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Abstract 

Institute for the Environment 
Brunel University 

Recent evidence suggests that molluscs may be sensitive to the effects of endocrine 
disrupting chemicals (EDCs) in a similar manner to vertebrates, such as fish.  Despite this 
(with the exception of TBT-induced imposex in marine gastropods), molluscs have been 
largely overlooked in the field of endocrine disruption.  Life-cycle studies were conducted 
in which two species of native UK freshwater gastropod molluscs (the hermaphrodite 
Planorbarius corneus and the gonochorist Viviparus viviparus) were exposed to either 

17β-oestradiol or environmentally relevant mixtures of chemicals known to be oestrogenic 
to vertebrates and to be present in UK treated sewage effluents (TSE) and rivers. Adult 
snails were exposed for four months in outdoor mesocosms, fed by river water, over the 
spring and summer (breeding season) in order to examine effects on reproductive output, 
growth and mortality. Furthermore, offspring (F1s) were also developmentally exposed 
over the same period. F1 juvenile snails were then depurated in river water for nine months 
(over winter) after which time their growth, survival, and reproductive success were 
measured in further un-dosed river water mesocosm studies in the following 
spring/summer. Histopathology was used to determine immediate effects of chemical 
exposure on adult and F1 snails’ reproductive health. Histopathology was also used to 
determine long lasting effects of chemical exposure on depurated F1s. Exposure to 
oestrogenic chemicals resulted in a range of effects, including modulated fecundity and 
growth in F0 adults, to retardation of growth, sexual development and fecundity in 
developmentally exposed F1s. Exposure to mixtures of oestrogenic chemicals also resulted 
in possible modulation of the immune system, resulting in increased parasitism and over 
winter mortality of exposed F1s compared to snails exposed to river water alone. 
Differences in sensitivity and response to exposure between the two species and the 
generations were also observed. 
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1.1 Introduction 

Due to a combination of stressors such as habitat loss, pollution and climate change many 

animals are threatened with population decline or, in extreme cases extinction. The 

International Union for Conservation of Nature and Natural resources (IUCN) has 

evaluated 25,238 (42% of described) vertebrate species and 4,116 (0.34% of described) 

invertebrate species. Of these evaluated species 23% of vertebrates and 51% of 

invertebrates were considered threatened (all critically endangered, endangered and 

vulnerable combined) (IUCN 2007)(IUCN 2007).  

 

Humans discharge thousands of chemicals into the environment via air, water and soil. 

These chemicals come from a wide variety of sources such as energy production, 

agriculture, manufacturing, mining, health care, and transport. Classical toxicology 

generally investigates the lethality of a chemical, providing industry and policy makers 

with standard lethal concentrations (LC), which are used to determine acceptable 

concentrations of each individual chemical pollutant entering the environment. Also the 

general mantra of ‘dilution is the solution to pollution’ is used i.e. if you dilute a chemical 

or pollutant enough (e.g. into a river, sea or ocean) it will not have an adverse affect. 

 

The publication of Rachel Carson’s book ‘Silent Spring’ (Carson 1962) highlighted the 

possible non-lethal effects of anthropogenic pollution and linked the use of pesticides to 

biological effects on organisms other than their primary target. These effects can often be 

insidious and have far reaching population effects that remain undetected until, for 

example, a wild bird such as the Bald Eagle (Colborn 1991) or Asian Vulture (Green et al. 

2006, Pain et al. 2008) population crashes. However, it wasn’t until the 1990’s that a 

meeting to discuss chemically induced alterations in sexual function and development 

(Colborn and Clement 1992) and later the publication of ‘Our stolen future’ (Colborn et al. 

1996) brought endocrine disruption into the public eye.  

 

There is now growing evidence of reproductive and sexual disruption caused by 

anthropogenic pollution in a wide range of species. Therefore, research into the effects of 

endocrine disrupting chemicals entering the environment is imperative so that at least some 

of these man-made stressors on our environment are mitigated. The occurrence of 

endocrine disruption in wildlife has meant scientist and regulators have had to rethink the 

classical toxicological ideas; direct lethality is not the only consequence of pollution, 

mixtures of chemicals may elicit a different response than individual chemicals alone and 
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adverse effects of biologically active chemicals may occur at low environmental 

concentrations.  

 

1.2 The (vertebrate) Endocrine System  

To understand how these chemicals disrupt biological functions some knowledge of the 

endocrine system is required. The endocrine system is a collection of ductless glands, 

which secrete hormones into the blood, which travel to target tissues where they bind to 

specific cellular receptors, and elicit biological responses (Figure 1.1). In addition to this, 

certain neurons of the nervous system can also secrete regulatory chemicals (termed neuro-

hormones) into the blood, which affect specific targets. This neuro-endocrine system 

regulates much of the body’s functions, ranging from digestion to sexual differentiation, 

growth and reproduction (Campbell and Reece 2005). Homeostasis is an important 

function of the neuro-endocrine system and hormone levels (and therefore responses) are 

controlled by feedback mechanisms (Figure 1.1). Although, for illustrative purposes, 

feedback mechanisms are often shown in isolation, they are in reality complex and cross 

talk between different systems enables the entire neuro-endocrine system to be integrated.  
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Figure 1.1 Schematic diagrams of the endocrine system.  

(A) Simplified endocrine pathway: a stimulus is detected by the receptor, which 

in turn makes the endocrine cell produce a hormone, this travels via the blood 

to the target organ or tissue which produces a response (Modified from 

(Campbell and Reece 2005)). (B) Simplified negative feedback mechanism to 

maintain homeostasis: Cell type A are stimulated to produce hormone A which 

in turn stimulates cell type B to produce hormone B. Hormone B exerts a 

negative feedback regulation of hormone A (Modified from (Damstra et al. 

2002)). 
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The vertebrate endocrine system uses three types of hormone messenger; protein peptide 

hormones, steroid hormones and amines derived from amino acids. Peptide hormones (the 

most numerous type of hormone) are usually pre-formed and then stored in secretory 

granules ready for release in response to the appropriate signal. Peptides require a specific 

secretory mechanism, which is usually triggered by an increase in intracellular calcium, or 

depolarisation of the cell. Upon stimulation the entire contents of the secretory granule is 

released (Hinson et al. 2007). Steroid hormones are made from cholesterol, and have a 

common core structure. Rather than storing steroid hormones, which are lipids and difficult 

to store, steroid secretory cells store cholesterol that can be esterified and is more easily 

stored. Steroid hormones are small and can diffuse across the plasma membrane down a 

concentration gradient and therefore do not need a specific secretory mechanism. The third 

group of hormones are derived from amino acids, like tyrosine, which is used to produce 

both thyroid hormones (thyroxine) and catecholamines (adrenaline). Like steroid secretory 

cells, the thyroid gland stores the precursors of thyroid hormones ready for synthesis 

(Hinson et al. 2007). Peptide hormones are water-soluble and can therefore be carried free 

in the blood, whereas steroid and thyroid hormones are lipophilic and need a 

carrier/binding protein to travel in the blood. These binding proteins are specific to their 

hormones, e.g. sex hormone binding gobulin (SHBG) or Thyroid hormone binding gobulin 

(THBG). Binding to these proteins increases the solubility of the hormone in the blood, 

increases the hormones half-life by reducing its metabolisation and enables there to be a 

reserve of hormone in the blood ready for use (Hinson et al. 2007).    

 

All three types of hormone work in a similar manner in terms of signalling. Each hormone 

and receptor is specific to one another like a lock and key. Once a hormone binds to its 

receptor protein it triggers a response within the target cell. If a cell does not have the 

specific receptor no binding will occur and the cell will remain unresponsive (Campbell 

and Reece 2005). Receptors are located either embedded in the plasma membrane of the 

cell surface (Figure 1.2) or are intracellular within the cell nucleolus or cell cytoplasm 

(Figure 1.2). Steroid and thyroid hormones can pass freely across cell membranes. These 

hormones classically bind to intracellular receptors whereas peptides, glycoproteins and 

catecholamines are either too large or hydrophilic to enter the cell and so bind to cell 

surface receptors.  When a hormone binds to a receptor on the cell surface it triggers a 

signal transduction pathway, which leads to a change in cytoplasmic function or a change 

in gene transcription in the nucleus (Figure 1.2). However, there are four main groups of 

cell surface receptor and they all work in slightly different ways. There are seven-

transmembrane domain receptors, which are linked to G-protein activation and to 
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secondary messenger production or ion channel opening. Signal transmembrane domain 

receptors with inherent tryosin kinase activity, which function as dimers and activate 

kinase cascades. Signal transmembrane domain receptors without inherent kinase activity, 

which dimerize after binding and signal transmembrane receptors possessing guanylate 

cyclase activity, which act through cyclic granosine monophosphate (cGMP) generation. In 

each case proteins (generally enzymes) are phosphorylated, which either activates or 

inactivates the enzyme, and brings about a change in cellular function (Hinson et al. 2007). 

When a hormone binds to a nuclear receptor the general response is that of altered gene 

expression. Hormone-receptor complexes bind to specific regions of DNA called hormone 

response element (HRE), and stimulate the transcription of specific genes (Figure 1.3). 

Receptors located in the cytoplasm form hormone-receptor complexes, which can move 

into the nucleus and stimulate transcription of specific genes (Campbell and Reece 2005). 
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Figure 1.2 Diagrams of a cell surface receptor (A) and a nuclear receptor (B).  

(A) water-soluble hormone binds to a receptor protein on the surface of a target 

cell, this triggers a signal transduction pathway that leads to a change in 

cytoplasmic function or a change in gene transcription in the nucleus. (B) a 

lipid-soluble hormone penetrates a target cells plasma membrane and binds to 

an intracellular receptor in the nucleus. The hormone-receptor complex acts as 

a transcription factor, typically activating gene expression (Campbell and 

Reece 2005).  

 

Nuclear receptors are very similar in structure and are modular in formation with several 

different domains (Figure 1.3). These include (i) a variable (has a ligand-independent 

transactivation domain) N-terminal domain, (ii) a DNA-binding domain (DBD) which, 

upon activation, binds to the hormone response element (HRE), a specific sequence within 
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the DNA, (iii) the hinge region, (iv) a ligand-binding domain, where the hormone (ligand) 

binds to the receptor and at the C-terminal end (Kumar and Thompson 1999, Thompson 

and Kumar 2003, Kumar et al. 2004). Upon ligand binding (at the LBD) the receptors 

undergo structural/shape changes that allow the DBD to bind to the HRE.  

 

 

 

Figure 1.3 Typical structure of a nuclear receptor.  

Nuclear receptors are highly structurally related and share a common 

structural organisation. A/B variable amino (N) -terminal domain; C well-

conserved DNA-binding domain (DBD); D non-conserved hinge domain; E 

moderately conserved ligand-binding domain (LBD); F carboxyl (C) –terminal 

domain (modified from Nishikawa 2006).  

 

As mentioned earlier, steroid hormones are all synthesised from cholesterol and have a 

similar basic structure. The process of steroid synthesis and steroidogenesis involves a 

number of proteins and enzymes. Different steroids, such as testosterone or oestradiol, can 

be created via different pathways. For a full schematic of human steroid pathways see 

Figure 1.4. However, for the purpose of illustration, one possible pathway to produce 17β-

oestradiol (E2) will be described. The first step involves conversion of cholesterol (by side-

chain cleavage enzyme, SCC) into Pregnenolone, which is then converted into 

Progesterone by 3β-Hydroxysteroid dehydrogenase. Progesterone is converted into 17α-

hydroyprogesterone (by 17α-Hydroxylase), which is then converted into Androstenedione 

(by 17, 20-Lyase). Androstenedione is converted into Testosterone (T; by 17β-

Hydroxysteroid dehydrogenase), and then to 17β-oestradiol (by Aromatase) (Hinson et al. 

2007). T can also be converted to Dihydrotestoterone (DHT), a more potent androgen. The 

ability of enzymes to convert one hormone into another makes local paracrine (targeting of 

local cells) control possible. 
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Figure 1.4 Human steroid hormone production and steroidogenic pathways. 

Cholesterol is the basis for all steroid hormones. Different enzyme reactions 

convert one hormone to another. For example, Testosterone can be converted 

into 17beta-oestradiol by the enzyme aromatase, or into dihydrotestoterone 

(DHT), a more potent androgen, by the enzyme 5α-reductase.  
 

The endocrine system can mediate a range of responses from quite a small number of 

chemical signals, because one hormone can elicit different responses when bound to 

different types of receptor. For example, epinephrine is a hormone involved in the ‘fight or 

flight’ response. When this hormone binds to an α-adrenergic-receptor found in intestinal 

blood vessels it causes the vessel to constrict. In contrast, the same hormone when bound 

to an β-adrenergic-receptor on a skeletal blood vessel causes the vessel to dilate. Target 

cells with the same receptor can also exhibit different responses if they have different 

signal transduction pathways and/or different effector proteins. For example, when 

Epinephrine binds to the β-adrenergic-receptor in liver cells, it breaks down stored 

glycogen and releases glucose from the cell, a totally different response to that of the blood 

vessel (Campbell and Reece 2005). Some endocrine glands release tropic hormones, which 

act directly upon another endocrine gland to release another hormone, thus acting as a 

cascade. For example, thyrotropic-releasing hormone (TRH) from the hypothalamus 
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stimulates the release of pituitary thyroid stimulating hormone (TSH), which stimulates 

the release of thyroxine (T4) by the thyroid gland. These cascades allow signals to be 

amplified and are known as an endocrine-axes (Hinson et al. 2007). They are normally set 

up or programmed during early development (foetal or neonatal). During this time the 

feedback mechanisms and sensitivity of the hypothalamus and pituitary to hormones are 

established.   

