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Abstract

The amphipod, Echinogammarus marinus, is common in sheltered coastal inlets, such
as estuaries and sea lochs, in Scotland and exhibits increased levels of intersex in
some contaminated areas. Sea lochs are commonly the location for coastal
aquaculture development, and some chemicals used in fish-farming are specifically
designed to target the crustacean nervous system. Therefore it was hypothesised that
these chemicals may also affect neuro-endocrine pathways, causing morphological
and reproductive abnormalities in non-target Crustacea. Based upon this hypothesis,
Echinogammarus marinus amphipods from two different Scottish sea lochs
containing salmon farms were investigated. Morphology, intersexuality, and the
incidence of microsporidian parasites were recorded at sites close and at distance from
fish-farms. Results suggest a higher incidence of intersexuality at sites within sea
lochs, comparable to that observed in industrially contaminated sites elsewhere in
Scotland. The data suggest that fish farming activity may influence the observed

distributions of intersexuality within lochs. Intersex specimens were more likely to be



infected by microsporidian parasites than non-intersex specimens. Normal females
were found more likely to be infected by microsporidian parasites at sites associated
with high intersexuality, suggesting the parasite as the probable feminiser. The
cause(s) for the observed patterns of intersexuality are unclear, although suggestions

relating to discharges from fish farms are discussed.

Keywords: Pollution, Microsporidia, Intersexuality, Crustacea, Amphipoda,
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Introduction

An association between intersexuality in Crustacea and anthropogenic disturbance has
been reported recently in a number of studies (Moore and Stevenson, 1991, 1994;
Takahashi et al., 2000; Allen et al., 2002; Brian, 2005; EDIT 2003; Ford et al., 2004a,
2005). Intersexuality in wildlife has received considerable attention over the past 15
years due to the links between anthropogenic chemicals and reproductive disorders
thought to occur via disruption to endocrine systems (Colburn et al., 1996; IEH,
1999). Recently we reported higher incidences of intersexuality in the
marine/estuarine amphipod Echinogammarus marinus from industrially contaminated
sites (=14-15% intersex) in the Firth of Forth, Scotland, when compared with
reference sites (=5-8% intersex; Ford et al., 2004a). However, results from an
additional study have indicated feminising microsporidian parasites as the most
probable cause of the observed intersex (Ford et al., 2006). It was hypothesised that
conditions at the impacted sites might have enhanced either parasite numbers, or
possibly the ability of the parasites to infect immuno-suppressed hosts, thereby

causing an indirect form of endocrine disruption.

Results from that study also indicated that parasitism might not be the only cause of
intersex in E. marinus and that other mechanisms may exist, perhaps linked to
environmental sex determination, as suggested by Dunn et al. (1993). Despite
evidence that parasitism is likely to be the main cause of the intersex observed in E.
marinus at their polluted site, Ford et al. (2006) suggested that chemicals may also

have indirectly contributed to the observations.



Fjordic sea lochs are characteristic features of the west coast of Scotland. They
typically exhibit restricted circulation and accumulate fine grained sediment with high
organic carbon content. Many fish farms are located in sealochs. Sediments around
farms are often enriched by particulate waste (e.g. faeces, excess feed) from the
farms, while dissolved substances may require a period of several days to be flushed
out of the loch. The annual Scottish production of farmed finfish (primarily Atlantic
salmon) in coastal aquaculture increased from 10,337 to 145,609 tonnes between
1990 and 2003 (FRS, 2002; Read and Fernandes, 2003). This rapid increase in the
size of the aquaculture industry has led to concerns over the impact of fish farming on
(previously pristine) marine environments (McCaig et al., 1999). The potential
impacts are wide-ranging, from aesthetic aspects to direct pollution problems
(O’Sullivan, 1992; Garrett et al., 1997). Various effluents are generated by fish
farming activities including nutrients, waste feed and faeces, used medications and
pesticides, detergents and other effluents from net washing, including antifouling
compounds and heavy metals (Read and Fernandes, 2003). Many of these can have
undesirable impacts on the environment (Gowen and Bradbury, 1987; Ackefors and

Enell, 1994; Wu, 1995; Axler et al., 1996; Kelly et al., 1996).

