These differences in the flesh (muscle) half-lives could be linked
to a difference in the water temperature at the time of the studies. It was indeed
suggested by Stone et al. (2002) that the temperature could affect the fish metabolism,
and that it took longer for emamectin to reach its maximum concentration in the skin
and deplete to the tissues at low temperature. This was the case, in the PhD study by
Coyne (1998) where the persistence of oxytetracycline in salmon was affected by the
temperature. The seawater temperature at the Badcall site was estimated, from average
seawater temperatures during Scottish autumn at 5 ºC (MetOffice website, 2011); which
was lower than the temperatures at which both Sevatdal et al. (2005) and Skilbrei et al.
(2008) carried out their studies, 15-19 ºC and 6-9 ºC respectively. Thus, these authors
found faster elimination of emamectin from fish muscle supporting the effect of
temperature on depletion.

6.4.1.3 Metabolism
The desmethylamino metabolite was the major detectable metabolite reported by
Mushtaq et al. (1996) and Chukwudebe et al. (1996). The presence of this metabolite in
the salmon samples collected for the investigation was studied and it was detected. The
concentrations of desmethylamino metabolite detected in each of the salmon portions
were far lower than those detected for emamectin. The average concentrations of the
desmethylamino metabolite recorded in the faeces, flesh and skin samples over the
study also showed a similar trend for the three matrices. This trend started with a sharp
increase of 25 to 33 % of the concentration between day 1 and 8. By day 8 the
maximum desmethylamino metabolite concentrations recorded in the faeces, skin and
flesh samples were 206, 9 and 3 ng g-1 respectively. This increase was then followed by
a rapid decrease of equal proportion between day 8 and 15. From and after day 15 the
trend in the desmethylamino metabolite concentrations in all three matrices resembled
this observed with emamectin.

In the case of the faeces and skin samples the

concentrations appeared to stabilise after day 29 when concentrations stabilised at 40
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and 4 ng g-1 respectively. In the flesh samples the reduction of the concentration of
desmethylamino metabolite reached 1 ng g-1 on day 29. The trend created by the
concentrations of desmethylamino metabolite in the mucus samples was different to the
one for the other salmon portions. The maximum concentration of 11 ng g-1 was
reached on day 29 following a slow increase from day 1. It then dropped to 1 ng g-1 on
day 58. This concentration was maintained until the end of the study.

6.4.1.4 Relationship between emamectin input, concentrations in target matrices
To establish the distribution of emamectin in the target matrices (salmon tissues and sea
lice), over time following the treatment, the total mass of emamectin (EB), per matrix
and at a given time (n), was calculated using equation [6-5].

M ( EB / matrix )n = [EB ]matrix n × M matrix / fish n ×

∑

fish n

[6-5]

Where: [EB]matrix n is the concentration of emamectin recovered in a given matrix (sea
lice or faeces, etc), at time n,
Mmatrice/fishn is the average mass of the matrix on one fish, at time n,

Σfishn is the total number of fish in the pen at time n.
The concentrations of emamectin recovered in the salmon matrices, for each point time
during the study used for the calculations are those summarised in Table 6-6. The data
for the sea lice are in section 6.3.1.3. The masses of mucus and sea lice used in the
calculations were the average mass of the exact amount of mucus and sea lice collected
from the five salmon, on each of the study days. The masses for the skin and the faeces
were estimated as being 5 % and 0.25 % (McHenery, pers. comm.) of the average mass
of a fish on the day of sampling. The mass of flesh was also estimated as the total mass
of fish minus the sum of the mass of skin, mucus, faeces and gut (11 % of total mass).
The resulting masses of emamectin present in a type of matrix at a given time are
presented in Table 6-11. For each of the date, data showed that the majority (20 % and
over) of emamectin was in the flesh, then in the skin, faeces, mucus and finally in the
sea lice.

219

Chapter 6. A case study of a working salmon farm

Table 6-11. Total masses of emamectin per matrix and at a given time.
Time

Matrices

Mmatrix /fish (g)

[EB]matrix (ng g-1)

Number of
fish

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

210
4.502
10.5
3512.998
0.3013

299.1
149.1
860
127.8
14.5

2575
2575
2575
2575
2575

0.162
0.002
0.023
1.156
0.00001
1.343

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

210
3.31
10.5
3514.19
0.248

197.1
156.6
554.9
91.5
18.2

2570
2570
2570
2570
2570

0.106
0.001
0.015
0.826
0.00001
0.949

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

220
4.318
11
3680.682
0.345

83.6
51.9
188.8
44.3
7.8

2565
2565
2565
2565
2565

0.047
0.001
0.005
0.418
0.00001
0.471

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

225
1.78
11.25
3766.97
0.193

74.2
58.1
119.4
22.7
0

2560
2560
2560
2560
2560

0.043
0.000
0.003
0.219
0.000
0.265

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

230
3.754
11.5
3849.476
0.071

36.6
8.2
71.1
10
0

2555
2555
2555
2555
2555

0.022
0.000
0.002
0.098
0.000
0.122

Skin
Mucus
Faeces
Fillet flesh
Sea lice
Total

285
4.348
14.25
4769.402
0.139

19
3.3
38.3
9.1
0

2550
2550
2550
2550
2550

0.014
0.000
0.001
0.111
0.000
0.126

MEB (g)