 

1.3 Endocrine disruption (ED) 

Endocrine disruption is a perturbation from the normal homeostasis mechanisms. One of 

the best-known examples of disruption to an endocrine system in humans is the disease 

diabetes. Blood sugar levels are normally controlled by the release of the hormone insulin 

by the pancreas. Perturbation of the normal endocrine function by either autoimmune 

destruction of the pancreatic beta cells or insulin resistance of target tissue can cause blood 

sugar levels to rise or fall outside normal limits which can result in effects as extreme as 

diabetic comma. Some types of endocrine disruption such as diabetes are long term and are 

caused by disease, other types can be short term and caused by an external stimulus. One 

example of this is the use of oral contraceptives (‘the pill’) by women. During the normal 

menstrual cycle the hypothalamus releases gonadotropin-releasing hormone (GnRH) a 

peptide hormone, which in turn stimulates the anterior pituitary to release follicle-

stimulating hormone (FS) and luteinizing hormone (LH). FS and LH stimulate the follicle 

to grow and a peak in LH will trigger ovulation. The combined oral contraceptive pill 

contains two pharmaceutically produced hormones which mimic oestrogen and 

progesterone, these two hormones have a negative feedback mechanism with the 

hypothalamus which reduces GnRH production, which in turn stops the production of FSH 

and LH by the pituitary gland and as a consequence prevents ovulation occurring. An 

endocrine disruptor is therefore something that interferes with the endocrine systems’s 

normal function. There is no official worldwide definition of an endocrine disruptor, 

although the Environmental protection agency (EPA) in the USA uses Kavlock’s (Kavlock 

et al. 1996) description of an ED: ‘An exogenous agent that interferers with the production, 

release, transport, metabolism, binding, action, or elimination of natural hormones in the 

body responsible for the maintenance of homeostasis and regulation of developmental 

processes’. Whereas in the European Union the International Program on Chemical Safety 

(IPCS) definition is favoured: ‘An endocrine disruptor is an exogenous substance or 

mixture that alters function(s) of the endocrine system and consequently causes adverse 

health effects in an intact organism, or its progeny, or (sub) populations’ (Damstra et al. 

2002). 
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As inferred by Kavlock’s (Kavlock et al. 1996) description above, EDCs can act at 

multiple sites via multiple mechanisms of action, such as binding to nuclear receptors, 

inhibition of steroid hormone synthesis and metabolism. Primarily research has focused on 

those endocrine disrupting chemicals that are known to bind to nuclear hormone receptors 

in a similar manner to natural hormones (ligands). Once bound, these chemicals can act as 

agonists (eliciting the full normal response), partial agonists (eliciting only a partial 

response), or as antagonists (binding to the receptor but not eliciting a response). If, for 

example, we consider the oestrogen receptor (ER), a chemical that binds to this receptor as 

an agonist would be classified oestrogenic, whereas one that binds as an antagonist would 

be classified anti-oestrogenic, as it doesn’t elicit the normal response and occupies the 

receptor so that other oestrogens cannot activate it (competitive binding). A chemical that 

binds as a partial agonist could be considered mildly oestrogenic but also as an anti-

oestrogen as it can also block the receptor from being fully activated. There are several 

receptor groups that have been studied in relation to endocrine disruption, namely 

oestrogen receptors (ER), androgen receptors (AR), thyroid receptors (TR), Aryl 

hydrocarbon receptors (AhR) and the Retinoid receptors (RAR, RXR). Some EDCs do not 

bind to nuclear receptors, but instead are thought to disrupt enzymatic pathways or 

regulatory proteins used in producing or metabolising hormones.  

 

1.4 Possible Endocrine Disrupting Chemicals (EDCs) 

There are a growing number of chemicals that are classified as endocrine disruptors; these 

can come from a wide variety of sources including agriculture, industry, and domestic 

sewage works. This review will focus primarily on chemicals found in the aquatic 

environment that have oestrogenic properties; due to their relevance to my research area 

and also due to the wealth of literature surrounding this topic. 

 

Steroid Oestrogens 

The majority of vertebrates, some invertebrates (and indeed some plants) produce natural 

hormones such as oestrogen, progesterone, testosterone and thyroxin. Due to the conserved 

nature of hormones, and hormone receptors, the effects of chemicals often cross the 

taxonomic boundaries. For example, hormones excreted by humans and farm animals can 

impact on the endocrine system of fish. The naturally occurring oestrogens 17β-oestradiol 

(E2) and oestrone (E1) have been reported in the ng/l range in both treated sewage 

effluents (TSE) and rivers. In a survey of seven sewage treatment works (STW) effluents 

in the UK, Desbrow et al (Desbrow et al. 1998) found E1 to range from 1.4± 0.15 to 76.0 ± 
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2.9ng/l and E2 from 3.7 ± 0.6 to 48.0 ± 6.0ng/l. Johnson et al (Johnson et al. 2005) 

found a similar range (E1 0.2-35ng/l and E2 <0.6-13ng/l) in 17 STW effluents from across 

Norway, Sweden, Finland, The Netherlands, Belgium, Germany, France and Switzerland. 

Comparable concentrations were also found in The Netherlands (Vethaak et al. 2005), 

Sweden (Larsson et al. 1999), Japan (Nakada et al. 2004), Italy (Lagana et al. 2004), and in 

the UK (Liu et al. 2004). However, much higher concentrations have also been recorded 

from UK TSE, such as those reported by Rogers-Gray et al (Rogers-Gray et al. 2000), 

including; E1 15-220ng/l and E2 7-88ng/l. Inputs from farming (e.g. cattle) have also been 

measured in the UK. Matthiessen et al (Matthiessen et al. 2006) used passive samplers to 

measure E1 and E2 downstream of farms, and reported concentrations were in the very low 

ng/l range. River water concentrations of steroid estrogens have also been measured in the 

low ng/l range in the UK (Liu et al. 2004, Sheahan et al. 2002) and Italy (Lagana et al. 

2004). Phytoestrogens have also been measured in Italian TSE at concentrations of 3-

83ng/l and in river water 1-7ng/l (Lagana et al. 2004). The naturally occurring androgen 

testosterone (T) has been measured less frequently by researchers, but has been recorded at 

concentrations of 3.3-4.8ng/l in the lower Jordan River (Barel-Cohen et al. 2006) to as 

much as 5.5-6.22µg/l in river water samples from China (Yang et al. 2006a, Yang et al. 

2006b).  

 

Pharmaceuticals 

Synthetic/pharmaceutical hormones also bind to steroid receptors, sometimes with higher 

affinities than their natural ligands. Often synthetic hormones have been engineered to be 

less prone to degradation by biological activity in order to be more effective as a medicine. 

However, this also means they can be more stable and persistent once excreted into the 

environment.  The synthetic hormone that has received the most attention by researchers 

by far is ethinylestradiol (EE2) found in the contraceptive pill. This in part is due to its 

extreme potency, 11-27 times more potent than E2 in vitro (14-day juvenile rainbow trout 

vitellogenin assay) (Thorpe et al. 2003).  Concentrations of EE2 measured in TSE are 

generally in the low ng/l range in the UK; <0.4-3.4ng/l (Williams et al. 2003) to 7.0 ± 

3.7ng/l (Desbrow et al. 1998). Other reported concentrations include Sweden 4.5ng/l 

(Larsson et al. 1999), Germany 1.8ng/l (Andersen et al. 2003), The Netherlands <0.3-

2.6ng/l (Vethaak et al. 2005) and Europe wide <0.8-2.8ng/l (Johnson et al. 2005). Some 

literature reports much higher concentrations. For instance Fernandez et al (Fernandez et 

al. 2007) measured EE2 from a range of domestic and industrial effluents in Canada and 

found concentrations generally below 5ng/l, but on one occasion as much as 178ng/l.  In 

the Lower Jordan River, concentrations were measured at 6.1ng/l in river water, and de 
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Alda et al (de Alda et al. 2002) found EE2 in river sediment as high as 22.8ng/l. 

However, due to the complex matrices of effluents and river water these marked 

differences in measured concentrations of EE2 may also be related to the detection 

methods employed. In general analytical methods for detecting EE2 in complex matrices 

have been improving and the measured concentrations of EE2 have been decreasing, this 

makes the 178ng/l reported by Fernandez et al (Fernandez et al. 2007) seem unlikely. 

Other synthetic hormones such as diethystilbestrol, mestranol, norethindrone and 

levonorgestrel have also been measured in environmental samples in the ng/l range (Yang 

et al. 2006a, de Alda et al. 2002, de Alda and Barcelo 2000, de Alda et al. 2003). The 

synthetic androgen trenbolone acetate, used to promote beef cattle growth has also been 

found in receiving waters (Soto et al. 2004, Durhan et al. 2006). α-trenbolone and β-

trenbolone have also been measured in cattle feed lot effluent in the USA at concentrations 

of up to 120ng/l and 20ng/l respectively (Wilson et al. 2008 ). Other pharmaceuticals such 

as antidepressants have been measured in river water down stream of wastewater treatment 

plants. Schultz et al (Schultz et al. 2008) measured a range of antidepressants in the 10 to 

100 ng/l range down stream of two wastewater treatment plants in the USA. The same 

chemicals were also measured in river sediment (in 10’s ng/l) and in fish brain 

homogenates (low ng/l) collected from the same sites. 

 

Alkylphenol ethoxylates 

Alkylphenol ethoxylates (APEs) have been widely used in a range of processes including 

pulp, paper and textile industries, pesticide formulation for agriculture and in a number of 

industrial and domestic cleaning products since the 1940s (Sabik et al. 2003). After use, 

APEs are often flushed into the sewage system and are commonly found in TSEs. 

Degradation of APEs in sewage works or the environment causes them to breakdown into 

more persistent, shorter-chain, APEs and alkylphenols (APs) (Ying et al. 2002, Ying 

2006). Nonylphenol ethoxylates (NPEO) and Octylphenol ethoxylates (OPEO) are two of 

the most commonly used nonionic surfactants (Ying et al. 2002) and their degradation 

products including nonylphenol (NP) and octylphenol (OP) have been reported to be 

estrogenic (Jobling and Sumpter 1993, Jobling et al. 1996, Routledge and Sumpter 1996, 

Soto et al. 1991). Due to these effects, in the mid 1990s Alkylphenols were phased out 

within the European Union (EU) and NP is now characterised as a priority hazardous 

substance (PHS) in the Water Framework Directive (WFD) (Soares et al. 2008, Loos et al. 

2008). Moreover the WFD has proposed environmental quality standards (EQS) for 

surface waters of 0.3µg/l NP and 0.1µg/l OP (Soares et al. 2008). A number of other 

countries such as Japan, Canada and the USA also monitor Alkylphenol concentrations 
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within their waters (Soares et al. 2008). In these countries where monitoring or 

prohibition have occurred, Alkylphenol concentrations in TSE have decreased from 

measuring hundreds of µg/l (Lye et al. 1999) Sheahan et al. 2002, Ying et al. 2002) to ng/l 

range (Liu et al. 2004, Sabik et al. 2003). Equally, before alkylphenol prohibition many 

rivers where found to be highly impacted. For example in the UK river water 

concentrations in the µg/l range have been recorded (Blackburn and Waldock 1995, 

Blackburn et al. 1999, Patrolecco et al. 2004). Whereas more recent river water 

concentrations across Europe have generally been reported in the ng/l range. Bolz et al 

(Bolz et al. 2001) reported concentrations up to 458ng/l NP and 189ng/l OP in rivers and 

streams in southwest Germany, Kuch and Ballschmiter (Kuch and Ballschmiter 2001) also 

reported low ng/l NP (6-135ng/l) river water concentrations in South Germany; attaining 

the WFD proposed EQS. Quednow and Puttman (Quednow and Puttmann 2008) measured 

NP in streams between 2003 and 2005 and found falling concentrations (in the ng/l range) 

over the sampling period. However, Lagana et al (Lagana et al. 2004) reported higher 

levels of NP between 1289-1466ng/l in the River Tiber in Italy. Short chain APs are also 

lipophilic (Ahel et al. 1993) and(Bolz et al. 2001) alkylphenols have also been found in 

high concentrations in sediment samples. Bolz et al (Bolz et al. 2001) measured 

concentrations up to 259µg/kg NP and 8µg/kg OP in river sediments from South West 

Germany, and concentrations as high as 13700µg/kg have been recorded in sediments from 

America (Ying et al. 2002). This means in some areas river and estuary sediment may act 

as source of alklyphenol pollution long after industry has stopped releasing them. 

 

Bisphenol A 

Bisphenol A (BPA) is a key raw material used in the manufacturing of polycarbonate 

plastic and epoxy resins (Crain et al. 2007). BPA is another oestrogen mimic, binding to 

the ER, although like NP and OP at a much lower affinity than the natural ligand. 

However, in contrast to APs BPA has not been designated as a PHS within the EU 

(although it is on a list of chemicals under review for possible identification as a priority 

substance or a PHS (Directive 2008/105/EC)). Presently there is much debate about the 

potency of BPA as an endocrine disruptor to both wildlife and Humans. This means there 

is no European EQS for BPA. However, there is evidence that BPA in the low hundreds of 

µg/l can induce male freshwater fish to produce a female specific protein (vitellogenin 

(vtg)) (Lindholst et al. 2000, Sohoni et al. 2001, Segner et al. 2003b) and can also affect 

testicular and germ cell development at lower concentrations (low µg/l) (Sohoni et al. 

2001, Mandich et al. 2007). BPA can enter the aquatic environment via TSE and landfill 

leachate and, as with APs, BPA concentrations vary widely. Lagana et al (Lagana et al. 
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2004) recorded concentrations between 13-36ng/l in TSE in Italy. Nakada et al (Nakada 

et al. 2004) found BPA at concentrations of 544 ± 127ng/l in Japanese effluents. Fromme 

et al (Fromme et al. 2002) measured German effluents up to 702ng/l, and Lee and Peart 

(Lee and Peart 2000) measured BPA in a range of effluents in Canada and found 

concentrations between 0.010-1.08µg/l in average effluents, but as high as 149.2µg/l in 

some industrial ones. River water concentrations have generally been reported in the low 

ng/l range in Germany, Italy, UK, Japan and Switzerland (Lagana et al. 2004, Liu et al. 

2004, Patrolecco et al. 2004, Bolz et al. 2001, Kuch and Ballschmiter 2001, Fromme et al. 

2002, Kang and Kondo 2006, Voutsa et al. 2006) and have occasionally been reported in 

the high ng/l to low µg/l range (Quednow and Puttmann 2008, Heemken et al. 2001). 