The chemicals used in European marine aquaculture can be categorised as
disinfectants, antifoulants, and veterinary medicines. The medicines used include
antibiotics, anaesthetics, ectoparasiticides, endoparasiticides and vaccines (Costello et
al., 2001). In Atlantic salmon farming, medicines are predominately used to combat
sea-lice, which are the most common and economically significant parasite (Costello
et al., 2001). Most of the medicines that have been used have neurotoxic properties

towards crustaceans (Davies et al., 2001).



The endocrine system of crustaceans is closely associated with the nervous system,
and consists of epithelial-type endocrine glands and endocrine structures of neural
origin, the neurosecretory cells and neurohemal organs (Fingerman, 1995). The
neurohormones exert short-term (e.g. pigment concentration and dispersal), medium-
term (e.g. carbohydrate metabolism) and long-term regulatory actions (e.g. regulation
of moulting and gonadal development) on the neuro-endocrine systems of crustaceans
(De Kleijn and Van Herp, 1995). A clear-cut distinction therefore cannot be made
between the nervous and endocrine coordinating systems in Crustacea (Waterman,
1961). Furthermore, the action of crustacean neurons cannot be thought of solely in
electrical terms (Waterman, 1961), with components of neuro-endocrine systems
found throughout the central nervous system (De Kleijn and Van Herp, 1995). It was
therefore hypothesised that chemicals, designed specifically to have neurotoxic effects
on parasitic Crustacea, may also have endocrine mediated effects on non-target

crustacean at sublethal concentrations.

With this in mind, populations of Echinogammarus marinus were studied in two
sealochs (Loch Sunart and Loch Duich) on the west of Scotland containing fish farm
sites during 2002 and 2003 (Fig. 1,2). The aim of the investigation was to assess
whether waste discharges from fish farms may have any measurable adverse effects
on E. marinus populations. The endpoints measured included sex ratios, prevalence of
intersexuality and morphology (i.e. parameters potentially indicative of endocrine
disruption). The role of microsporidian parasites in structuring E. marinus populations
and causing developmental abnormalities was also investigated through histological

examination of internal viscera.



Materials and Methods

Specimen collection

Echinogammarus marinus (immature and adult) were collected from underneath
stones and seaweeds from Loch Sunart (May and August 2002) and Loch Duich (May
2003). In May 2002, approximately 200-300 E. marinus were collected from each of
two sites, one adjacent to a fish farm (Laudale) on the south side at the head of Loch
Sunart, and one site (Rubha nam Faennag) on the north side of the loch approximately
2 km west of the fish farm (Fig. 1). During August 2002, further sampling was
undertaken at Loch Sunart, this time at 200 m intervals along a transect for 800 m in a
westerly direction from the site adjacent to the fish farm. The sample sites at 400m
and 600m were subsequently pooled due to low numbers of specimens collected. In
May 2002, the Laudale fish farm at Loch Sunart was holding 2 year old Atlantic
Salmon of approximately 1.9 kg per fish, increasing to approximately 3.1 kg per fish
by August 2002. Licensed medicines used during 2002 included 7.8 1 of Excis (the
active ingredient of which is cypermethrin) and 175.5 kg of SLICE (contains

emmamectin benzoate, a benzoylphenyl urea).

Loch Duich was sampled during May 2003. Approximately 300 E. marinus were
collected from each of six sites. One site was directly adjacent to the fish farm on the
south coast and the other four sites were at 800m and 1600m distant in both easterly
and westerly directions (Fig. 2). A further reference site was sampled outside the loch,
approximately 15 km from any fish farm activities. In May 2003, the fish farm within

Loch Duich contained small first year smolts of approximately 100 g. Medicines



licensed for use in 2003 included approximately 28 1 of Excis, although the majority

was used after the period when amphipod sampling had taken place.