Day 1

Day 8

Day 15

Day 29

Day 58

Day 79
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One of the first thoughts when starting this thesis was that, although taken up by the
salmon, emamectin could be primarily distributed to the sea lice; thus it would enter the
environment as a result of the sea lice dislodging from the salmon and depositing
mainly in the sediment. However, it is clear that following the treatment, sea lice were
not the major sink for emamectin, and as it seems, nor was the mucus. However, it is
difficult to confirm the impact of the mucus, as it is produced by a continuous but not
well studied mechanism, and it could still represent a major route of emamectin to the
environment. Without knowing the production mechanism and behaviour of the mucus
in water or sediments, the only clear route for emamectin to enter the environment, after
ingestion, is via the faeces (Figure 6-15).

Figure 6-15.
environment.
6.4.2

Schematic model on the fate of emamectin from salmon to the

Fate of emamectin and its desmethylamino metabolite in sediments

6.4.2.1 Spatial dispersion and deposition

Badcall site
Due to technical difficulties the sampling at the Badcall site was irregular as regards to
its spatial allocation. Initially only one cage edge position, at the north-west corner of
the walkway (CE1), was sampled. This particular position had been selected as it was,
at the time of the treatment, the closest to the cage containing the salmon which would
be collected for investigation 1. As time went by, it became difficult to collect sediment
from this position, thus another cage edge location was used (CE2), at the south-east
corner of the walkway. On the whole, the levels of emamectin recovered from the
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sediments at CE1 were very low, less than 0.75 ng g-1. Nonetheless, they were greater
than those found in the sediments collected at 25 m and further (on a north direction).
Even though, during the study one set of sediments collected near the shoreline (over
100 m away from the cages) contained 0.93 ng g-1emamectin, its majority was found in
the sediment directly under the cages. Overall, the levels of emamectin in sediment
diminished in function of how far from the cages the sediments were collected, at the 25
m boundary and beyond. This spatial deposition of emamectin was comparable to the
one that Telfer et al. (2006) reported following their sediment analyses of emamectin at
a commercial farm.
With values ranging between 3.53 and 1.17 ng g-1, the concentrations of emamectin
found in the samples from CE2 were greater than those from CE1 samples. These could
have been influenced by the fact that over the whole study, the salmon treated did not
stay in the same pen, but were rotated around the pens of the walkway. It had also been
suggested that the deposition of emamectin tied in with the direction of the seabed
current. The overall direction was established to be south-westerly, therefore it could be
expected that emamectin (present in uneaten feed and faeces) settled down more
significantly in the sediments below the south end of the walkway.

This was in

accordance with McHenery and Mackie (1999) and results from Telfer at al. (2006)
which showed that emamectin mostly confined along the direction of major tidal current
flow. This particularity is one of the input factors used in the particle tracking model
DEPOMOD (Cromey et al., 2002). When studying the effects of emamectin used on
active fish farm, Black et al. (2003) used this model to predict the horizontal deposition
of the compound and compared it with in-field analyses. DEPOMOD, as a result of the
residual current, predicted emamectin to be below and slightly to the west of the farm
walkway.

From their study in Loch Sunart, emamectin, although at very low

concentrations and concentrations lower than predicted, was mostly detected directly
below the cages in sediment.
In the case of the study at the Badcall site, it was unfortunate that the hydrographic data
was not known prior the sampling. Furthermore it had been agreed to collect salmon
from one of the northern cage of the walkway as its fish density was greater, thus the
sampling of salmon from this cage will not significantly impact its commercial value.
Overall, this underlined not only that disparity between samples collected at different
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points of a single walkway existed but also that it is often difficult to obtain material
and carrying out work in the field environment where production must take priority.
At the end of the analysis of the sediments from Badcall, it emerged that the sampling
pattern was not as representative as it could have been. If the deposition of emamectin
was to follow the direction of the seabed current, then a sampling of sediment at each of
the walkway’s cage edge would have been the best option, allowing monitoring of
emamectin across the north-south and the east – west axis. The Badcall site was not
ideal for such sampling as its geographical emplacement did not allow to sample on a
cross-shaped design. Therefore it was decided to carry out a second study of sediment;
this was done at the Calbha site.

Calbha site
The location of the Calbha site allowed a more accurate monitoring and estimation
across the cardinal directions of the spatial spread of emamectin at the cage edges and at
a 25 m distance away from the walkway.