Basheer et al (Basheer et al. 2004) measured BPA at concentrations between 0.01-2.47µg/l 

in coastal waters off Singapore. Sediment concentrations also varied and in Germany 

ranged from 0.01-0.19µg/kg (Fromme et al. 2002) to 66-343µg/kg (Heemken et al. 2001). 

Therefore, environmental concentrations of BPA are generally considered to be below the 

no effect concentration (NOEC) for endocrine disruption in fish. However, there some 

evidence that other groups of animals, such as molluscs, maybe more sensitive 

(reproductive effects at the low ng/l level) to BPA. Again, as with vertebrate exposures 

there have been conflicting results (Oehlmann et al. 2000, Oehlmann et al. 2006, Duft et al. 

2007, Forbes et al. 2007b, Forbes et al. 2007a, Forbes et al. 2008) and further experiments 

maybe necessary to fully elude the threat of BPA to aquatic animals. 

 

Organochlorines 

Organochlorine pesticides (OCPs) and Polychlorinated biphenyls (PCBs) are 

environmentally persistent, accumulate in sediments, and bioaccumulate up tropic levels. 

Both OCPs and PCBs have been widely cited as potent EDs. OCPs such as DDT are used 

in the control of insects in agriculture and are still used to control malaria spread in some 

countries. The use of DDT has been phased out in many countries due to its negative 

impact on wildlife and possible human health issues. PCBs were used in a wide range of 

applications including in electrical equipment, as coolants, in PVC cables, as flame-

retardants, and in paints and lubricating oils. PCB manufacturing has now been banned in 

light of their carcinogenic nature. OCPs and PCBs have been implicated in reproductive 

abnormalities and failure in a wide range of species including birds, reptiles and marine 

mammals (Cheek 2006, Dawson 2000). PCBs are known to interact with steroid receptors 

(such as ER and AhR), to interfere with thyroid function, to disrupt sex steroid enzyme 

activity and to affect immunity (Cheek 2006, Dawson 2000). OCPs and PCB are fairly 

ubiquitous in all aquatic environments. Although measured in the pg/l range, they have 
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been found in remote locations such as Antarctica (Tatton and Ruzicka 1967, Fuoco et 

al. 1995, Fuoco et al. 1994)and mountain lakes (Fernandez et al. 2005) due to their ability 

to be air borne.  Concentrations of PCBs in industrialised countries can be high and have 

been measured in the hundreds or thousands of ng/l in river water and low ng/g in 

sediments (Xing et al. 2005, Zhang et al. 2007, Zhang et al. 2007b, Ezemonye 2006, 

Sprovieri et al. 2007, Castells et al. 2008). Similarly OCPs concentrations have been 

measured in the µg/l range in river water from China (Xing et al. 2005, Zhang et al. 2007) 

 

Organotins 

Organotins such as Tributyltin (TBT) and Triphenyltin (TPT) are used as biocides in a 

wide range of applications. TBT is one of the most notorious endocrine disrupting 

compounds found in fresh water and marine systems, where it is used as an antifouling 

agent in boat paint. TBT is most renowned for its masculinising effects (imposex in female 

dog whelks) in gastropod molluscs. Masculinisation has also been reported in other 

molluscs (Horiguchi et al. 2000, Horiguchi et al. 2002, Horiguchi et al. 2005) and fish 

(Shimasaki et al. 2003, McAllister and Kime 2003, Santos et al. 2006, Santos et al. 2006). 

Exposure to TBT has also been shown to disrupt ovarian function (hormone ratios, oocyte 

maturation) and embryo development in fish (LOEC 0.16ng/egg or 160ng/g egg) at 

environmentally relevant concentrations (10, 100ng/l) (Zhang et al. 2007a, Hano et al. 

2007).  

More recently, TBT has also been reported to induce adipogenesis in a number of 

vertebrates in vivo (Grun et al. 2006, Iguchi et al. 2007, Iguchi et al. 2008). The exact 

mechanisms leading to these changes are still being elucidated, but they include disruption 

of normal sex steroid metabolism (Bettin et al. 1996, Oberdorster and McClellan-Green 

2002, LeBlanc et al. 2005, Sternberg and LeBlanc 2006, Janer et al. 2005, Janer and Porte 

2007, Santos et al. 2005, McVey and Cooke 2003, Ohkimoto et al. 2005), abnormal release 

of neuropeptides (Oberdorster and McClellan-Green 2000, Oberdorster 2001, Oberdorster 

et al. 2005) and possible binding to RXR (Nishikawa 2006, Iguchi et al. 2007, Iguchi et al. 

2008, Nishikawa et al. 2004, Horiguchi et al. 2007, Castro et al. 2007b, Sternberg et al. 

2008a, Nakanishi 2007). A partial ban of TBT antifouling paints has led to a decline in 

TBT water concentrations in many areas (Antizar-Ladislao 2008). Although aquatic 

concentrations have been reported in the hundreds of ng/l (Fent and Hunn 1991). For 

example, Langston et al (Langston et al. 1987) measured TBT in seawater around Poole 

Harbour (UK) and reported concentrations ranging from 2-646ng Sn/l, with the highest 

concentrations relating to marinas with heavy boat traffic and low tidal flushing. Post 

partial ban, TBT is still frequently measured in the low ng/l (Fent 1996, Harino et al. 
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1998b, Harino et al. 1998a, Murai et al. 2005). TBT also accumulates in sewage sludge 

(Fent 1996) and sediments (Biselli et al. 2000, Diez et al. 2003) and is therefore still 

persistent in many environments. As part of the European Water framework directive TBT 

and its compound are now listed as priority substances (2008/105/EC) and an EQS of 2ng/l 

in surface waters has been set. 

 

Triphenol tin (TPT) is also known for its masulinising effects on gastropod molluscs 

(Schulte-Oehlmann et al. 2000), inhibition of aromatase activity (Saitoh et al. 2001), and 

possible interactions with the RXR (Nakanishi 2007, Nakanishi 2008). TPT has been used 

in combination with TBT as a biocide in antiflouling boat paints but is also used as an 

agricultural and commercial fungicide. Using tissue samples of marine biota from a 

German specimen bank (1985-1999) TPT concentrations in North Sea mussels dropped 

from 98 to 7ng/g, similar patterns of decreasing TPT concentration were also found in 

bladder wrack, common mussels, and eelpout muscle tissues, reflecting the ceasation of 

using TPT as a co-toxicant in anti-fouling boat paints in the 1980s (Rudel et al. 2003). In a 

similar study of freshwater fish tissue sampled between 1988 and 2003 on the Elbe near 

Blankenese again the peak TPT concentration (253ng/g 1993) corresponded to TPT use in 

anti-fouling paint (Rudel et al. 2007). However, at other locations upstream on the Elbe, 

other rivers (e.g. Rhine) or lakes (e.g. Lake Belau) TPT concentrations correlated with its 

use as a fungicide (Rudel et al. 2007). 

 

Heavy metals 

Heavy metals have also been studied in relation to ED. Uranium has recently been linked 

with estrogenic effects in mice (Raymond-Whish et al. 2007). Cadmium (Cd) has been 

shown to effect cortisol steroidogensis in trout Oncorhynchus mykiss (Lacroix and Hontela 

2006) and reduced reproductive success in fathead minnow pair breeding tests (Sellin and 

Kolok 2006). Cd exposure also reduced ovarian development, egg production and 

vitellogenin-like polypeptide proteins in the insect Oncopeltus fasciatus and the reduction 

of female germ cells and increase in apoptosis of oocytes in developmentally exposed 

freshwater turtles (Kitana and Callard 2008). Cd and Copper (Cu) have been linked to 

inhibition of ecdyson and reduced gonad somatic index (GSI) in crustaceans (Medesani et 

al. 2004, Rodriguez et al. 2007). Cd has also been linked to ED in humans, disrupting 

enzymes involved with steroidogenesis and interfering with DNA binding (Henson and 

Chedrese 2004). 
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There are a growing number of chemical which are know to have ED potential which 

have not been covered above. These include a number of pesticides, fungicides, 

antimicrobial agents, dioxins and flame-retardants. There are also a number of chemicals 

that have multiple modes of action. BPA for example interacts with the ER, the AR and the 

thyroid receptor. In addition some chemicals show evidence of ED but their exact 

mechanistic action is still yet to be fully eluded.  

 

1.5 Evidence of Endocrine Disruption in the environment 

Humans 

There is growing concern regarding the Human health implications of exposure to 

endocrine disrupting chemicals. Male fertility has significantly declined in the past 50 

years (Carlsen et al. 1992) and cases of prostate cancer and reproductive abnormalities in 

both men and women have increased (Maffini et al. 2006). A firm link between these 

health problems and endocrine disruption has, however, not been established. One of the 

most renowned cases of ED in humans is that of Diethylstilbestrol (DES); a non-steroid 

oestrogen given to miscarriage-susceptible pregnant women in the 1940-1970s. Later 

epidemiological studies have found that the pregnant women who took DES had an 

increased chance of developing breast cancer and had generally higher mortality rates 

(Colton et al. 1993, Titus-Ernstoff et al. 2006a). In addition prenatal DES exposure of 

daughters (whilst in the womb) also increased the chance of developing vaginal clear cell 

carcinoma, breast cancer, early menopause, increased reproductive abnormalities, 

infertility and poor pregnancy outcome (Swan 2000, Swan 2001, Hatch et al. 2006, Palmer 

et al. 2006, Titus-Ernstoff et al. 2006b). Prenatal exposure of sons also had reproductive 

repercussions, with increased risk of genital anomalies (Giusti et al. 1995). Epigenetic 

effects have also been reported in laboratory animals exposed to DES (Newbold 2004, Li 

et al. 2003, Newbold et al. 2006, Ruden et al. 2005). The pre-natal period is often seen as 

one of the most sensitive stages of an animal’s life, as this is when much of the endocrine 

systems ‘programming’ occurs (Gore 2008)(Dickerson and Gore 2007). In addition to 

reproductive disruption, other ED effects have also being studied. PCB’s and Dioxins are 

known thyroid disruptors and investigations into a link between blood or urine 

concentrations and reduced thyroxin have been made (Turyk et al. 2007). Thyroid function 

is extremely important in growth and development especially of the brain; studies of 

prenatal exposure to PCBs have also shown links to reduced intellectual function at only 

slightly higher than average human concentrations (Jacobson and Jacobson 1996).   
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Mammals 

DDT, its metabolites (DDE and DDD) and PCBs are environmentally persistent and 

lipophilic which means they can magnify up a food chain and bio-accumulate in apex 

predators such as predatory mammals and birds. PCB and OCP exposure have been linked 

to the otter (Lutra lutra) population crash seen in the UK and the rest of Europe in the 

1950s (Mason and Macdonald 2004). In a survey of dead otters from Denmark (1980-

1990), otters that died of unknown causes (not road kill or drowning) had the highest levels 

of PCBs in their tissue (Mason and Madsen 1993). Kruuk and Conroy (Kruuk and Conroy 

1996) found strong negative correlations between PCB concentration and body condition 

of otters in Scotland. Simpson et al (Simpson et al. 2000) found a negative correlation 

between PCB body burden and Vitamin A in a UK study, and suggested this as a possible 

reason for otter decline. Roos et al (Roos et al. 2001) in a study spanning 1968-1999 found 

that reduced PCB burden was linked with increasing otter populations. The majority of 

studies in Europe now show PCB and OCP concentrations in otter tissue and scats to be 

falling and that many otter populations are now recovering (Mason and Macdonald 2004, 

Simpson et al. 2000, Roos et al. 2001, Mason and Macdonald 1994, Elliott et al. 1999). 

Nevertheless, PCB concentrations in scats from populations living down stream or in 

coastal areas are still at levels considered to be disruptive (Lemarchand et al. 2007). In 

America a casual link between OCP and PCB pollution and low population numbers of the 

river otter (Lontra canadensis) and mink (Neovison vison) (Wren 1991) has been proposed. 

PCB concentrations found in dead sea otters (Enhydra lutris nereis) from the Californian 

coast were extremely high and a correlation between contamination and death by infectious 

diseases has been made (Nakata et al. 1998, Kannan et al. 2007). PCBs and DDT have also 

been measured in high concentrations in grey (Halichoerus grypus) and harbour seal 

(Phoca vitulina) skin/blubber samples from the UK, USA and Baltic coasts, and in each 

case correlations have been found between contamination and thyroid disruption (Hall and 

Thomas 2007, Hall and Thomas 2007, Sormo et al. 2005, Tabuchi et al. 2006, Routti et al. 

2008). Similar correlations have been seen with California sea lions (Zalophus 

californianus) (Debier et al. 2005) and Polar bears (Ursus maritimus) with female bears 

most highly affected (Braathen et al. 2004). 

 

Birds 

DDE has been implicated in the disruption of normal eggshell thickness by inhibiting 

prostaglandin synthesis (Lundholm 1997). Since DDT has been banned in many countries 

the eggshell thickness of eggs in fish eating birds has increased and many populations 

seem to be recovering. In the Great Lakes (USA), Double-Crested Cormorants 
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(Phalacrocarax auritus) and Ring-Billed Gulls (Larus dehawarensis) numbers have 

increased (Heinz 1998). Burger et al (Burger et al. 1995) reported Common Tern (Sterna 

hirundo) and Black Skimmer (Rynchops niger) eggshell thickness to have increased by 

50% from the 1970’s to the 1990’s in the New York Bight. Eggshell thickness recoveries 

have also been found for Grebes in Canada (Forsyth et al. 1994). However, not all fish 

eating birds have recovered as well. Toschik et al (Toschik et al. 2005) found that 

reproduction in the Osprey (Pandion haliaetus) appeared to still be impacted by pollution. 

Heinz (Heinz 1998) found the Bald Eagles (Hailaeetus leucocephalus) have not recovered 

as well as other species in the Great lakes and Burger et al (Burger et al. 1995) found the 

Least Tern (S. antillarum) shell thickness had not recovered as significantly as other terns 

in the New York Bight. In contrast to the birds associated with aquatic ecosystems, other 

predatory birds that hunt in agricultural areas have shown good signs of recovery, 

indicating that aquatic ecosystems may be long-term sources of contamination. 