Samples were preserved in 70 % industrial methylated spirit (IMS) plus 5 % glycerol,
and were returned to the laboratory for positive identification. The sexual phenotype
was recorded and the specimens were weighed. If specimens were intersexed, the
phenotype of intersex was recorded as either intersex male or intersex female, as
described by Ford et al. (2003). Proportions of sexual phenotypes were analysed

statistically using chi-square tests (SPSS 11.0).

Sub-samples of 300 normal males and females (50 per site from all six sites in Loch
Duich), and 34 intersex males and 126 intersex females (pooled from all sites) from
Loch Duich were also analysed morphometrically (methods by Ford et al., 2004a),
using a dissecting microscope and eyepiece graticule. The measurements taken
included weight (mg; normalised by square root transformation), and the lengths of
both the left and right sides of gnathopod 1, gnathopod 2, and the eye. These

measurements were analysed using canonical discriminant analysis using SPSS 11.0.

Assessment of Microsporidian Infection

Sub-samples from Loch Sunart (N= 69, collected during May 2002) and Loch Duich
(N = 170) were further processed histologically. Normal and intersex E. marinus
specimens were preserved in ethanol from Laudale Fish Farm (Loch Sunart).
Unfortunately, specimens from Rubha nam Faennag, a site 2 km away from the fish
farm site, were not adequately preserved and inter-site comparison could not be made

within the loch. Sub-samples (between 10-20) of each sexual phenotype were



processed for histology from the site 1600m east of the fish farm within Loch Duich,
and the reference site outside the loch. A further 10 normal female specimens were
processed for histology from all other sample sites in Loch Duich. Mid-sections of
each specimen were cut transversely using a razor blade between pereon 3 and 4, and
wax embedded. Approximately four 5 um sections were cut and stained with
Haematoxylin and Eosin (H&E) and then examined using a high power Olympus BH-
2 microscope for the presence of microsporidian spores within the musculature and
gonadal tissue. Proportions of infection were statistically analysed using G-Tests or

Fishers exact tests in cases whereby sample sizes were very unevenly distributed.

Results
Sex Ratios
Loch Sunart
Significant differences were observed in the sexual phenotypes between the two sites

(Chi-Square )%z 57.89, df = 3, p < 0.001), with the site adjacent to the fish farm

(Laudale) characterised by fewer males (27 % of total sample) and more intersex
females (16 %) and the site approximately 2.5 km from the fish farm characterised by
greater numbers of males (47 %) and fewer intersex females (no intersex females

observed) than correspondent )%—expected values (Fig. 3; Table 1). At the fish farm

site, 23.1 % of the females and 11.1 % of the males were intersexed, whereas at the
other site, there were no intersex females and 6.3 % of the males were intersexed

(Table 1).

During August 2002, the proportions of normal and intersex females had declined and

normal males were the predominant phenotype (Fig. 4; Table 2). However, results



from Chi-square analysis revealed no significant differences (Chi-Square = 13.26, df

=9, p=0.151) in the sexual phenotypes between any of the stations. Although higher
proportions of intersex specimens (per total sampled and per female) were observed at
the site closest to the fish farm, and numbers of intersex females tended to decrease
with distance from the fish farm, the differences were not statistically significant

(Table 2).

Table 1: Numbers (Percentages) of each sexual phenotype sampled at Loch

Sunart during May 2002.

Sites Intersex Normal  Intersex Normal Total % of males % of females
Male Male Female Female intersexed intersexed
n (%) n (%) n (%) n (%) N % %
Fish Farm (Laudale) 7@3.4) 56 (27.2) 33 (16) 110 (42.3) 206 11.1 23.1
Rubha nam Feannag 9@3.2) 133 (47.3) 0 (0) 139 (49.5) 281 6.3 0
TOTAL 16 189 33 149 487

Table 2: Numbers (Percentages) of each sexual phenotype sampled at Loch

Sunart during August 2002.