The highest levels of emamectin and

desmethylamino metabolite were consistently found in the samples collected in the
south (CE and 25 m), followed by those collected west, north and east. Furthermore,
neither of the compounds was detected in the sediments collected from the 25 m north
position. These results confirmed that the water current (southerly) influenced the
deposition of emamectin and its desmethylamino metabolite. The presence of an island
to the west of the walkway may explain the higher deposition of emamectin in this
direction at contrary to the east. Another factor could again be the rotation of the
treated salmon along the cages, creating a more homogeneous deposition under the
whole walkway’s area.
Overall, independently of the geographical direction, the highest concentrations of
emamectin and desmethylamino metabolite were detected in the sediment collected
from the cage edge locations. On average, the levels of emamectin were between two to
ten times lower in the samples collected from the 25 m perimeter than in the cage edge
samples. The results from Telfer et al. (2006) showed similar trend with concentrations
of emamectin within 100 m of cages four to five times lower than those in sediment at
10 m.

Furthermore, the authors also reported decreasing concentrations of both

emamectin and desmethylamino metabolite in sediment settlement traps as a function of
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the distance, with the highest levels in the 5 m sediment trap. These results emphasised
that of both emamectin and the desmethylamino metabolite primarily deposited directly
underneath or very near the fish cages. As suggested by Telfer et al. (2006), a reason
for this could be that during treatment, a proportion of uneaten medicated feed 10-20 % (Gowen et al., 1989; McHenery and Mackie, 1999; Black, 2003) - quickly
settles on the seabed directly below the cages, making emamectin levels higher.

6.4.2.2 Temporal

distribution

and

persistence

of

emamectin

and

is

desmethylamino metabolite in the sediment

Badcall site
The sampling regime for the sediment from the Badcall site covered almost five
months. The first sample (samples were taken in triplicate) was collected prior to the
treatment, and then four samples were collected between the first day and the first
month following the treatment. Afterwards, another four samples were collected, one
approximately every 30 days. There was very little, 0.35 ng g-1 at cage edge (1/21th of
the near field EQS), emamectin detected in the sediment at the site prior to the
treatment. Although the farm rotated the location of walkways about the Badcall site
(Figure 6-3) to reduce particular environmental impact, and Slice® was not used on the
walkway of interest prior the treatment monitored for this study, emamectin had been
used in the past to treat salmon at Badcall. The lack of emamectin on the day prior to
the treatment suggested that it did not accumulate nor it persisted in the sediment at the
Badcall site.
Overall the data from the study at Badcall did not show a clear pattern of the temporal
dispersion of emamectin in the sediment from under cage edge or further. With again
very low values, it was on the first day following the treatment that the concentrations
of emamectin were the highest at the 25, 50 and 100 m positions. The concentrations of
emamectin from the sediment at CE1 doubled between the first and the 8th day after
treatment; however they were back to their original value afterwards. For many of the
samples, emamectin was not detected and the desmethylamino metabolite was never
detected during the study. Unfortunately, the levels of emamectin at these locations
chosen for sampling (opposite to the current) were probably not representative of the
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actual dispersion of emamectin, and therefore can not be used for accurately
determining the temporal distribution of emamectin.
Two and a half month into the study, sediment were collected from CE2.

The

concentration of emamectin at this point, 3.53 ng g-1, was the highest 76 days after
treatment. By day 106 and 135 after treatment, the levels of emamectin decreased by a
third and two third respectively. As there was no sample collected from CE2 prior to 76
days post-treatment it is impossible to know if higher levels of emamectin were present
before that date; however as less emamectin was recovered in the subsequent samples it
would be presumed that the highest levels of emamectin in sediment were reached
within two and a half month post-treatment. A reason for the decrease of emamectin in
Badcall sediments could be a result of the harvest of the salmon between day 76 and
106 thereby reducing the deposition of emamectin from excretion products. Following
their 12 months study, Telfer et al. (2006) found emamectin in sediment at a maximum
level four months after treatment. Between the first and four month post-treatment the
authors detected between 2.18 to 2.73 ng emamectin per gram of sediment; and the
concentration dropped to 1.8 ng g-1 by 12 months. While they observed similar pattern
for the desmethylamino metabolite, none was detected in the investigation at Badcall.
Telfer et al. (2006) also observed a delay between the treatment and the deposition of
emamectin in the sediments.

The authors attributed that delay to the prolonged

excretion from fish of faeces containing emamectin and the subsequent postdepositional resuspension.

Thus, it was suggested that limited amount of emamectin

and metabolite deposited in sediment beneath and around salmon cages (where Slice®
had been used as anti-sea lice treatment) during and up to four months after treatment.
Although, it could be suggested that deposition would not be the major factor here, but
the redistribution of emamectin in sediment due to movement of the surface layer of the
sediments. Overall, the results were consistent with the duration of Slice®’s efficacy
determined for the treatment by Stone et al.(2000a and 2000c) and the discharge of
emamectin from fish excretions after treatment (Telfer et al., 2006). The estimated
half-life for emamectin of 137 days was close to the data - aerobic studies - from SEPA
(1999); and slightly lower than data reported by Chukwubede (1997) or McHenery
(1999).
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Calbha site
The study at the Calbha site took place over about six months; however there were
fewer sampling dates than at the Badcall site. The concentrations of emamectin and
desmethylamino metabolite found at Calbha were greater than those from Badcall.
Seven days after treatment, the average emamectin concentrations were between 3.96
and 17.95 ng g-1. These had slightly decreased by day 55 post-treatment, inferring that
the deposition of emamectin had slowed to a rate equal to or less than the rate of
degradation or removal from the site by other means. The data for the desmethylamino
metabolite also showed a decrease between day 7 and day 55 after treatment. By day
104 the concentrations had increased, for some samples they were back to the values
detected on day 7, for other samples they were four times greater than those on day 7.
The average concentration of emamectin found on day 180 post-treatment showed a
decrease compared with day 104, but was in the same region than that found on day 7.
Overall, the maximum level of emamectin in sediment was found after three and a half
months post-treatment, showing once more accordance with Telfer et al. (2006) study.
In the case of the desmethylamino metabolite, the maximum concentration, 4.01 ng g-1,
although only from one position, was observed on day 7 post-treatment. Similarly to
emamectin, the concentrations of the metabolite had decreased by day 55 but increased
again between day 55 and 104 post-treatment.