Scharenberg and Looft (Scharenberg and Looft 2004) measured DDT and PCBs 

concentrations in Goshawk (Accipiter gentillis) eggs and eggshell thickness over two 

periods (1971-1978 and 1988-2002) in Northern Germany, and found reduction of DDT 

concentration over time (although PCB concentrations were not altered) and significantly 

lower eggshell index from eggs laid in the 1970’s compare to later eggs. Indeed, eggs laid 

between 2001-2002 had similar index scores to those from the 18th century. The recovery 

in the British Sparrow Hawk (Accipiter nisus) has also been linked to the ban of 

organochlorine pesticides in UK agriculture (Newton and Wyllie 1992). 

Organochlorine compounds may have further reproductive effects in birds, including 

possible feminisation. The normal female (egg laying) proteins vitellogenin (vtg) and zona 

radiata proteins (zrp) have been measured in male peregrine falcons (Falco peregrinus) 

and Jimenez et al (Jimenez et al. 2007) suggest that this may be a result of organochlorine 

pesticide exposure (Jimenez et al. 2007). 

 

Fish 

Examples of ED in wild fish populations are numerous, and include the masculinisation of 

female fish exposed to paper mill effluents; a phenomenon recorded since the early 1980’s 

when female mosquitofish (Gambusia affinis) exhibiting male secondary sexual 

characteristics such as a gonopodium-like anal fin and male behaviour were discovered 

(Drysdale and Bortone 1989, Toft et al. 2004, Bortone and Cody 1999, Cody and Bortone 

1997, Bortone et al. 1989, Howell et al. 1980). In other species of fish exposed to mill 

effluents, increased male to female sex ratios, sex steriodogenesis, reduced vtg, delayed 

maturation, intersex, and ovarian dysfunctions have been reported (Karels and Oikari 2000, 
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Karels et al. 1998, Munkittrick et al. 1998, Orn et al. 2006, Landman et al. 2008). A 

good example of cause and effect is the case of the Swedish female eelpouts (Zoarces 

viviparus), where a higher ratio of males was found in association with exposure to pulp 

mill effluents (Larsson et al. 2000). During a period of mill inactivity, sex ratios returned to 

normal, and then subsequently shifted towards males again when the mill was reactivated. 

Providing strong evidence in favour of chemicals in the effluent causing the shift in sex 

ratio. Masculinisation of female fish by mill effluents has been reported in a range of 

countries including America, Canada, New Zealand, Finland and Sweden (Parrott et al. 

2006). Compounds present in Pulp/Kraft mill effluents have been shown to bind to AR in 

both humans and fish (Hewitt et al. 2000, Parks et al. 2001) and also bind to retinol 

receptors RXR and RAR (Alsop et al. 2003). However, the exact nature of the chemicals 

involved in the paper mill effluents are still being researched (Hewitt et al. 2008, Larsson 

et al. 2006, Hewitt et al. 2005). 

 

Oestrogenic mixtures of chemicals in sewage effluents (e.g. E2, EE2, NP, OP, BPA) are 

believed to feminise male freshwater fish (e.g. roach and carp) in the UK, causing 

reduced/inhibited spermatogenesis, oocytes in the testis, feminised reproductive ducts, and 

the production of egg laying protein vitellogenin (vtg) (Jobling and Sumpter 1993, Jobling 

et al. 1995, Sumpter 1997, Jobling et al. 1998, Jobling et al. 2002, Jobling et al. 2002, 

Jobling and Tyler 2003, Jobling et al. 2006, Tyler and Routledge 1998, Rodgers-Gray et al. 

2001, Nolan et al. 2001, van Aerle et al. 2001). Incidences of feminisation and intersex 

have also been reported in wild freshwater fish from France, Germany, Japan, Spain, 

America and Denmark (Minier et al. 2000, Gercken and Sordyl 2002, Hassanin et al. 2002, 

Sole et al. 2003, Kavanagh et al. 2004, Bjerregaard et al. 2006) and a growing number of 

reports of intersex in estuarine and marine species have also been published (Lye et al. 

1997, Allen et al. 1999a, Allen et al. 1999b, Hashimoto et al. 2000, De Metrio et al. 2003, 

Martin-Skilton et al. 2006, Caprioli et al. 2007). 

 

Reptiles 

A number of field studies have found reproductive dysfunction in alligators (Alligator 

mississippiensis) exposed to high concentrations of organochlorines (DDT, DDE) in 

Florida, USA. Exposure to these compounds was associated with reduced phallus size in 

males (Pickford et al. 2000, Gunderson et al. 2004), and abnormal bone composition (Lind 

et al. 2004) and hormone profiles in females (Pickford et al. 2000, Gunderson et al. 2004, 

Guillette et al. 2000). Reduced aromatase activity has also been reported as a consequence 

of exposure (Crain and Guillette 1998). Secondary sexual characteristics have also been 
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affected in Snapping Turtles (Chelydra serpentina) found at sites with PCB and OCP 

pollution (de Solla et al. 2002), and Cd pollution has been implicated in increased oocyte 

apoptosis and reduced vtg concentration in exposed freshwater turtles (Chrysemys picta) 

(Kitana and Callard 2008, Rie et al. 2005). 

 

Amphibians 

Worldwide amphibian populations are in decline. The IUCN red list states that 29% of 

described amphibian species are threatened (95% of described species have been evaluated 

(IUCN 2007)), which has led scientists to look at endocrine disruption as a possible reason.  

Laboratory studies on a range of frogs have shown that certain pesticides alter tadpole 

metamorphosis and (possibly) sexual differentiation or sex ratio (Howe et al. 2004, Hayes 

et al. 2006, Hayes et al. 2002b, Hayes et al. 2002a, Hayes et al. 2003, Orton et al. 2006) 

and immune function (Christin et al. 2004, Brodkin et al. 2007). Exposure of adults to the 

pesticide methoxychlor resulted in delayed oviposition, reduced egg laying and lower 

plasma vtg in female Xenopus laevis (Pickford and Morris 2003). Embryos exposed to 

environmental oestrogens E2, NP and OP (10nM-10µM) had higher mortality and 

deformities than controls (Bevan et al., 2003), and DDE (0.01-10mg/kg body mass) 

exposure has been shown to affect retinol metabolism (Leiva-Presa et al. 2006, Leiva-Presa 

and Jenssen 2006). Developmental exposure to Atrazine (a commonly used herbicide) in 

the laboratory has been reported to cause retarded gonad development and testicular 

oocytes in male leopard frogs (Rana pipiens) at concentrations of 0.1 and 25ppb (0.1 and 

25µg/l) (Hayes et al. 2003). Hayes et al (Hayes et al. 2003) also conducted field surveys in 

areas of known Atrazine use (among other herbicides and pesticides) and found similar 

histopathological effects. However, very little other field evidence exists for ED in 

amphibians. Investigations by Murphy et al (Murphy et al. 2006) with wild populations of 

frogs, found no correlation between Atrazine exposure (one of the most publicised 

pesticides with respect to amphibian ED) and hormone concentration (E2, T and 11-

ketonetestosterone), aromatase activity, or gonad somatic index (GSI). However, recent 

field research suggests that a combination of Atrazine and phosphate exposure were the 

best predictors of the abundance of debilitating parasitic larval trematodes in wild northern 

leopard frogs (Rana pipiens) (Rohr et al. 2008b). Furthermore, laboratory studies showed 

that at environmentally relevant concentrations four pesticides (atrazine, glyphosate, 

carbaryl, and malathion) increased trematode parasite load in exposed frogs (Rohr et al. 

2008b, Rohr et al. 2008a), suggesting that pesticides may play a role in amphibian decline 

via immonosupression. 
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Invertebrates 

The vast majority of cases of ED seen in wild populations of invertebrates are related to 

masculinisation of female molluscs (reported in detail below). Very little field-based 

evidence exists for other invertebrates. Two reported cases of possible ED in invertebrates 

are related to crabs. Lye et al (Lye et al. 2005) sampled Green Shore Crabs (Carcinus 

maenas) from areas known to have EDCs at concentrations that affect vertebrates. Male 

crabs from the exposed site had increased steroid molting hormone (similar to ecdysone) 

reduced behavioural responses to female pheromones, reduced pleopod-length ratio and 

increased vtg-like proteins compared to those from a reference site. In the laboratory 

exposure of C. maenas to the estrogenic compound NP (effective concentration 1.5µg/l) 

reduced testis weight, increased liver weight and altered molting hormone profiles 

compared to controls were seen but no vtg-induction was observed (Lye et al. 2008). Ayaki 

et al (Ayaki et al. 2005) found what appeared to be feminised male freshwater crabs 

(Geothelphusa dehaani) in a number of rivers in Japan. 8-32% of male crabs had female 

openings but otherwise looked phenotypically male. No laboratory studies were carried out 

to confirm or refute a chemical-related cause. In laboratory exposures, disruption to timing 

in larval development, and storage proteins (used in vitellogenesis) have been found in 

barnacles (Balanus amphitrite, Elminius modestus) exposed to NP (0.01-10µg/l) or E2 (1-

10µg/l) (Billinghurst et al. 2001, Billinghurst et al. 2000). Exposure of Gammarus 

fossarum (shrimp) to BPA (5, 50, 500µg/l) in an artificial stream for 103 days resulted in 

accelerated maturation of oocytes and a reduction in size and number of early vitellogenic 

oocytes (Schirling et al. 2006b). Exposure of G. pulex to EE2 (0.1, 1, 10, 100 µg/l) for 100 

days resulted in elevated reproduction at 1 and 10 µg/l, and increased the female to male 

ratio to 2:1 (Watts et al. 2002). Sea urchins (Paracentrotus lividus) exposed to Triphenyl 

tin (TPT) had significantly altered androgen metabolism (225ng/l TPT), with a 

concentration dependant (50, 100, 225ng/l TPT) decrease in P450-aromatase activity, 

increased conversion of T into DHT, and possible increased 5alpha-reductase activity 

(Lavado et al. 2006a). Lavado et al (Lavado et al. 2006b) also exposed the crinoid Antedon 

mediterranea to several other EDCs. Exposure to methyltestosterone (MT) (1000ng/l), 

TPT (225ng/l), DDE (100ng/l) or fenarimol (FEN) (240 and 2400ng/l) caused a significant 

increase in T, whereas, exposure to cyproterone acetate (CPA) (300 and 3000ng/l) caused a 

significant reduction in T. MT (10ng/l) and FEN (240 and 2400ng/l) produced a significant 

increase in E2, whereas TPT (100 and 225ng/l) exposure significantly reduced E2 

compared to controls, indicating echinoderms were likely to be affected by EDCs in the 

wild. Other research has focused on the effects of juvenile hormone agonists used 

primarily as insecticides and their possible ED effects on non-target species such as 
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crustaceans. Effects are possibly mediated via the ecdysteroid receptor (EcR) and can 

affect growth, metamorphosis, reproductive maturation and sexual differentiation  

((Tuberty and McKenney 2005, Olmstead and LeBlanc 2007, LeBlanc 2007). 

  

1.6 Effects of known vertebrate EDCs on molluscs: field and laboratory studies 

The most highly cited condition of ED in molluscs is that of imposex (imposition of male 

sexual characteristics on a female). The condition of female gonochoristic gastropods 

having a penis-like structure behind their right tentacle was first observed in the UK in 

Nucella lapillus back in the 1960s (Blaber 1970). A similar condition was reported in 

America (Smith 1971) in another marine snail Ilyanassa obsoleta, at which point the term 

imposex was used to describe the symptoms observed.  However, it wasn’t until the 1980’s 

that the connection to pollution from marinas and boats was published (Smith 1981a, 

Smith 1981b) and to the boat antifouling agent Tributyltin (TBT) (Smith 1981c, Smith 

1981)(Smith 1981c, Smith 1981c). Further research implicated TBT in reproductive 

impairment (Gibbs and Bryan 1986) and population decline (Bryan et al. 1986) in some 

species. This research has continued and today over 150 prosobranch gastropod species are 

known to be affected (deFur et al. 1999). TBT does not induce full imposex characteristics 

(growth of penis, vas deferens) in all species of prosobranch. To illustrate, Littorina 

littorea from exposed sites, or after experimental TBT exposure (10, 100, 330, 1000ng/l 

TBT), did not exhibit full imposex (Matthiessen et al. 1995, Bauer et al. 1995), although 

reproductive abnormalities were noted in the form of reduced fecundity (100, 330, 

1000ng/l TBT), hatchability (560, 1150ng/l TBT) (Matthiessen et al. 1995), and growth of 

the prostate as well as malformation of the oviduct (Probable threshold concentration of 

15ng TBT as Sn/l)  (Bauer et al. 1995). TBT and imposex have also been implicated in 

reduced ability to react to pheromones. Indeed, Straw and Rittschof (Straw and Rittschof 

2004) reported that I. obsoleta (male, female and imposex) from TBT polluted sites did not 

react to male and female pheromones in the way non-impacted male and females did. A 

correlation has been found between imposex and DNA damage in N. lapillus, and 

hyperplasia of the vas deferens and penis are also correlated with increasing severity of 

imposex (Hagger et al. 2006). 

 

TBT has also been implicated in disrupting other mollusc species. In the 1970’s the British 

oyster (Ostrea edulis) stocks declined, and experimental evidence found that TBT could 

shift sex ratios in favour of more males and inhibit reproduction (Thain and Waldock 

1986). In Japan, the abalone (Haliotis madaka) was investigated after fishery stocks fell. 

Histology of the gonadal tissue showed 20% of females from a polluted site had ovo-testis. 
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Analysis of abalone tissue showed significantly higher concentrations of butyltins and 

phenyltins compared to a reference site where gonad disruption was not observed 

(Horiguchi et al. 2000, Horiguchi et al. 2005). Haliotis gigantea exposed to TBT or TPT 

(100ng/l for 2 months) induced significant spermatogenesis to occur in females (Horiguchi 

et al. 2002). There is also experimental evidence that TBT can impact freshwater mollusc 

species. The freshwater prosobranch Marisa cornuarietis is masculinised at concentrations 

of 200ng/l TBT or 250 and 500ng/l TPT, where growth of the penis and increase of the vas 

deferens sequence index (VDSI) is found along with disruption to egg laying (Duft et al. 