Sites Intersex Normal Intersex Normal Total I:f)al(:: fs feﬁ;)lfes
Male Male  Female  Female intersexed intersexed
n (%) n (%) n (%) n (%) N % %
Fish Farm (Om) 6(3.9) 95 (62.5) 5@3.3) 46 (30.3) 152 5.9 9.8
200m 0 (0) 92(639) 5(3.5)  47(32.6) 144 0 9.6
400-600m 2(1.6)  66(54.1) 4(3.3) 50410 122 2.9 7.4
800m 3@3.7) 54 (65.9) 0 (0) 25 (30.5) 82 5.3 0
Total 11 307 14 168 500




Loch Duich
Of the 1686 specimens of E. marinus collected during May 2003, 43 % were male, 46
% female, 2 % intersex male and 9 % intersex female (Table 3). Significant
differences were observed in the proportions of sexual phenotypes between sample

sites (Chi-Square ;8: 57.90, df = 15, p < 0.001, Fig. 5). Stations west of (and inclusive

of) the fish farm had fewer intersex specimens than statistically expected, whilst sites
east of the fish farm had greater numbers of intersex individuals than statistically
expected. The reference site had the lowest percentage intersex specimens (0.3 %
intersex males and 4.4 % intersex females), whilst the site 1600m east of the farm had
the highest percentage intersex specimens (4.7 % intersex males and 15.4 % intersex
females). Furthermore, the 5 sites within the loch (pooled) showed significant

differences in the phenotypes compared to the reference (Chi-Square ¥=15.11, df = 3,

p < 0.01). When comparing the numbers of intersex phenotypes per their respective
sex, intersex males appeared to increase with distance in an easterly direction, whilst
intersex females, with the exception of the reference site, were lower in number at the
site closest to the fish farm but increased in number at stations 800m and 1600m in an

east and west direction when compared with the site adjacent to the farm (Table 3).
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Table 3: Numbers (Percentages) of each sexual phenotype sampled at Loch

Duich during May 2003.

Sites Intersex Normal Intersex  Normal Total % of males % of females

Male Male Female Female intersexed intersexed
n (%) n (%) n (%) n (%) N % %

Reference 1(0.3) 134 (45.1) 13 (4.4) 149 (50.2) 297 0.7 8.0

1600m West 2 (1.0) 85 (42.5) 21 (10.5) 92 (46.0) 200 2.3 18.6

800m West 4(1.3) 127 (42.6)  22(7.4) 145 (48.7) 298 3.1 13.2

Fish Farm 4(1.4) 152 (51.5) 16 (5.4) 123 (41.7) 295 26 11.5

800m East 1137  115(38.6)  30(10.1) 142 (47.7) 298 8.7 17.4

1600m East 14 (4.7) 113 (37.9) 46 (15.4) 125 (41.9) 298 11.0 26.9

Total 36 726 148 776 1686

Morphometric Analyses of Loch Duich specimens

Morphometric analysis of specimens was conducted to assess differences between
sexual phenotypes and sample sites. Canonical discriminant analysis (Fig. 6)
separated approximately 72 % of the sexual phenotypes correctly into their
appropriate groups. Significant differences were observed between functions 1to 3
(Wilks-Lambda, p < 0.001), but not between function 2 to 3 and 3 (p > 0.05). The first
function accounts for 99.9 % of the total variation; with all four gnathopod
measurements (gnathopods 1 and 2, left and right) showing the strongest correlation
with this discriminating function. Intersex males formed an intermediate group, based
upon gnathopod size, between normal males with larger gnathopods, and normal and
intersex females with smaller gnathopods. Intersex males and females showed
minimal overlap, since intersex males were not grouped with intersex females and

only 4% intersex females were grouped with intersex males.
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Due to lack of discrimination between normal and intersex females, only male
phenotypes were considered for inter-site variation in morphometrics (Fig. 7). The
first six discriminant functions were used in the analysis with significant differences
between the first four functions (Wilks-Lambda, X2 =327.89, 76.20, 40.73 and 21.96
for function 1-6 (p < 0.001), 2-6 (p < 0.001), 3-6 (p < 0.01) and 4-6 (p < 0.05),
respectively). The first four functions explain approximately 98 % of the total
variation (82.8 % followed by 8.2 %, 4.2 % and 3.1 % explained by the first four
functions, respectively). When comparing morphometric characters of the males, two
main groups can be discriminated within the first function. Intersex males form one
grouping and all normal males regardless of site form the other group. Similar to the
first analysis, all gnathopod measurements make up the highest discriminant scores in

the first function separating the two groups (intersexes from normals).