There was no desmethylamino

metabolite detected in the sediment six months after treatment. Overall, these results
paralleled those found in the salmon matrices, with maximum level of desmethylamino
metabolite mostly recovered a week after treatment, although only at one position.

6.4.2.3 Relationship between concentration of emamectin in the sediment and the
therapeutic input
The levels of emamectin in sediments under and up to 25 m of salmon cages can be
influenced by the input of emamectin (amount of medicine administered during
treatment), the area of sediment over which emamectin deposited, the depth of sediment
through which emamectin distributed and the percentage of emamectin that reaches the
sediment. To establish a relationship between the levels of emamectin detected in
sediment after a Slice® treatment and the input of emamectin from the treatment, the
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average mass of emamectin in the volume of sediment from the Calbha site, seven days
after treatment was calculated using equation [6-6].

M ( EB / sed ) = [EB ]sed × ρ sed × Vsed

[6-6]

Where: [EB ]sed is the average concentration of emamectin recovered in the sediment
after seven days (in the area of interest i.e. cage edge or 25 m away from cage
edge),

ρsed is the density of wet sediment,
Vsed is the volume of sediment in the area of interest.
The average concentrations of emamectin detected in the four cage edge sediment
samples seven day after treatment was 8.82 ng g-1 (Table 6-9). The volume of sediment
under the cages was 157.5 m3, considering two rows of seven cages measuring 15 m by
15 m, and a sediment sampling depth of 0.05 m. Assuming a density for the wet
sediment of 1.9 g cm-3, the mass of emamectin in the volume of sediment samples under
the cages of the Calbha site seven days after treatment was 2.64 g. This represents 3.9
% of the total 67 g of emamectin administered during the treatment of the stock in
Calbha site.
The concentration of emamectin detected in the sediment collected at the 25 m sample
point seven day after treatment was 1.57 ng g-1 (Table 6-9). For the purpose of the
calculation, it was assumed that this concentration was identical for any of the sediment
at a 25 m radius from the cage edge. The volume of sediment (top 0.05 m layer) from
the cage edge to a 25 m periphery around the cages was 462.5 m3. Using, the wet
sediment density of 1.9 g cm-3, then the mass of emamectin in the volume of sediment
samples between cage edges and a 25 m periphery, seven days after treatment on the
Calbha site, was 1.38 g.

This represents 2.1 % of the total 67 g of emamectin

administered during the treatment of the stock in Calbha site.
Therefore, seven days after treatment, an estimated 6 % of the total emamectin input
was recovered from the sediment in the top 5 cm layer under the cages and up to a 25 m
periphery. A more accurate estimate could have been made, had data from the first day
after treatment been available. The concentrations of emamectin detected seven days
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after treatment may include persistent or accumulated emamectin from either uneaten
feed waste or faeces.
This investigation was carried out in response to the lack of data and to establish if the
sediment was the main matrix for the presence of emamectin following a therapeutic
treatment. The areas containing detectable and measurable concentration of emamectin
were localised, and in relation with both surface and seabed current directions; with the
exception of once on the shore line no emamectin was detected further than 100 m. The
detection of emamectin on the one spot on the shoreline may have been due an
inadvertent loss of Slice®/feed from one of the farm’s boat which anchored around this
area.