2007, Schulte-Oehlmann et al. 2000, Schulte-Oehlmann et al. 1995). Another freshwater 

prosobranch mollusc Potamopyrgus antipodarum is also affected by TBT and TPT, 

although not in terms of imposex induction. P. antipodarum females harbour embryos 

within a brood pouch. Upon exposure via sediment, the number of unshelled (least 

developed) embryo numbers in the brood pouch significantly decreased after four weeks 

exposure (Duft et al. 2007, Duft et al. 2003). A small number of studies have exposed fresh 

water pulmonate snails to TBT.  Czech et al (Czech et al. 2001) exposed Lymnaea 

stagnalis to 1, 10 and 100ng/l TBT, the number of egg masses laid per snail were 

significantly reduced at the highest concentration, although this reduction was interpreted 

by the authors to be a toxic effect, rather than that of ED. In the same study, histological 

analysis found inflammation and degeneration in a number of tissues. Exposure of L. 

stagnalis adults and juveniles to high concentrations of TBT (230-3200ng/l) causes 

aberrations to the prostate gland and sperm duct, and shell growth. Embryo development 

and hatching success were also disrupted (Segner et al. 2003b). Experiments by Leung et al 

(Leung et al. 2004) on the same species found at high concentrations (1 µg/l TBT) 

abnormal embryonic development occurred in conjunction with significantly reduced 

hatchling survival and shell growth inhibition. Adult reproduction and survival was also 

affected at this concentration (Leung et al. 2004). In Physa fontinalis (another fresh water 

pulmonate) similar effects were observed. Abnormal embryo development occurred at 1 

and 10 µg/l TBT and hatchling survival was significantly reduced at 1µg/l, as were growth 

and fecundity (Leung et al. 2004). 

 

More recently, feminising effects of some chemicals on molluscs have been reported. 

Indeed a growing body of evidence from both laboratory and field studies suggest that 

many of the EDCs known to have feminising effects on reproduction in vertebrates may 

have similar effects on molluscs. Surveys of marine clams (Scrobicularia plana) in UK 

estuaries have revealed the widespread occurrence of intersex (oocytes present in testis) 

similar to that reported in fish (Chesman and Langston 2006). Exposure of undifferentiated 
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S. plana to a mixture of oestrogenic chemicals (E2 100µg/kg wet weight (ww), EE2 

100µg/kg ww, OP 1000µg/kg ww and, NP 1000µg/kg ww) via sediment caused a 

significant increase in both the incidence of intersex and increased oocyte size in this 

species. Short-term exposure of adults (sexually differentiated) to a mixture of E2 

(100µg/kg ww) or EE2 (100µg/kg ww) also resulted increased oocyte size (Langston et al. 

2007). Increased oocyte size (and number) was also found in the marine mussel Mytilus 

edulis after exposure to North Sea Oil (Aarab et al. 2004). Exposure of developing 

Crassostrea gigas at 7-8 days post fertilisation to NP (1, 100µg/l), resulted in an altered 

sex ratio (increased females) and a 30% incidence of hermaphroditism not normally seen 

in this species (Nice et al. 2003). Exposure to NP at the onset of gametogenesis also 

affected sperm motility; 100% of control males had motile sperm but exposure to NP 

(1µg/l and 100µg/l) caused a significant dose dependant decrease in motile sperm (Nice 

2005). 

 

Long term (one year) exposure to sewage effluent significantly increased the ratio of 

females to males in Elliptio complanata (Blaise et al. 2003). Moreover, significant 

increases in alkaili-labile phosphates (ALP) were also recorded in the exposed male and 

(especially) female gonads compared to upstream individuals (Blaise et al. 2003). Putative 

vtg-like proteins measured by ALP method have been used as a biomarker in a number of 

bivalve studies with varying results. The ALP method measures the level of akali-labile 

phosphate found in an organic phase where lipoproteins, such as vitellogenins, are found 

(Gagne and Blaise 2000). Unlike methods such as the Enzyme-linked immunosorbent 

assay (ELISA) (used to detect vtg in fish) which uses specific antibodies to detect vtg, the 

ALP method is not specific and other lipoprotiens such as circulating cholesterol, steroid 

hormones, fatsoluble vitamins or triglycerides could also be measured using this indirect 

method. Gagne suggests to validate this method two criteria should be met, namely 1) that 

vitellogenic females should contain significantly more alkali-labile phosphates than males, 

and 2) treatment with E2 should increase the level of ALP in the target tissues (Gagne and 

Blaise 2000). However, even with these criteria the level of possible vtg-like proteins 

compared to other lipoprotiens is still undetermined. This fundamental problem may be 

why such opposing results have been found. Using the ALP method a number of authors 

have report that vtg-like proteins were elevated in female bivalves post exposure to 

possible estrogenic chemicals, for example in M. edulis exposed to a mixture of North Sea 

Oil and Alkylphenols (Ortiz-Zarragoitia and Cajaraville 2006) or BPA (Aarab et al. 2006). 

Elevated vtg-like proteins (ALP method) were also measured in female zebra mussels 

Dreissena polymorpha exposed to NP (500µg/l) (Quinn et al. 2006), whereas males 
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similarly exposed had significantly less vtg-like proteins. A number of other authors 

have reported the opposite, that male bivalves are more sensitive to exposure. Matozzo and 

Marin (Matozzo and Marin 2005) found male Tapes philippinarus to have significantly 

increased vtg-like proteins (ALP method) after exposure to NP (7 days to 0.1mg/l and 

0.2mg/l), whereas female levels were not significantly affected. The authors also noted that 

control females naturally had much higher levels of vtg-like proteins than control males, 

which is at least in accordance with one of Gagne’s criteria. In addition to the ALP method 

being used to measure vtg-like proteins in bivalves being questionable in its accuracy the 

chemical concentrations used in some of the above exposures are rather high in terms of 

environmental values. It is therefore possible some level of toxicity is also occurring. In a 

study designed to assess copper toxicity in Norwegian waters M. edulis were transplanted 

up a pollution gradient. When these mussels were analysed the females at the most 

polluted site had advanced gametogenesis, a higher gonad index and raised vtg-like 

proteins (ALP method) compared to mussels transplanted further downstream, indicating 

possible estrogenic effect of copper (Zorita et al. 2006). However, the mussels at the most 

polluted site also had significantly increased digestive gland atrophy indicating toxicity. It 

is therefore possible that rather than a true estrogenic affect this may instead be evidence of 

a survival mechanism of the mussels to spawn before it dies. Further research is therefore 

needed before this ALP method is truly useful in assessing ED in molluscs.   

 

Further attempts have been made to identify biomarkers of ED in molluscs. Puinean and 

Rotchell (Puinean and Rotchell 2006) identified vtg mRNA and quantified gene expression 

in M. edulis. They found that males exposed (via injection, 25µg) to E2 had increased vtg 

gene expression compared to exposed females. Whereas, control (DMSO injected) male 

and female vtg gene expression did not significantly differ from one another (Puinean et al. 

2006). However, in another experiment, conducted several months later, with M. edulis 

exposed to E2 via water (200ng/l) Puinean et al (Puinean et al. 2006) found no increase in 

either vtg or ER expression in exposed animals, although total E2 concentrations in mussel 

tissue had increased 15 fold, leading the authors to question the validity of using these (vtg 

and ER expression) biomarkers in molluscs.  

 

In static renewal experiments, exposure of mussels (Elliptio complanata) to an estrogenic 

effluent caused serotonergic responses. Serotonin and dopamine are both implicated in 

sexual differentiation, gamete development, spawning and fertilisation in molluscs. Gonad 

serotonin concentration and cyclooxygenase (COX) activity increased at low effluent 

concentrations and decreased at high ones (after 45 days exposure). This was possibly 
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caused by a negative feedback mechanism for regulating serotonin, as high effluent 

concentrations also increased monoamine oxidase (MAO) activity, involved in degradation 

of dopamine and serotonin (Gagne and Blaise 2003, Gagne et al. 2004a). Exposure of the 

mussels to (concentrated) effluent via injection significantly reduced serotonin levels (in 

nerve ganglia and gonad), dopamine (nerve ganglia), and increased MAO in the nerve 

ganglia and gonad. Exposure to a low concentration of E2 (0.3µg, injected) saw an (non-

significant) increase in serotonin (gonad), dopamine (nerve ganglia and gonad) and MAO 

(nerve ganglia and gonad), whereas, at higher concentrations (3µg, injected) both serotonin 

(gonad) and dopamine (nerve ganglia and gonad) levels decreased, and MAO levels 

increased (significant increase in gonad). Exposure to NP (3.2µg or 32µg, injected) 

significantly increased dopamine levels in the gonad (Gagne et al. 2004a). Whilst exposure 

of freshly prepared gonad slices to effluent (3% v/v, similar to 5km down stream of outfall) 

also stimulated oocyte release in a similar manner to serotonin in vitro(Gagne and Blaise 

2003, Gagne et al. 2004a, Gagne et al. 2004b). Exposure of P. antipodarum to TSE known 

to feminise freshwater fish caused an increase of unshelled embryos in the brood pouch at 

low concentrations. Whereas, inhibition was seen with 100% effluent after 28 days 

(Jobling et al. 2004). Significant increases in unshelled embryo numbers were also 

produced when P. antipodarum was exposed to EE2, OP or BPA (Duft et al. 2007, Duft et 

al. 2003, Jobling et al. 2004). Exposure of N. lapillus to sewage effluent (known to contain 

BPA, OP, NP, and E2) was reported to cause a significant dose dependant increase in the 

percentage of mature females (Castro et al. 2007a)(Castro et al. 2007b, Castro et al. 

2007a), and an increase in ER expression in the ovary. Female N. lapillus exposed to BPA 

or OP  (1, 25 and 100µg/l) had significantly increased numbers of oocytes and enlarged 

accessory pallial glands, whereas, males of the same species had significantly reduced 

penis length and prostate size, and a reduction in ripe sperm stored in the vesicular 

seminalis, compared to control animals (Oehlmann et al. 2000). A similar stimulating 

effect of BPA and OP was seen in the freshwater gastropod M. cornuarietis, where 

increased oocyte number and egg laying, female malformation of the pallial oviduct and 

enlargement of accessory sex glands, leading to the term ‘super female’ to be coined 

(Oehlmann et al. 2000). M. cornuarietis were also exposed to BPA by Forbes et al (Forbes 

et al. 2007b, Forbes et al. 2007a) who found no reproductive effects during their exposure. 

However, the design and endpoints of the two experiments varied quite markedly. In the 

Oehlmann study (Oehlmann et al. 2000) adult snails were kept in large groups at 22oC and 

exposed to BPA (1, 5, 25, 100µg/l nominal) for five months, a number of their offspring 

were also exposed (1 and 100µg/l) for a further for 12 months. In the Forbes study (Forbes 

et al. 2007a), adult snails were kept in breeding pairs at 25oC and exposed to BPA for 12 
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weeks (0.1, 1, 16, 160, 640µg/l nominal). In this experiment a number of offspring were 

also exposed further, however only until they were 60 days post hatch. In the Forbes study 

(Forbes et al. 2007a) the main endpoints measured were related to egg laying, hatching and 

growth of offspring. In the Oehlmann study (Oehlmann et al. 2000) egg laying and 

hatching were also measured, however some of the most marked results were from 

morphological measurements of the reproductive organs; increase in female accessory sex 

gland volume (albumen and capsule gland), hypertrophy and rupture of glands and a 

number of cases where females had two vaginal openings. Comparative morphological 

data is absent from the Forbes study (Forbes et al. 2007a). In addition, and perhaps most 

importantly when comparing reproductive output, the two studies were conducted at 

different temperatures. As with many invertebrates temperature can play a critical role in 

the rate of reproductive output. Indeed in an earlier publication Forbes et al describe how 

under the same experimental conditions pairs of M. cornuarietis reproduce significantly 

less at 22oC than at 25oC (Forbes et al. 2007b) and that at the higher temperature the 

between-replicate variability was more than three times lower than at the higher 

temperature, this may suggest at the higher temperature the snails were at their upper most 

limit of their reproductive output, which could possibly mask other stimuli. Developmental 

exposure of M. cornuarietis to EE2 (10µg/l) or BPA (50µg/l and 100µg/l), caused 

significant a reduction in heart rate (10µg/l EE2 or 100µg/l BPA), and a significant 

increase in hatchling weight (100µg/l BPA) compared to control animals. A dose-

dependant increase (EE2), or decrease (BPA) in hatching rate, was also reported (Schirling 

et al. 2006a). In the experiments described above neither Forbes (Forbes et al. 2007b) nor 

Oehlmann (Oehlmann et al. 2000) found any significant effect of BPA on hatching success 

in M. cornuarietis. 