Microsporidian Infection

Loch Sunart (Laudale Fish Farm)

Significant differences were observed in the numbers of infected specimens between
sexual phenotypes (G-test, G =48.4, df =3, p < 0.001). Normal specimens (male and
female) had lower numbers of infections than correspondent (Chi Square %) expected
values, whilst greater numbers of intersex specimens (male and female) were infected
than expected. All (100 %) intersex male and 95 % (19/20) of intersex female
specimens had microsporidian spores present within the musculature. In contrast,
only10 % (2/20) and 35 % (7/20) of normal males and females, respectively, were

infected.
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Loch Duich

At 1600 m east of the fish farm (where the greatest proportions of intersexuality were
observed), a significant difference in the frequency of infection was observed between
the sexual phenotypes (G-test, G = 22.73, df = 3, p < 0.001). All intersex males
(10/10) from this site were found to be infected and 50 % (5/10) of the intersex
females. Thirty-five percent (7/20) of the normal females were infected, whereas only
10 % (1/10) of the normal males were infected. No intersex males were observed at
the reference location, and no significant differences were observed when comparing
infection in the remaining three phenotypes (Fisher’s exact test, p > 0.05). No
infection was observed in normal males and females (0/20) and 20% (2/10) infection

was observed in intersex females.

A further comparison was made between the frequencies of infection in normal
females from all sites in Loch Duich. Significant differences were observed in the
frequency of infection between sites (G-test, G = 18.57, df = 5, p < 0.01), with the
highest level of infection observed at sites 800 and 1600m east of the fish farm (15 %
(3/20) and 35 % (7/20) infection, respectively). Sites 800 and 1600m west of the fish
farm had 5% (1/20) and 10% (2/20) infection, respectively. No microsporidian
infections were observed in any of the specimens from the site closest to the fish farm
(0/20), or from the reference site (0/20). The percentage of normal females infected
correlated significantly and positively with the percentage total intersex specimens

observed at all sites (Spearman’s Rank Correlation R = 0.986, p < 0.001; Fig. 8).
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Discussion

High incidences of intersex and reproductive abnormalities have been reported for
several crustacean groups associated with anthropogenic disturbance (Moore and
Stevenson, 1991; Takahashi et al., 2000; Allen et al., 2002; EDIT, 2003; Ford et al.,
2004a, 2005). In this study, a higher percentage of intersex individuals was observed
at Loch Sunart fish farm than at the site away from the fish farm. The incidence of
intersexuality varied between 0-16 % intersex females and approximately 3 %
intersex males during the earlier sampling period (May 2002), and 0-3.5 % for
intersex females and 0-4 % intersex males during the later sampling period (August
2002). No significant correlation between distance from the fish farm and
intersexuality was observed during the second sampling period. It is unclear whether
this may have been the result of mixing between amphipod populations. Specimens
collected during the later sampling period were considerably smaller (approximately
35%, unpublished data). This lower incidence of intersexuality found later in the year
may be due to the association between size and intersexuality (Ford et al., 2003; Ford
et al., 2004b). Both Kelly et al. (2004) and Ford et al. (2005) found that the incidence
of intersexuality in amphipods varied throughout the year, with higher frequencies of
intersex observed during warmer months when more, larger, and mature specimens

were present within the population.

A more complex pattern in the incidence of intersexuality emerged from sampling
Loch Duich. All sites within the loch had a higher prevalence of intersex individuals
when compared to the site outside the loch. However, within the loch, the site closest
to the fish farm had the lowest incidence of intersex. Moreover, the incidence of

intersexuality was higher in an easterly direction from the fish farm. Sub-surface and

14



bottom current data (Scottish Environment Protection Agency, unpublished data)
indicate a net residual current moving in a south-easterly direction suggesting

potential eastward movement of some discharges from the fish farm.