6.4.3

Fate of emamectin and its desmethylamino metabolite in non-target
organisms

Investigation 3 was undertaken to determine the concentration of emamectin and its
desmethylamino metabolite in seawater as well as in non-target marine biota living insitu under fish farm cages and/or at a distance from these cages. In the case of the farm
studied, the results showed no detectable levels of either analytes in matrices tested
during and up to 135 days after the treatment.
In a similar field study, Telfer et al. (2006) analysed tissues from deployed mussel and
indigenous organisms for emamectin. The results from the deployed mussels showed
low levels of emamectin in mussels (< 1.00 µg kg-1) in the first week post-treatment but
did not quantify the desmethylamino metabolite. The authors reported that neither
emamectin nor metabolite was detected in water samples collected from the cage edge
and at 25 m from the cages. Following the analysis of tissues of different indigenous
species of crustaceans, molluscs and echinoderms collected during and up to 12 months
after a Slice® treatment, Telfer et al. (2006) found quantifiable levels of emamectin up
to one week post-treatment in common whelks (Buccinum undatum) and up to one
month post-treatment in hermit crabs (Pagurus spp.). The maximum concentration of
emamectin recorded by the authors was 5.00 µg kg-1 in hermit crabs after one week
post-treatment. However, after 12 months post-treatment emamectin was found only in
one single starfish sample (Asteria rubens) and only at a level below the limit of
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quantification (< 1.00 µg kg-1). Finally, Telfer et al. (2006) reported non-quantifiable
levels of the desmethylamino metabolite in the same organisms at up to one month posttreatment. In their review of the fate of emamectin in the Canadian finfish aquaculture
industry, Bright and Dionne (2005) stated than no emamectin had been detected in
deployed bivalve molluscs collected adjacent and downstream of a cage system which
had received Slice® treatment. These results were similar to those observed in the
investigation 3 of this chapter. Overall, it could be assumed that it is unlikely that
emamectin occurs or accumulates at significant levels in the non-target biota on and
around fish farms. Published field data is sparse and few authors actually worked on
the impact of emamectin in non-target organisms using estimates or predictions. Thus,
in a case study of a Scottish sea loch, Willis et al. (2005) could estimate the
concentration of emamectin in both the water column and the sediment to be in the
region of 10-3 ng L-1. The authors concluded that these concentrations would have no
adverse effects on indigenous population and the likely to be exposed zooplankton
communities.
Laboratory studies (Chapter 5) indicated that the presence of emamectin could be
observed in seaweed although not for a long time period. The field study confirmed
that emamectin does not accumulate in the seaweed. The presence in the laboratory was
probably due to an excessive amount of emamectin administered in the study. It was
assumed that all the mussels and molluscs would have been feeding at some times from
water that had been in contact with the therapeutants.
Although data from field studies on the determination of emamectin in non-target
organisms was limited; studies investigating other medicines licensed and used to
control sea lice infestations were available and could be used to support the results
presented here regarding the presence in non-target biota.

Capone et al. (1996)

measured the concentrations of oxytetracycline in red rock crab (Cancer productus),
oysters (Crassostrea giga) and Dungeness crab (Cancer magister) collected under cages
and in the surrounding vicinity of a fish farm.

They reported oxytetracycline

concentrations of about 0.1 µg g-1 in the oysters and the Dungeness crabs.
Concentrations up to 3.8 µg g−1 were detected in specimens of red rock crab collected
under the cages, higher than the limit set by the US Food and Drug Administration. A
field study by Coyne et al. (1997) analysed samples of mussel (M. edulis) collected in
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two different locations in the vicinity of a salmon farm for oxytetracycline following a
treatment. Their results showed the quantification of the analyte in mussel samples
collected at 10-11 m depth immediately under a salmon cage but none in the samples
collected at 1 m depth 20 m from the cage. In addition they observed a rapid decrease
(half-life of 2 days) in oxytetracycline once the treatment had ended.

6.4.4

Summary

To understand the fate of emamectin it was crucial to conduct field studies; however,
conducting these in a working farm was a challenge. The access to the sites (distance
between farm and laboratory as well as direct access to sampling points at the farm), the
timing of the treatment, sampling and harvest, and the sample size could not always be
fit for the purpose of the research but indeed needed to fit the commercial and practical
rules of the working farm. This might be a reason why only few of the published
studies described work in commercial farms. In the case of this work, the harvesting of
the salmon and the removal of the cages infrastructure from the Badcall site, during the
study meant that part of the studies were aborted earlier than expected or required.
Overall, this chapter demonstrated the uptake and distribution of emamectin benzoate to
the salmon tissues and sea lice, following administration of medicated feed, Slice®.
Under the conditions studied, the fish were protected against sea lice during and up to
58 days following the treatment. Furthermore, the levels of emamectin found in the
salmon tissues, at and beyond 8 days following treatment, were lower than the
acceptable MRL of 100 ng g-1. This was in agreement with results from Roy et al.
(2006).
The sampling design of sediment samples from two sites allowed the observation of a
peak concentration of emamectin benzoate under the cage treated, and the extent of
deposition of emamectin over the sediment surface around the cage. The results of the
second investigation (two sites) show that the detected concentrations of emamectin
benzoate in the sediment were in the region of the limits imposed by SEPA. The
environmental quality standards (EQS) accepted by SEPA (1999) for emamectin
benzoate near field (within 25 m from the fish cages) and far field (100 m from the
cages) are of 7.63 and 0.763 µg kg-1 respectively. On the Badcall site, the maximum
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concentration of emamectin in sediment found was noticeably lower than the near field
EQS (3.81 ng g-1 or µg kg-1 at cage edge). Over time, the average concentrations of
emamectin detected in the cage edge sediments from the Calbha site were often higher
than the near field EQS, with seven of the thirteen averages greater than 8.37 ng g-1 with
one reaching 21.23 ng g-1.