 

A number of experiments have also been performed with freshwater pulmonate gastropods, 

in particular with the pond snail L. stagnalis. Exposure of L. stagnalis and P. corneus eggs 

to an effluent that had been only mechanically treated caused 100% embryo mortality in 

both species. Diluting the effluent to 25% prevented mortality but reduced embryo 

development. Biologically treated effluent had no effect on the embryos development, as 

did the mechanically treated effluent after it had been left at room temperature for a year 

(Wagner 2000). Graded concentrations of TSE caused an increase in egg mass production 

and total egg mass weight per in P. corneus. However, results indicted that each egg mass 

was smaller, suggesting possible reduction in the packaging (albumin) of each egg, which 

could affect hatching success (Clarke et al. 2009). Exposure of adult L. stagnalis to EE2 

(1µg/l EE2) increased the number of eggs and egg masses laid per snail, but reduced 
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subsequent embryo development and hatching and increased shell decalcification 

(Segner et al. 2003b). However, Casey et al (Casey et al. 2005) found no consistent effects 

on the number of egg masses laid at a concentration range of 1-10000ng/l EE2. They did, 

however, find an increase in egg laying malformations such as poly-nuclear eggs after 14 

days exposure. Exposure of L. stagnalis to a combination of EE2 and cyproterone acetate 

(CPA; anti-androgen in vertebrates) also increased reproductive output and reduced 

embryos development and hatching. Egg laying was also increased after exposure to 

methyl-testosterone (MT) (a vertebrate AR agonist) and tamoxifen (vertebrate ER 

antagonist) mixture, however not to the same degree as the combination of EE2 (vertebrate 

ER agonist) and CPA (vertebrate ER antagonist) (Weltje et al. 2003). A study on the sea 

scallop, Placopecten magellanicus, also found E2 and P stimulated gamete release in both 

males and females and T stimulated gamete release in males. However, in this case, the 

effect of these hormones on gamete release was stopped by receptor antagonists (tamoxifen 

or flutamide) (Wang and Croll 2003). Czech et al (Czech et al. 2001) found no effect of 

MT (1, 10, 100ng/l) on egg mass laying of L. stagnalis. Exposure of L. stagnalis to 

Vinclozolin 250ng/l (vertebrate AR antagonist) stimulated egg mass production (Weltje et 

al. 2003, Lagadic et al. 2005) and reduced hatching success. However, exposure via water 

and food (duck weed) at a much higher concentration (250µg/l Vinclozin) reduced egg 

masses laying but had no effect on hatching success. In addition an increase in a 

testosterone-like moleclue was measured in the gonad in snails exposed via the food and 

water, whereas exposure via water alone had no effect on the testosterone-like moleclue’s 

concentration (Lagadic et al. 2005). A 10-14 day exposure of L. stagnalis egg masses to 

NP (180-320µg/l) resulted in abnormal shell development and reduced hatching success 

(reviewed in Lagadic et al (Lagadic et al. 2007)). Lalah et al (Lalah et al. 2007) also 

assessed the effects of NP on embryo development and growth and found similar results at 

105µg/l NP; namely a delay in growth, and an increase in embryo mortality and 

subsequent reduced hatching success. Again, as with some of the previous studies using 

NP and molluscs the concentrations tested are above or at the highest levels experienced in 

the aquatic environment and the results (abnormalities, reduced growth and development) 

may be linked to toxicity rather than ED. 

 

A number of authors have also looked at reproductive effects of other chemicals on 

molluscs. Female M. edulis exposed to diallyl phthalate had reduced putative vtg-like 

phospho-proteins (ALP method) and reduced oocyte size and number, whereas males were 

unaffected (Aarab et al. 2006). Exposure of the pulmonate snail P. fontinalis to the 

herbicide paraquat for 7 days resulted in a reduction in egg and egg mass laying and an 
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increase in degenerating oocytes (Bacchetta et al. 2002). M. cornuarietis eggs exposed 

to cadmium (Cd) had increased mortality at 500µg/l and delayed development, hatching 

and reduced hatching weight at 250µg/l (Schirling et al. 2006a). L. stagnalis exposed to Cd 

showed reduced egg and egg mass laying at 200µg/l and above; exposed eggs had reduced 

and aberrant development between 25-400µg/l and no hatching occurred at 400µg/l 

(Gomot 1998). Coeurdassier et al (Coeurdassier et al. 2003) found Lymnaea palustris to be 

more sensitive with significantly reduced egg and egg mass laying at 80µg/l Cd, and no 

hatching at 40µg/l. Cd is a toxic heavy metal and is listed as one of the priority substances 

within the EU Water Framework Directive; the proposed EQS for inland surface waters is 

0.08µg/l. The concentrations tested in the above exposures are therefore well above 

concentrations frequently experienced in the aquatic environment. Additionally 

considering that in another mollusc species (Zebra mussel) the chronic (10 week) LC50 of 

Cd was 130µg/l (Kraak et al. 1992) it seems that toxicity is likely to be the overriding 

factor (rather than ED) affecting reproductive output and hatching success in these snails.  

 

A number of studies have found possible immunological and neuroendocrine effects of 

EDCs on molluscs. Canesi et al (Canesi et al. 2005, Canesi et al. 2007b, Canesi et al. 

2007a, Canesi et al. 2007c) reported immune related responses from several estrogenic 

compounds (E2, EE2, NP, BPA) injected into Mytilus sp, including reduction in processes 

crucial to bactericidal activity (BPA), down regulation of antioxidant genes (BPA), 

reduced methallothioneins (BPA) and reduction in lysosomal membrane stability (BPA, 

E2, EE2, NP and EDC mixture). Phagocytosis could be stimulated at low (BPA 1, 5µM; 

EE2 1µM; NP 5µM) concentrations but inhibited at higher concentrations (100µM) of 

estrogenic chemicals ((Canesi et al. 2007b)). Reduction in lysosomal membrane activity in 

M. edulis exposed to E2 or P (Moore et al. 1978) and a reduction the phagocytic activity of 

hemocytes in Mya arenaria exposed to E2 (10 and 20nM, via injection) was also reported 

(Gauthier-Clerc et al. 2006). Champeau and Narbonne (2006) exposed Corbicula fluminea 

to either E2 (20, 200, 2000ng/l) or TBT (50, 250, 500ng Sn/l) for 15 and 30 days. They 

found a significant reduction in phagocytosis after 15 (2000ng/l E2) and 30 days (200ng/l, 

2000ng/l E2 and 500ng Sn/l) exposure, compared to the controls. The authors reported E2 

to be more effective at inhibition of phagocytosis than TBT, as only after 30 days of 

exposure to the highest dose of TBT caused a significant reduction. This needs to be put 

into context, however. The E2 concentrations found to have a significant effect (200ng/l 

and 2000ng/l) were far higher than those measured in the aquatic environment, whereas, 

the TBT concentrations tested were more environmentally relevant.  
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From the literature above it can be seen that there are some interesting questions arising 

into whether the mollusc endocrine system can be modulated by chemicals known to be 

ED in vertebrates. From these questions much debate has arisen amongst academics, 

regulators and industry. The only way this debate can be fully resolved is by conducting 

further research to fill the knowledge gaps that are very much present in this field. When 

my research was started in 2004 many of these publications (above) were not yet present in 

the literature. Indeed even now there is still little information regarding the possible effects 

of vertebrate EDC or their mixtures on UK native freshwater molluscs. 

 

1.7 The Mollusc Endocrine System 

Until recently much of the research into ED effects has focused only on vertebrates. This is 

because invertebrate endocrine systems are far less understood and because human health-

like effects of endocrine disruption are more likely to be seen in other vertebrate systems 

than invertebrate systems. Both of these reasons are understandable. However, 

invertebrates make up around 95% of all animal species, are a fundamental part of all 

ecosystems and often inhabit niches where pollution is greatest (e.g. sediments). It can be 

argued, therefore, that they require serious attention. The IUCN has evaluated only a small 

percentage of all the described invertebrate species; 0.13% of insects, 1.4% of crustacean 

and 2.7% of molluscs. Of those evaluated 50% of insects, 83% of crustacean and 44% of 

mollusc species are considered under threat (IUCN 2007). The species investigated in my 

research thesis are in the phylum Mollusca. This is the second most species-rich group 

after insects (approximately 81,000 described species). Molluscs are found in a wide range 

of habitats and their extreme diversity is due to explosive radiation, which has occurred 

several times over a long evolutionary history (Wilbur 1984).  

 

Like vertebrates and other invertebrates, the mollusc endocrine system functions to carry 

signals (environmental or endogenous) to a target site to elicit a response (LeBlanc et al. 

1999). However, compared to vertebrates or other invertebrates, the mollusc endocrine 

system shows extreme diversity even within the phylum (Ketata et al. 2008). These 

differences can be seen though the variety of reproductive strategies employed by 

molluscs. For example, gastropod molluscs (slugs, snails, limpets, nudibranchs etc.), being 

the most diverse, can be hermaphrodites (either synchronous or sequential) or 

gonochorists. The majority of bivalves (mussels, scallops, clams etc.) are gonochoristic, 

although a number of hermaphrodites and sequential hermaphrodites also occur. 

Cephalopods (octopus, squid and cuttlefish etc.) are generally gonochoristic. Fertilisation 
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methods also vary amongst molluscs with bivalves and the majority of marine 

gastropods employing external fertilisation, whereas cephalopods and freshwater 

gastropods fertilise internally. These differences also require adaptations to external stimuli 

(e.g. season) and complex behavioural patterns (e.g. species specific mating).  

 

Considering these differences makes it hard for a general mollusc (or even gastropod) 

endocrine system to be proposed. However, below is a review of what has been established 

to date:  

As with vertebrates, the central nervous and endocrine system combine to regulate the 

body functions and to react to internal or external stimuli. The neuro-endocrine system 

generally consists of neurohemal organs, which contain neurosecretory cells and nerve 

cells, and endocrine glands such as the gonad (Ketata et al. 2008). Peptide hormone 

messengers are common in molluscs, and have been shown to have effects on growth 

and/or reproduction. Peptide hormones such as caudodorsal cell hormone (CDCH) and 

dorsal body hormone (DBH) have been found to be involved in the gamete release and 

specific behaviour of the egg laying process in the freshwater hermaphrodite (pulmonate) 

snail Lymnaea stagnalis (See Chapter 2, Figure 2.3) (Joosse 1964, Geraerts and Joosse 

1975, Geraerts and Bohlken 1976, Geraerts and Algera 1976), and an egg laying hormone 

(ELH) has been reported in the sea hare Aplysia californica (Kupferma.i 1970, Kupferma.i 

1972, Coggesha.Re 1970b, Coggesha.Re 1970a, Arch 1972, Arch et al. 1976a, Arch et al. 

1976b). These peptides have also been found in a number of gonochoristic (prosobranch) 

gastropods (Ram et al. 1998). Another peptide called APGWamide has been implicated in 

male mating behaviour, reproduction and penis development in hermaphrodite and 

gonochoristic species (Smit et al. 1992, Croll and Vanminnen 1992, Fan et al. 1997, 

DeLange et al. 1997, de Lange and van Minnen 1998, De Boer et al. 1997, Henry et al. 

2000), and has also been found in female reproductive organs in Octopus vulgaris (Di 

Cristo et al. 2005). APGWamide is synthesised in the right arterial lobe of the cerebral 

ganglion that is connected to the penial complex in both Lymnaea and Aplysia, and is 

mainly associated with male reproductive organs (Smit et al. 1992, Croll and Vanminnen 

1992, Fan et al. 1997). Oberdorster et al (Oberdorster et al. 2005) suggested APGWamide 

to be a possible penis morphogenic factor, as males normally have higher levels than 

females. Females exposed to a masulinising factor (TBT induced imposex) had 

APGWamide levels similar to normal males. Oberdorster and McClellan-Green 

(Oberdorster and McClellan-Green 2000) also found that exposure to APGWamide 

induced masculinisation of Ilyanassa obsoleta. However, Santos et al (Santos et al. 2006, 

Santos et al. 2005) found APGWamide exposure did not cause female Bolinus brandaris to 
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be masculinised, suggesting species differences in the function of APGWamide might 

exist. 

 

Some peptide hormones are clearly specific to molluscs, but others seem to be 

functionally, or structurally, similar between vertebrates and molluscs. Gonadotropin-

releasing hormone (GnRH) is responsible for stimulating the release of lutenising hormone 

(LH) and follicle stimulating hormone (FSH) in vertebrates, and is a significant peptide 

hormone in regulating reproduction. Using antibodies, GnRH-like peptides have been 

detected in a wide range of molluscs including Helisoma trivolvis (Goldberg et al. 1993), 

L.stagnalis (Young et al. 1999), A. californica (Zhang et al. 2000, Zhang et al. 2008, Tsai 

et al. 2000, Tsai et al. 2000), O. vulgaris (di Cristo et al. 2002, Di Cristo et al. 2002, 

Iwakoshi et al. 2002, Iwakoshi-Ukena et al. 2004), bivalves (Rodet et al. 2005) and the 

squid (Amano et al. 2008)Loligo bleekeri (Amano et al. 2008). Neither the structure nor 

the functional role of this peptide hormone in molluscs has been fully eluded, although in 

general it seems to be found in the gonad and nervous tissue. Recently, Nakamura et al 

(Nakamura et al. 2007) reported GnRH neurons to be involved in spermatogonial 

proliferation in the scallop, Patinopecten yessoensiss. Interestingly, Tsai et al (Tsai et al. 

2003) reported that Aplysia GnRH was unable to stimulate the release of LH from mouse 

pituitary. In contrast, Zhang et al (Zhang et al. 2000) found Aplysia bag cells were affected 

(reduced duration of discharge associated with egg laying stimulus) by exposure to chicken 

II GnRH, and Iwakoshi et al (Iwakoshi et al. 2002) found Octopus GnRH stimulated quail 

pituitary to produce LH. Hence important similarities, as well as differences, in GnRH 

signalling in vertebrates and invertebrates may exist. 

 

The neuro-transmitters serotonin and dopamine have also been found to be present, and are 

biologically active, in molluscs. A serotonin receptor has recently been characterised in the 

pulmonate Helisoma trivolvis (Mapara et al. 2008).  In a number of bivalves, serotonin has 

been found to reinitiate meiosis and to stimulate germinal vesical breakdown (and thus 

stimulating spawning) in females (Gagne et al. 2004a, Lubet and Mathieu 1990, Lippai et 

al. 1995, Osada et al. 1998, Martinez et al. 2000, Fong et al. 1996, Garnerot et al. 2006). 