At Loch Duich, incidences of intersexuality varied between 4-15 % for females and
between 0.3 — 5 % for males. This maximum total incidence of intersexuality
(approximately15-20 % in both lochs) is comparable to that observed at impacted

sites within the Firth of Forth (Ford et al., 2004a).

Morphometric analysis using characters considered to be sexually dimorphic
separated out the four sexual phenotypes into three groups (Fig. 6). One group
contained normal males, the other contained both normal and intersex females and the
third intermediate group contained intersex males. The degree to which the intersex
males and females were discriminated provides strong evidence for treating these two
phenotypes separately, as proposed by Ford et al. (2003; 2004b). In similarity with
this study, Ford et al. (2004a) found that the discriminating factor between the groups
of normal and intersex specimens from the Firth of Forth (Scotland) was gnathopod

size.

Ford et al (2004a) found that normal males from an industrially polluted site had
reduced gnathopod length, and similar to that observed in intersex males, when
compared to normal males. Recognising that the gnathopod length in E. marinus was
a secondary sex characteristic and under androgenic gland control (Charnoiux-Cotton
and Payen, (1985), the authors suggested that some anti-androgenic, de-masculinising

effects might be occurring, caused by contaminants in this area. Discriminant analysis

15



of morphometric characters in the current study, however, was not able to
differentiate between normal males, at sites near or at distance from the fish farm at
Loch Duich, or between sites associated with a high or low incidence of intersex.
Intersex males clearly formed at separate group based upon morphology when

compared to normal males from all sample sites during the analysis.

Microsporidian parasites were found within the musculature of E. marinus from both
lochs in this study. Unfortunately, identification to species level requires molecular
techniques which were not then available to the authors. Significantly higher
frequencies of infection were observed in intersex specimens than in normal
specimens. Infection of normal females correlated with the incidence of intersexuality
and, as with previous studies (Ford et al., 2006), very few normal males were
infected. This suggests that the parasite is a feminiser and is the probable cause of the
observed intersexuality. Strong correlations found between total intersex prevalence
and microsporidian infection in normal (non-intersex) females suggest that sampling
locations chosen within the Loch Duich study may contain more genetically isolated

populations.

Relatively few specimens of any phenotype at the reference sites were infected. Ford
et al. (2006) found a higher frequency of intersex organisms throughout the year at
two sites associated with industrial discharges when compared to reference sites.
Histological examination of those samples found that, as in this study, intersex
specimens were more likely than normal specimens to be parasitised by
microsporidia. Ford et al. (2006) also found a very low frequency of infection in all

sexual phenotypes at two reference sites, adding weight to the suggestions by Dunn et

16



al. (1993) and Kelly et al. (2004) that factors other than contamination may cause
intersexuality, such as a consequence of environmental sex determination. Sex
determination in some species of amphipods is known to be affected by day length;
short days producing more females, and long days more males (Naylor et al., 1988).
This relative plasticity in sex determination may leave some specimens in an intersex

form.

It has been suggested that some parasites might make suitable bioindicators of
pollution (Mdéller, 1987; Khan & Thulin, 1991; MacKenzie et al., 1995; MacKenzie,
1999). Previously, we proposed that an increase in the prevalence of microsporidian
parasites, and the consequential occurrence of intersexuality in E. marinus, might also
provide a suitable marker for disturbed environments (Ford et al., 2006). Results
from this study corroborate that suggestion, although the interactions of point sources
of disturbance (such as fish farms) with the general “disturbance” arising from the
restricted circulation and the general enrichment of sea loch environments need to be
taken into account. Ford et al. (2004a) suggested that an increased frequency of
intersex might have occurred in E. marinus at impacted sites due to
immunosupression, and thus a consequent increased parasitic infection. An alternative
mechanism by which intersexuality may occur might be through the effects of
contaminants on parasite function (Ford et al. 2004a). For example, a contaminant
may affect the ability of feminising parasites to change the gender of the host, and
consequently lead to incomplete feminisation, and thus resulting in an indirect form of
endocrine disruption. In this study, however, relatively low quantities of veterinary
medicines were being used at Loch Duich (compared with Loch Sunart) during the

time of sampling, and incidence of intersex was low close to the farm, which cast
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some doubt on any direct or indirect role of medicines in causing the observed

intersex.