However, at this site, the average concentration of

emamectin detected within 25 m of the cages was 6.25 ng g-1. This was higher but than
the results (2.73 µg kg-1 within 10 m of cages) reported by Telfer et al. (2006), but
nonetheless suggested that for these farm sites (for which consent for discharge is
agreed) emamectin should not impact on, or pose only low risk to, the biota inhabiting
below and in the close vicinity of fish cages. Overall, this was in accordance with
SEPA report that 96.5 %, 99.4 % and 96.9 % of Scottish fish farms sites complied with
the EQS at cage edge, 25 m and 150 m respectively and that there was no evidence of
emamectin accumulation over time (Wells, 2007). This field work did not suggest the
relative importance of the factors which contribute to the concentration and persistence
of emamectin in salmon farm sediments. However, the choice of two sites may reject
the fact that these factors may be site specific or management specific.
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As the salmon farming industry in Scotland has grown it has been confronted by a need
to manage a range of diseases affecting their stock, including parasitic sea lice
infections. These can be treated with good husbandry practices, including the use of
veterinary medicines. Amongst the medicines available to control sea lice infestations,
Slice®, containing emamectin benzoate, has become the Scottish salmon farmers
treatment of choice. The use of any medicine in an environment where it has the
potential to impact on non-target organisms is a concern.

Although, prior to its

registration for use as a veterinary medicine, Slice® was subjected to rigorous studies,
its fate in the marine environment was still not completely understood, and with the
industry constantly updating and modifying its practices such as increasing pen sizes
and introducing polyculture systems there is a need to continually reflect on the fate of
such medicines in the light of changes in practice.
The purpose of this thesis was to investigate the environmental fate of emamectin
benzoate, the active compound of the sealice medicine Slice®. The first objectives were
to establish analytical techniques to both qualify emamectin and, if possible, any of its
degradation products, and to quantify them in environmental matrices indigenous of
salmon farm sites (e.g. sediments, water, seaweed, mussel and other biota).

The

research initially focused on developing and optimising a HPLC method with
fluorescence detection to determine emamectin and its desmethylamino metabolite in
sediments (Chapter 2 and 3). In Chapter 4 the use of the method was expanded to
incorporate a range of matrices commonly found in salmon farm sites. Once, a robust
method had been developed, the fate of emamectin and its desmethylamino metabolite,
was investigated in both laboratory based and field studies. First, in the laboratory the
behaviour of emamectin and its desmethylamino metabolite in two different types of
sediment and under two different temperature conditions was studied to assess the
stability of the compounds (Chapter 5). Then, in another laboratory study, and prior to
carrying out an extensive study with seaweed, the possibility of emamectin
accumulating in seaweed was assessed (Chapter 5). Finally, in Chapter 6, field studies
were undertaken on two sites of a Scottish salmon farm to establish the biological as
well as the environmental fate of emamectin and its desmethylamino metabolite.
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The physical and chemical properties of emamectin suggest that the principal
environmental sink for the compound would be the sediment. Thus sediment was the
matrix of choice for establishing an analytical method of quantification of emamectin.
Following the review of different methods developed for avermectin-like compounds, it
was established that the best protocol to quantify emamectin from any matrix include
solvent extraction, clean-up, derivatisation and quantification by HPLC. The work done
by Schering Plough Animal Health with sediment as a matrix provided a starting point
from which a robust analytical method could be adapted. The optimum extraction was
done using methanol and ammonium acetate, in a sequence of four extractions. The
clean up was done using solid phase extraction with strong cation exchange cartridges
(such as propylsufonic acid). Prior their analysis, the compounds were derivatised with
trifluoroacetic anhydride and N-methylimidazole to form a fluorescent derivatives. The
quantification of emamectin and its desmethylamino metabolite was realised by HPLC
with fluorescence detection. Amongst the comprehensive series of method validation
studies, selectivity studies confirmed that the analytical method developed was selective
to emamectin and its desmethylamino metabolite independently of the type of sediment
or of the presence of interfering substances. An overall recovery of emamectin and its
desmethylamino metabolite from sediment of 70% and a precision, %CV, of less than
15 confirmed that the method developed was accurate, reproducible and reliable.
The requirement, by SEPA, for Scottish Salmon farmers to reassure that no more than
7.63 or 0.763 µg kg-1 wet weight of emamectin could be detected in the top 5 cm
sediment from the cage edge or within 25 m of the cage edge respectively formed the
basis for optimising the analytical method. With experience, the method developed in
Chapter 2 appeared to be lengthy and time-consuming thereby limiting the sample
throughput. Optimising the method, such as reducing the number of steps, may result in
it being shorter and less prone to error. Extensive studies were carried out on the
extraction, clean-up and derivatisation steps. The outcomes proved that only small
differences were identified between revised methods and the current method. Overall,
the method from Chapter 2 was fit-for-purpose and could easily be used for the routine
analysis of sediment samples from salmon farms which might use emamectin for the
treatment of sea lice.
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As fish farms are located in open water any chemical discharged as a result of farming
practices has the potential to impact on a vast range of macrobiota, in addition to
sediments. In order to understand the fate of emamectin in the environment it is
therefore important to be able to detect and quantify its presence in a range of
environmental matrices.