Osada et al (Osada et al. 1998) found serotonin receptor formation was induced by 

exposure to E2 (1x10-5 M E2 for 2 hrs at room temperature) in scallops and oysters, and 

Wang and Croll (Wang and Croll 2006) found E2 promoted serotonin-induced spawning in 

the female clam Ruditapes philippinarum, whereas Progesterone inhibited it. Serotonin 

may also play a role in gastropod reproduction, as it has been found in the CNS and 

ovotestis of the pulmonate snail Biomphalaria glabrata (Santhanagopalan and Yoshino 
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2000). Exposure of B. glabrata to serotonin has been shown to induce ovulation and 

increase egg laying (Manger et al. 1996, Muschamp and Fong 2001). Exposure to 

Methiothepin (1µM, for 30 minutes), a vertebrate serotonin receptor blocker, inhibited egg 

laying for a week in B. glabrata (Muschamp and Fong 2001). Fluoxetine a selective 

serotonin inhibitor (used as an anti-depressant drug) also inhibited reproduction (number of 

embryos) in the prosobranch Potamopyrgus antipodarum (Nentwig 2007). Dopamine has 

also been found in bivalves. In Argopecten purpuratus, exposure to dopamine (1-100nM) 

reduced oocyte release (Martinez et al. 2000)(Pani and Croll 2000) and in Placopecten 

magallanicus, spawning was found to affect dopamine levels (Pani and Croll 2000). In the 

gastropod B. glabrata, dopamine has been found in the CNS and albumen gland 

(Santhanagopalan and Yoshino 2000, Boyle and Yoshino 2002). Dopamine concentrations 

were highest in the albumen gland during packaging of eggs (Boyle and Yoshino 2002), 

and dopamine (10µM) was shown to significantly stimulate the secretion of proteins (un-

characterised) in in-vitro cultures of B. glabrata albumen gland. Protein secretion was 

inhibited by co-incubation with Chlorpromazine, a dopamine antagonist (Santhanagopalan 

and Yoshino 2000). Dopamine also stimulates protein secretion in H. trivolvis albumen 

gland (Saleuddin et al. 2000), Mukai et al (Mukai et al. 2004) experimented with a range of 

dopamine receptor agonists and antagonists and suggested a dopamine D1-like receptor in 

the albumen gland. Therefore the role of dopamine and serotonin in molluscs appear quite 

different to those of mammals i.e. have (possibly) a greater direct effect on reproduction.  

 

In addition to peptide hormones and neuro-transmitters, recent research has been focused 

on the possibility that vertebrate type steroid hormones are produced and/are functionally 

active in molluscs. Much of this work has been with three vertebrate sex hormones; 17β-

estradiol (E2), testosterone (T) and progesterone (P). These hormones have been indirectly 

detected in many different molluscs, and endogenous levels seem to fluctuate with the 

reproductive cycle. In addition to this, enzymes involved in steroidogenesis (e.g. 3Beta-

Hydroxysteroid dehydrogenase) and sex hormone esterifying enzymes (e.g. acyl-CoA: 

testoserone acyltransferase) have also been found. In O. vulgaris, D’Aniello et al 

(DAniello et al. 1996) found P, T and E2 (in the ng/g range) at higher concentrations in 

male tissue than females. Di Cosmo et al (Di Cosmo et al. 2001) later found that E2 and P 

fluctuated in the female octopus with ovary development and maturation; both authors 

found enzymes involved in steroidogenesis (delta 5,3beta-Hydroxysteroid dehydrogenase) 

within gonad tissue. Matsumoto et al (Matsumoto et al. 1997) found E2 in the ovary and 

testis, which increased during sexual maturation in oysters. Osada et al (Osada et al. 2004) 

measured E2 (HPLC) and aromatase activity (RIA) in the ovary and testis of Patinopecten 



 34 
yessoensis and found both to increase when the ovary or testis were developing, with a 

peak at maturity and a drop after spawning. In the bivalve Mya arenaria E2 (150-400pg/g 

wet weight, ELISA) was measured at concentrations ten times higher than that of T in both 

males and females. E2 concentration was similar between the two sexes during the 

undifferentiated and ripe/post vitellogenic stages of the reproductive period, for the rest of 

the time E2 concentration was generally higher in females than males, and during the their 

vitellogenic/spermatocyte differentiation periods (October-November) it was significantly 

higher (P<0.05) (Gauthier-Clerc et al. 2006). There were more significant differences seen 

between the sexes in their T profiles. T was significantly higher in females than males 

before and during vitellogenesis (August-November) and during and directly after 

spawning (June-July) (Gauthier-Clerc et al. 2006). In the desert snails, Sphincterochila 

zonata and S. propetarum, a peak in T was followed by a peak in E2 during aestivation, 

and during active intervals a minor peak in E2 was recorded (Alon et al. 2007). In male 

Ilyanassa obsoleta (marine gastropod), T was found in its esterified form during non-

reproductive periods, but an increase in free T and a decrease in esterified T occurred at the 

onset of mating. T was found to be lower in females, but still had a peak in free T prior to 

egg laying (LeBlanc et al. 2005, Gooding and LeBlanc 2004). Sternberg et al (Sternberg et 

al. 2008b), working with the same species, also found that T differed in the males with 

reproductive period, but found no change in female T concentrations, and also no 

relationship between E2 and reproductive phase. In the freshwater gastropod Marisa 

cornuarietis, free T was found to be similar in both sexes, whereas, total and esterified T 

and total, free and esterified E2, were significantly higher in males than females, sampled 

between March and June (low spawning season) (Janer et al. 2006). 

 

Significant homeostatic mechanisms for sequestering steroid hormones have been 

demonstrated in molluscs. The ratio of esterified and ‘free’ hormone can alter depending 

on reproductive state. When the bivalve Mytilus galloprovincialis was exposed to 20ng/l 

(low), 200ng/l (medium) and 2000ng/l (high) of E2 for seven days, only at the highest 

concentration did free E2 elevate significantly, whereas total E2 increased in a dose 

dependant manner from 2-4ng/l in the control to 258ng/l in the highest exposure. The 

enzyme Palmitoyl-CoA (oestradiol acyltransferase) was also found to increase in a similar 

dose dependent manner. Histological analysis found a significant increase in gonad 

maturation at the highest concentration (Janer et al. 2004, Janer et al. 2005). M. 

cornuarietis were shown to cause a concentration dependent elevation of acyl-CoA 

(testosterone acyltransferase) after exposure to methyltestosterone (MT) (Janer et al. 2006). 

Gooding and LeBlanc (Gooding and LeBlanc 2004) experimentally manipulated adult I. 
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obsoleta to contain up to 300% the level of total T found in unmanipulated individuals. 

The concentration of esterified T found in manipulated snails increased in relation to the 

level of total T, whereas free T remained the same. The above results suggest both E2 and 

T levels are regulated in molluscs by fatty acid esterification and de-esterification 

processes. In mammals, sex hormones that are esterified do not directly activate their 

nuclear receptors. However, they are considered extremely potent, as esterified hormones 

are resistant to catabolism, and therefore have much extended half-lives when compared to 

their non-esterified counterparts (Hochberg 1998). In addition, steroid esters can act as a 

reservoir of biologically active hormone, which can be easily mobilised into its no-ester 

form and may play an important role in paracrine control (Hochberg 1998). Therefore the 

ability to(Hochberg 1998) produce hormone esters and then release them when needed is 

an important endocrine function. Molluscs may also have the ability to convert one 

hormone into another, in a similar manner as vertebrates. Cytochrome P450-dependent 

aromatisation of androgens to oestrogens has been studied in a number of molluscs (Bettin 

et al. 1996, Oberdorster and McClellan-Green 2002, Janer et al. 2005, Santos et al. 2002). 

 

Another avenue for identifying whether steroid sex hormones are active in molluscs has 

been to identify their receptors. As mentioned earlier, vertebrate nuclear receptors bind 

steroid hormones to illicit altered gene expression, and it has been hypothesised that if 

molluscs too have these receptors they would respond similarly. The research into finding 

steroid receptors has been approached in a number of ways. In O. vulgaris, receptor 

binding assays (vas deferens and seminal vesicle) found receptor-like binding molecules 

with affinity for E2, T and P (DAniello et al. 1996). Using competition assays, Di Cosmo 

et al (Di Cosmo et al. 1998), found that the Progesterone receptor (PR) in O. vulgaris was 

strictly specific to P, and that it had a similar affinity for P as the vertebrate PR. A similar 

steroid specific binding assay also found E2 binding in the cytosol (but not the nuclear 

fraction) of O. vulgaris ovary and oviduct. They also found immunoreactivity to oestrogen 

receptor antibodies localised in the nuclei of follicle cells in the ovary and in oviduct cells 

(Di Cosmo et al. 2002). Other immunoreactivity studies have indicated the existance of 

possible ERs in P. yessoensis (Osada et al. 2003) and M. galloprovincialis (Canesi et al. 

2004). Stefano et al (Stefano et al. 2003) found E2 to stimulate cell membrane receptors (in 

ganglia tissue) to release nitric oxide (NO) in Mytilus edulis in a similar manner to human 

tissue (Stefano et al. 2000). This response was inhibited by tamoxifen (a selective 

oestrogen receptor modulator, in invertebrates) suggesting the existence of ER cell 

membrane receptors in both molluscs and man.  
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Using molecular techniques Thornton et al (Thornton et al. 2003) were the first group to 

clone a non-vertebrate ER ortholog in the sea hare A. californica. The DNA binding 

domain (DBD) was very similar to that of vertebrates, but the ligand-binding domain 

(LBD) was found to be quite different and the ER did not to bind steroid estrogens. 

Therefore these receptors are often known as ‘ER-like’. Further research identified 

molluscan ER-like orthologs in O. vulgaris (Keay et al. 2006), Thais clavigera (Kajiwara 

et al. 2006), C. gigas (Matsumoto et al. 2007), Nucella lapillus (Castro et al. 2007a), M. 

cornuarietis (Bannister et al. 2007) and I. obsoleta (Sternberg et al. 2008b). The majority 

of these ER-like nuclear receptors were preferentially expressed in reproductive tissues. 

However, none have been shown to bind to17β-estradiol. The retinoid X receptor (RXR) 

which has the possible natural ligand 9-cis retinoic acid (a form of Vitamin A) has also 

been found in molluscs. The RXR was first cloned by Bouton et al (Bouton et al. 2005) in 

the freshwater snail Biomphalaria glabrata and subsequently in the marine snails T. 

chavigera (Nishikawa et al. 2004) and I. obsoleta (Sternberg et al. 2008a). RXR gene 

expression was significantly higher in male T. chavigera than females, and was 

preferentially expressed in the penis and vas deferens (Horiguchi et al. 2007). Sternberg et 

al (Sternberg et al. 2008a) also found RXR mRNA to increase with reproductive tract 

recrudescence in both male and female I. obsoleta although at slightly different timings. 

Other receptors have also been investigated in molluscs. There is evidence of endogenous 

thyroid hormone (TH) and a peroxidase gene (AcaTPO), similar to that of vertebrates in 

the sea hare A. californica (Horiguchi et al. 2007, Heyland et al. 2006). Moreover Wu et al 

(Wu et al. 2007) cloned a Thyroid receptor (TR) ortholog from the limpet Lottia gigantean 

and Brown et al (Brown et al. 1995) reported on a possible Aryl hydrocarbon receptor 

(AhR) in the clam Mercenaria mercenria. The possibility that the expression of the AhR 

was linked to gonadal tumours found in association with polluted sites was also reported. 

An AhR was also successfully cloned from M. arenaria, however it did not bind to known 

ligands for vertebrate AhR (Butler et al. 2001).  To date an Androgen receptor (AR) has 

not been cloned from a mollusc; Sternberg et al (Sternberg et al. 2008a) attempted to 

identify one without success from I. obsoleta and in our own laboratory, many attempts to 

clone a mollusc AR were also unsuccessful (Jobling and Routledge. pers com 2008). 

 

1.8 Aims 

The aim of this research is to determine if chemicals known to be oestrogenic to 

vertebrates such as fish, and to be present in UK Treated sewage effluents (TSE) and 

rivers, have reproductive or sexual developmental affects on two species of UK native 

freshwater gastropod mollusc.  
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2 Introduction to the Test Species and Preliminary 

Work 
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2.1 Introduction to Gastropods  

Two species of fresh water gastropod molluscs were used in my research, one is a 

pulmonate and the other is a prosobranch. This section will start with a more detailed 

overview of the physiology and anatomy of these mollusc species, followed by details of 

experimental methods applied.  

 

2.1.1 Pulmonates 

The pulmonata are comprised of two groups; the Stylommatophora (eyes on the end of the 

tentacle) and the Basommatophora (eyes at the base of the tentacle). The Stylommatophora 

are entirely terrestrial (land slugs and snails) and the Basommatophora are mainly 

freshwater animals (snails) inhabiting ponds, ditches, rivers and lakes (Geraerts and Joosse 

1984). There are a few marine and estuarine Basommatophorans, and even fewer terrestrial 

ones. Pulmonates breath air via a type of lung, which enables Basommatophoran snails to 

populate still waters with little dissolved oxygen content, and allows the Stylommatophora 

to breath air on land.  

 

The pulmonate used in my research was a freshwater Basommatophoran, and this will be 

the focus of this section. The advent of molecular phylogeny has resulted in malacologists 

constantly updating and rearranging the classification of snails. Indeed it is doubtful that 

the Basommatophora are a true monophyletic group (Geraerts and Joosse 1984), so to 

avoid confusion I will continue to use the terminology above.  

 

All Pulmonates are hermaphrodites, in which male and female gametes are produced 

within a single ovotestis before passing along a hermaphrodite duct (Figure 2.2). The 

gametes are then transported along separate paths (either functionally or physically), 

towards one or two genital openings. The junction of the hermaphrodite duct with the male 

(vesiculae seminalis) and female (ootheca) ducts is often referred to as the Carrefour, and 

at this point the albumen gland and fertilization pocket (receptaculum seminalis) also 

diverge (Geraerts and Joosse 1984). The female duct is largely glandular and secretes a 

number of nutritive and packaging materials to support and protect the developing 

embryos. The female duct also receives (and often stores) sperm from a copulative partner. 

The main function of the male duct is to transport sperm to the copulative partner. A 

prostate gland, sperm duct, penis and vas deferens are all generally present, although a 

wide range of species-specific variation in these structures occurs (Geraerts and Joosse 

1984). 
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The ovotestis is made up of a number of sub-units called acini. Each acini produces both 

male and female gametes and contains their supporting cells; Sertoli and follicle cells, 

respectively (Figure 2.2). The epithelium of the luminal end of the acini contains both 

ciliated and non-ciliated cells. Male and female sex cells and their supportive cells 

originate from the germinal epithelial ring, a narrow band of cells extending from the 

luminal end of the basement membrane towards the middle region of the acini (De Jong-

Brink et al. 1976). As the gametes mature they, and their supportive cells, move along the 

basement membrane to the bottom of the acinus (known as the vitellogenic area); this area 

is where oocytes and sperm mature. During their development oocytes become surrounded 

by the follicle cells, and in riper stages a cleft (or follicular cavity) is formed between the 

oocyte and the follicle cells. These stages led de Jong-Brink et al (De Jong-Brink et al. 