One further explanation for the observed high intersexuality arises, based upon
discharges of organic matter to the water. The restricted circulation in sea lochs
generally results in a degree of organic enrichment in sea lochs compared to reference
sites in more open coastal locations. The area of further organic enrichment of seabed
sediments around fish farms is normally confined to a few tens of metres. However,
there will be longer distance transport of dissolved organic matter, and also of fine
particulate matter which may settle slowly through the water column, or be re-
suspended periodically from the sea bed. Considering that intersexuality at Loch
Duich was more prevalent in the direction of the residual current, organic matter
discharged in the form of uneaten fish feed or fecal material, may have created an
environment suitable for this particular microsporidian. For example, increased
organic input may have led to proliferation of the populations of an alternative host,
which, in turn, may have increased infection within E. marinus. This may provide an
explanation for the elevated intersexuality observed in E. marinus by Ford et al.
(20044a; 2006) at sites impacted by industrially-derived contaminants. Those sites
were chosen primarily for the nature of the chemical contaminants present, but also
contained elevated organic matter when compared to reference sites (Scottish
Environment Protection Agency, unpublished reports). This process has been
demonstrated to occur in populations of frogs where malformations associated with
parasites, hosted by snail populations, were increased in association with elevated
algal food supply, caused by organic pollution (Johnson and Chase, 2004). Whilst

some microsporidia are known to possess several hosts covering several different
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phyla, as far as we are aware, multiple hosts covering separate phyla are not currently
known within the microsporidians infecting amphipods. The possibility also remains
that several of these mechanisms might be occurring at once, and that the balance

between them may change with location in the sea lochs studied.

During this study, the site closest to the fish farm at Loch Duich had lower
frequencies of intersex than sites either side of the farm, although presumably
experienced the highest exposure to organic enrichment and other discharges from the
farm. One possible explanation may be that parasiticides or other chemicals used at
the farm are affecting non-target parasites (i.e. feminising Microsporidia) within the

immediate area surrounding the farm.

In summary, results indicate that a higher incidence of amphipod intersexuality in
sites in relative proximity to fish farming activities, however the actual role of fish
farms, at this point is not clear. Two phenotypes were observed; intersex male and
intersex female. Intersex specimens were significantly more likely to be parasitised
than normal specimens, adding weight to earlier suggestions that E. marinus, like
several other amphipod species, harbours a feminising microsporidian parasite. The
cause of the patterns of intersexuality in sealochs and around fish farms may involve a
variety of mechanisms including immunosupression, chemically-mediated altered
parasite function and elevated parasite numbers, possibly via alternative hosts. It is
unclear what effects this increased intersexuality has on localised E. marinus
populations or associated communities. However, it is clear from earlier studies that
there are multiple fitness costs associated with intersexuality in amphipods (Ford et al.

2004b). Further research is required to assess the cause of elevated intersexuality in E.
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marinus in anthropogenically disturbed environments, and the consequences this may

have for local marine communities.
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Figure 2: Location of sample sites within Loch Duich during May 2003

(Contours = 20m).
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Figure 3: Percentage sexual phenotypes of Echinogammarus marinus collected

from Loch Sunart during May 2002.
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Figure 5: Percentage sexual phenotypes of Echinogammarus marinus collected

from Loch Duich during May 2003.
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Figure 6: Discriminant analysis of morphometric characters in normal and
intersex, male and female Echinogammarus marinus collected from Loch Duich

during May 2003.
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Figure 7: Discriminant analysis of morphometric characters in normal male
Echinogammarus marinus collected from Loch Duich fish farm during May 2003

and compared with intersex male specimens.
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Figure 8: Percentages of total intersex individuals (both males and females) and
normal female infection taken from sample sites east and west of the fish farm

within Loch Duich, Scotland, and a reference site.
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