Having developed a robust method for the determination

emamectin in sediment, a range of other matrices, commonly found in and around
salmon farms, was studied using the same protocol. The matrices studied were salmon
(flesh and skin), seawater, seaweed and mussels. With only slight variations in sample
preparation needed, the method developed allows the detection and quantification of
emamectin in a range of matrices using a single method. This is the first report of a
single method that is capable, effective and specific of detecting emamectin and its
desmethylamino metabolite in a wide range of environmental matrices found in salmon
farms and their surroundings.
The method was applied in laboratory and field studies to gain an understanding of the
fate of emamectin and its desmethylamino metabolite in the environment. The first
attempt to understand the behaviour of emamectin in the environment was carried out
under controlled laboratory conditions. The stability of emamectin (introduced either in
feed or as free base in standard solution) and its desmethylamino metabolite (free base
in standard solution) in two types of sediments, mud and sand, and at two different
temperatures, 4 and 14 °C, was investigated. Under anaerobic conditions, regardless on
their origin, neither compound degraded over the three month study. This confirmed
the persistent nature of emamectin in anaerobic sediments.

Neither the type of

sediments nor the temperature had an effect on the stability of emamectin and its
desmethylamino metabolite. From the perspective of locating future salmon farms, this
implies that considering the type of seabed sediment or seasonal temperature will have
little value in the impact of emamectin on the sediment environment.
Another laboratory-based study was performed in Chapter 5 to investigate the possible
uptake of emamectin by the seaweed P. palmata. The seaweed was cultivated from a
period of six weeks under outdoor conditions in water maintained at a constant
temperature of 15 °C. Four weeks into this cultivation, 40 µg of emamectin were added
(dissolved in eight litres of growth medium) to the growing seaweed. Following one
week of incubation, emamectin was detected at low levels in the seaweed. However,
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there was no emamectin detected in the seaweed two weeks after its addition to the
culture. Overall, less than 1 % of the total mass of emamectin added to the seaweed
was recovered.

The loss of emamectin was accounted to emamectin being photo

sensitive. Under the experimental conditions, it was concluded that emamectin did not
accumulate in P. palmata. From an environmental as well as a polycultural perspective,
the results from this study were positive as seaweed species growing close to salmon
farms utilising emamectin for sea lice control would not bioaccumulate the medicine.
In Chapter 6, extensive field studies were carried out to attain information on the longer
term fate and dispersion of emamectin and its desmethylamino metabolite in the
environment as a result of fish farming. The method was applied to determine the
concentrations of both emamectin and its desmethylamino metabolite in the different
environmental compartments of a commercially active Scottish salmon farm which
treated its stock with Slice®. The first major investigation focused on the organism
targeted by Slice®, sea lice, and the constituents, flesh, skin, mucus and faeces, of the
parasite’s biological host, the salmon. The second investigation considered the spatial
and temporal dispersion of emamectin and its desmethylamino metabolite in sediments
from different locations around the salmon cages of two of the farm’s sites. The third
and final investigation looked at the occurrence of emamectin and its desmethylamino
metabolite in non-target species commonly found on the cages and in the vicinity of the
salmon farm.

The study used various species of red, green and brown seaweed,

mussels, periwinkles, dogwhelks and seawater.
Salmon constituents and sea lice were collected for a period of three months from the
stock of a single pen which had been treated with Slice®. Undertaking the field study
on a commercial site meant that there was a restriction on the number of salmon which
could be used for the study. The farm management agreed to provide five salmon for
each of seven sampling dates. Although representing less than 0.2 % of the total
number of fish in the pen, five salmon proved to be a significant representation of the
stock as there was little fish-to-fish variation from each sampling date.
As no salmon were collected nor studied during the seven day treatment, it was not
possible to establish the rate of absorption of emamectin. However, the determination
of emamectin and its desmethylamino metabolite in the salmon fillet flesh, skin, mucus
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and faeces as well as in the sea lice, on the first day after treatment confirmed that
emamectin had been taken up by the salmon and distributed to the salmon tissue and
body fluids during the treatment. This was reiterated by the fact that the number of sea
lice present on the salmon sampled declined following the treatment.
Throughout the three month study, post treatment, the skin samples showed the highest
concentration of emamectin, on average three times greater than the concentrations in
flesh and twice that of the mucus. The levels of emamectin in the skin and the flesh
showed a similar pattern during the course of the study, with the highest levels detected
on the first day post-treatment, and the levels gradually and steadily decreasing
thereafter. A different pattern was observed for the levels of emamectin detected in the
mucus and sea lice; where the highest concentrations were detected after 8 days posttreatment. Furthermore in the mucus, the levels of emamectin did not decline as rapidly
as in the other matrices, with a slight rise in the levels observed between 15 and 29 days
post-treatment. No emamectin was detected in the sea lice after the 15 day posttreatment.

Overall, for each of the sampling dates in the study, the majority of

emamectin was found in the salmon flesh, then in the skin, faeces, mucus and in the
least in the sea lice.
The arithmetic determination of the emamectin half-life in each of the salmon
constituents showed 21 days as the highest half-life in the skin, and 13.4 days as the
lowest half-life in the mucus. The half-life of emamectin in the flesh was determined at
19.5 days. The comparison of this value to other published works, suggested that the
sea water temperature may have an influence in the elimination of emamectin in the
salmon flesh. The persistence of emamectin is greater when salmon are in waters at a
low temperature (i.e. below 9 °C).
The desmethylamino metabolite was the metabolite of emamectin detected by the
analytical method used. During the field study, the desmethylamino metabolite was
found in all the faeces, mucus and skin samples. In the flesh samples, it was detected
up to day 29 post-treatment. Overall, the levels of desmethylamino metabolite were
between 8-55 times lower than those found for emamectin, depending on the matrices.
Apart from a difference in concentration levels, another difference between the levels of
emamectin and desmethylamino metabolite was the trend of the levels. The highest
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concentrations of desmethylamino metabolite were found 8 days post-treatment
compared to 1 day post-treatment for emamectin. This may suggest that emamectin
took seven days to metabolise (although the lack of data during those days can not allow
confirmation).
The spatial and temporal fate of emamectin in its major environmental sink, sediments,
was investigated on two sites. On the first site, sediment samples were collected from
the edge of the cages, at points located 25, 50, 100 m and 2 km from the cages, over a
period of five months. Overall, the levels of emamectin recovered in all the samples
dissipated the further away from the cages they were. Due to the organisation of
collecting the sediment, the location and direction of the sampling points were not
identical for each sampling dates. The sampling of different cage edge position showed
that the level of emamectin were not consistent around the cages. This was due to both
the rotation of the pen with salmon that had received Slice® treatment and the
hydrography of the site, as the dispersion followed the major tidal current flow.
Due to the sampling limitation of the first site, and to obtain a second representation of
the dispersion of emamectin in sediments, a field study was carried out at another site.
Sediment samples were again collected from the edge of the cages and at a distance of
25 m. The highest levels of emamectin and desmethylamino metabolite were found at
the samples taken from the cage edges. These levels were attributed to the fact that
emamectin from faeces and uneaten feed would settle directly below or close to the
cages more rapidly than they would disperse. Furthermore, samples were taken from all
four cardinal directions around the site.

The highest levels of emamectin and its

desmethylamino metabolite were found in the samples collected in the southerly
direction, which coincided with southerly sea water current at the site.
The temporal distribution and persistence of emamectin and its desmethylamino
metabolite in sediment was also investigated from two sites.

On the first site,

emamectin was found immediately after treatment in all the locations sampled. The
concentration of emamectin increased two fold at cage edge within the eight days posttreatment. However, the sampling points at this site did not allow a representative
evaluation of the temporal dispersion of emamectin to be ascertained. The samples
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from the second site showed that emamectin was detectable in sediment at its highest
concentrations three and a half month post-treatment.
The investigation of emamectin in seawater and non-target organisms, seaweed species,
mussels, periwinkles and dogwhelks, present on farm cages and on the surrounding
environment confirmed that emamectin did not accumulate nor persist in these matrices
four to five months post-treatment.
This thesis is one of the few studies on the determination of emamectin and its
desmethylamino metabolite in the indigenous fauna and flora of a salmon farm, and the
work carried out in Chapter 6 represents one a the few studies on the fate of both
compounds within the environment of a salmon farm under commercial used.

Prospect of future research
During the optimisation of the analytical method to determine emamectin in sediment
carried out in Chapter 3, no alterations were made to the quantification step, as the
published literature has proven that HPLC with fluorescence detection was an adequate
analytical tool. However, future work could involve the use of an alternative detector
such as a mass-spectrometer which would remove the need of the derivatisation step
which seems to be the least reproducible step of the method. Mass spectrometric
detection has already been successfully used in the quantification of antiparasitics
compounds, including emamectin, in soils (Brewer et al., 2004), vegetables (Yoshii et
al., 2000 and 2004), salmon tissue (Hernando et al., 2006) and in milk (Turnipseed et
al., 2005 and Durden et al., 2007).
The three month timescale of the stability experiment carried in Chapter 5 was too tight
and needs to be extended. Furthermore, if the fish farming sector is attempting to
reduce the area of anaerobic sediments created under cages, then further work could
include the investigation of the degradation of emamectin recovered from aerobic
sediment as well as the investigation of the degradation or stability of emamectin
recovered from different depths of sediment.
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The development of polyculture is a growing potential of aquaculture.

From this

perspective, it would be beneficial to carry out further studies of the uptake and
accumulation of emamectin on the species of interest. A larger study on the effect of
emamectin on seaweed could be carried out.
The study of the salmon matrices showed that only a small proportion of emamectin
used during the treatment reached the sea lice or the mucus. However, future work
would need to consider that the mucus is a body fluid that is continuously produced and
sloughed off. Thus mucus would be present in the water for a period of time prior to
binding to particulates and eventually settling. This might not happen in the immediate
environment of the salmon pens.

The rate of the mucus production, during and

following treatment, will play a role in the amount of emamectin transferred to the
environment. It would be interesting to establish this rate and follow the loss of mucus
and medicine in the environment.
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