1976) to classify five stages of oocyte maturation; stage 1 (oogonium) have no follicle 

cells, stage 2 follicle cells attach to the oocyte, stage 3 follicle cells surround the oocyte, 

stage 4 apical cleft begins to form and stage 5 a distinct apical cleft has formed. After stage 

5, oocytes are either ovulated or degenerate (Figure 2.2).  

 

During spermatogenesis the Sertoli cells maintain contact with the underlying tissue. The 

spermatogonia undergo mitotic division to give rise to more Spermatogonia that increase in 

size and then undergo meiosis I, and transform into spermatocytes. These then undergo 

meiosis II, which produces spermatids. Sertoli cells never divide during spermatogenesis 

and they are in constant contact with the developing gametes (De Jong-Brink et al. 1977). 

The Sertoli cells move, while carrying the developing male sex cells, to the bottom of the 

acini, where they lie on top of the follicle cells of vitellogenic oocytes. It is here the sperm 

are released (Figure 2.2) (De Jong-Brink et al. 1977). 
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Figure 2.1 Diagram representing three families of Basommatophora 

hermaphrodite reproductive systems.  

A Physa sp, B Lymnaea sp, C Planorbarius sp. Ovotestis, O; hermaphrodite duct, 

H.D.; vesiculae seminales, V.S.; fertilisation pocket F.P.; albumen gland A; 

ootheca OO (I, II, III, IV, V); vas Deferens V.D.; muciparous gland M.G.; Prostate 

P.R.; bursa copulatrix B.C.; vagina V; penis P. (Duncan, (Duncan 1975)). 
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Figure 2.2 Diagram of acini from a Basommatophora ovotestis.  

The ovotestis is made up of a number of acini containing both male and female 

gametes and their corresponding supportive cells (Sertoli and follicle cells). 

During early stages of gametogenesis, oogonium and spermatogonium are 

present at the luminal end of the acini, and as they mature migrate with their 

supportive cells to the vitellogenic area of the acini. Mature sperm are released 

into the acini lumen by their Sertoli cells. Mature (stage 5) oocytes erupt from 

their position in the vitellogenic area into the acini lumen, after which both 

sperm and oocytes are transported via the hermaphrodite duct to their separate 

(male or female) pathways (De Jong-Brink et al. 1976). 

 

The neuro-endocrine control of reproduction in Basommatophora has been extensively 

studied in Lymnaea stagnalis; an egg laying Pulmonate, which inhabits freshwater lakes, 

pond and ditches in temperate (Northern Europe) climates. Research suggests there are six 

areas involved in egg laying in L. stagnalis: the dorsal bodies (DB), the caudodorsal cells 

(CDC), the lateral lobes (LL), the ovotestis, the hermaphroditic duct, and the accessory sex 

organs (e.g. albumen gland) (Joosse 1984). The DB, CDC and LL are all found in the 

cerebral ganglia of the snail’s brain (Figure 2.3). The LL control much of female 

reproduction as they stimulate both the DB and CDC, to release dorsal body hormone 

(DBH) and caudodorsal hormone (CDCH). DBH stimulates the growth and differentiation 

of the female accessory sex organs and also stimulates vitellogenesis in the ovotestis, and 

CDCH stimulates a set of egg laying behaviour (see Figure 2.3) and ovulation: reviews in 

Ter Maat and Wayne (Ter maat 1992, Ter Maat et al. 2007, Wayne 2001). Recent evidence 
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suggests a role for the neuro-transmitters dopamine and serotonin in mollusc 

reproduction (see mollusc endocrinology Chapter 1, Section 1.7). In the albumen gland of 

B. glabrata dopamine levels were highest during packaging of eggs (Boyle and Yoshino 

2002) AND dopamine stimulated protein secretion in cultured albumin gland explants in 

the same species (Santhanagopalan and Yoshino 2000). Serotonin exposure was also 

reported to increase egg laying in B. glabrata and blocking the serotonin receptor 

prevented egg laying for a week (Muschamp and Fong 2001). 

 

Reproduction is highly seasonal in L. stagnalis starting in spring (May) and continuing 

throughout summer until early to mid September (Dogterom et al. 1985). Environmental 

stimuli such as temperature (Joosse and Veld 1972), photoperiod (Bohlken and Joosse 

1982), dissolved oxygen (Ter maat et al. 1983) and nutrition (Scheerboom, 1978) appear to 

have the greatest modulating effects on reproduction and egg laying (Ter maat 1992, Ter 

Maat et al. 2007). Laboratory studies conducted in seven day static renewal systems 

revealed that snails would lay egg masses soon after tanks were replenished with clean 

water, and additional experiments found it was the increased dissolved oxygen that 

stimulated this. Clean water stimulus (CWS), via some unknown route, stimulates the 

CDCs, which causes the release of CDCH and the stimulation of oocyte release from the 

ovotestis and egg laying behaviour (Figure 2.3). This stimulatory mechanism has enabled 

scientists to fully eludate the timing and process of egg mass formation (Figure 2.3C). The 

effects of day length and temperature have also been investigated with relation to egg 

laying (Bohlken and Joosse 1982). It has been found that warmer temperatures and longer 

day length both stimulate egg laying (as would be expected in a temperate seasonal 

reproducer). However, day length seems to be the overriding factor. Snails kept at 8oC and 

short day length (8 hours light: 16 hours dark) or medium day length (12L:12D) did not lay 

egg masses, whereas those kept at long day (16L:8D) did lay egg masses, but at a lower 

rate than if they were kept at warmer temperatures. Long day length also overrides the 

negative impact of starvation on egg laying compare to short or medium day length on 

starved snails (()). Dogterom et al (Dogterom et al. 1983) found that snails kept at long day 

length were slightly more sensitive to hormonal induction of egg laying compared to short 

or medium day length. However, the exact mechanism of how this happens has not been 

fully deduced.  
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Figure 2.3 Diagrammatic representation of a transverse section through the 

cerebral ganglia of Lymnaea stagnalis, the organisation of the female endocrine 

system and its effects on female reproduction (egg laying).  

A, Neurons in the lateral lobes stimulate the dorsal bodies and the caudodorsal 

cells to produce hormones. Dorsal body hormone (Red arrows) produced by the 

dorsal bodies stimulates vitellogenesis of oocytes in the ovotestis and the 

growth and differentiation of the female accessory sex organs (e.g. Albumen 

Gland). Caudodorsal cell hormone (blue arrows) produced by the caudodorsal 

cells stimulates ovulation and egg laying behaviour. + indicates stimulation. 

Caudodorsal cells, CDC; Caudodorsal cell hormone, CDCH; Dorsal bodies, DB; 

Dorsal body hormone, DBH; Light green cells, LGC; Lateral lobes, LL; (Adapted 

from Ter Maat, (Ter maat 1992) and Wayne (Wayne 2001). B, Phases of egg 

laying behaviour; 1 Resting (~50 min), 2 Turning (duration depends on size of 

egg mass 20-120 min), 3 Oviposition (duration depends on size of egg mass 5-15 

min), 4 Inspection, usually follows oviposition (From (Ter maat 1992)). C, The 

various stages of egg mass formation; Oocytes mature in vitellogenic areas 

(VA) in the acini (A) of the ovotestis (O). 1 after ovulation the oocytes are 

transported via the hermaphrodite duct (HD) towards the carrefour (C), where 

fertilisation takes place. 2 during egg formation each egg cell is surrounded by 

secretion from the albumen gland (AG) and by two egg membranes secreted by 

the pars contorta (PC). 3 the egg mass is formed by addition of secretory 

products from the muciparpus (MG) and oothecal glands (OG). Bursa copulatrix, 

BC; penis, P; prostate gland, PG; sperm duct, SP; spermatogenic zone, SZ; vas 

deferens, VD; vesicuae seminales, VS (from Dogterom et al, (Dogterom et al. 

1983); Joosse, (Joosse 1984)). 
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The male reproductive process in Pulmonates has been less studied, although a number 

of observations have been made. Joosse (Joosse 1964) found low temperatures to in inhibit 

spermatogenesis both wild and laboratory snails. Only spermatogonium and primary 

spermatocytes were found in snails kept under low temperature (<10oC) conditions for 

long periods of time, suggesting spermatogenesis is temperature dependant but only at the 

stage of meiosis. Similar inhibition is seen in the pulmonate land snail Helix aspersa 

(Joosse 1975). As with terrestrial pulmonates, Joosse hypothesised that an androgenic 

brain factor may be involved in stimulating spermatogenesis (Geraerts and Joosse 1975, 

Boer and Joosse 1975). In contrast de Jong Brink et al (De Jong-Brink et al. 1981) 

suggested a steroid may be produced by the Sertoli cells, which then acts locally on 

spermatogenesis. Romanova et al (Romanova et al. 1996) found injecting baclofen (a 

Gamma-aminobutyric acid B receptor agonist) provoked a full erection in L. stagnalis, and 

more recently Muschamp and Fong (Muschamp and Fong 2001) found that blocking the 

serotonin receptor (Methiothepin) in B. glabrata induced penile erection that lasted up to 

48 hours. 

 

2.1.2 Prosobranchs 

Prosobranch gastropods have quite varied reproductive biology compared to other 

molluscs. They exhibit two types of organisation; the basic diotocardian, in which the 

opening of the functional right kidney discharges gametes and fertilisation is external (i.e. 

sperm or eggs are generally released directly into the sea), and the more advanced 

monotocardians which have more glandular pallial genital ducts running parallel with the 

rectum, and practise internal fertilisation (Fretter 1984). Prosobranchs are the most 

primitive of the gastropods and are mainly gonochoristic, although in some species sex 

reversal does occur (Fretter 1984). In addition to the normal sexual reproduction of 

prosobranchs, some species exhibit parthenogenesis; one such species is Potamopyrgus 

antipodarum a native of New Zealand, which has successfully spread across Australia and 

Europe. In its native habitat, populations have higher numbers of males and reproduce 

sexually. However, in populations without males, or very low frequencies of males (as 

found generally in Australia and Europe) females reproduce parthenogenically. These 

parthenogenic groups have been found to have different numbers of chromosomes 

(Wallace 1992). 

 

The second test species used in my research was a monotocardian Prosobranch, and again, 

the introduction will focus on this type of animal. In male monotocardians, the right kidney 

is not developed and instead has a long testicular duct, which also acts as a vesicula 
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seminalis. The testicular duct runs dorsally along the visceral mass and consists of 

branched tubules. At the distal end of the duct is the vas deferens, which is a short ciliated 

duct leading to the pallial duct and the prostate (Fretter 1984). The organisation of the male 

ducts differs between species, but usually sperm is produced in the tubules and passes 

along the sperm duct (via the vas deferens and the prostate), where secretions are added to 

the sperm. Sperm then passes through the duct of the penis, which is muscular, vascular 

and often very large. It is found on the right hand side of the snail’s head, either behind or 

incorporated into the cephalic tentacle (Fretter 1984). Due to the complexities of internal 

fertilisation, female monotocardians have more elaborate reproductive systems than those 

of the diotocardians. Again there are variations between different species including the 

position and number of sperm storage/fertilisation pockets. However, generally the female 

system consists of an ovary at the proximal end of the reproductive tract, which runs 

straight along the ventral part of the visceral mass. Mature oocytes are released from the 

ovary along the oviduct to the fertilisation pocket (receptaculum seminalis). Fertilised 

embryos then travel along the oviduct to the albumen gland, where nutritional secretions 

are distributed by cilia, and muscle moulds them around the egg. Embryos then continue to 

the capsule gland, which provides the necessary protection from osmotic pressures and 

bacterial infection. Eggs are then either covered in another jelly secretion (in which the 

capsules are embedded and moulded into an egg mass), or are harboured within a brood 

pouch modified from the pallial duct. Both the egg mass or mature hatchling snails exit the 

pallial duct via the genital opening/vaginal passage (Fretter 1984). 

 

The ovary and oogenesis were studied in the deep-sea prosobranch Bathynerita naticoidea, 

in which the ovary was described as an acinous organ containing oocytes in all stages of 

oogenesis. Follicle cells were found to be closely associated with the developing oocytes 

(Eckelbarger and Young 1997). Oogenesis has also been studied in the marine prosobranch 

Ilyanassa obsoleta (Taylor and Anderson 1969). Early pre-vitellogenic stage groups of 

oocytes were joined together by maculae adhaerentes (spot desmosome) which were not 

found in more developed stages. Prior to vitellogenesis the oocytes were seen to enlarge 

greatly. Once vitellogenesis commenced the area where oocytes were previously attached 

turns into a cleft, which increases in size throughout vitellogenesis. Post-vitellogenic 

oocytes were characterised by a large eccentrically placed nucleus and a distinct nuclear 

envelope. Follicle cells were found to incompletely cover the oocyte, and during oocyte 

maturation spread over the oocyte so that pre-vitellogenic oocytes had follicle cells two to 

three cells thick whereas vitellogenic oocytes had follicle cells one or two cells thick. It 

was also found that follicle cells were in much closer association with pre-vitellogenic 
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oocytes than those of oocytes having completed vitellogenesis. Follicle cells were 

implicated in oocyte nutrition and protein secretion due to their structural similarities to 

those of vertebrates (Taylor and Anderson 1969).  

 

Walker and Macgregor (Walker and MacGregor 1968) investigated spermatogenesis in 

Nucella lapillus a marine prosobranch. They found spermatogenesis to be very similar to 

that seen in vertebrates in that spermatogonia undergo mitotic division to give rise to more 

spermatogonia, which then divide into spermatocytes, which undergo meiosis producing 

spermatids, which in turn become spermatozoa. The gonad was made up of a number of 

branched tubules that contained spermatogonia, spermatocytes, spermatids and mature 

sperm. The spermatogonia were found in groups around the periphery, and the mature 

sperm clustered in the centre of the tubule with the tails towards the lumen. Groups of 

spermatocytes and spermatids were found in clusters scattered throughout the tubules, it 

was also found that cells within a group passes through spermatogenesis at the same time 

(Walker and MacGregor 1968). Some prosobranch gastropods, in addition to producing 

fertile eusperm, also produce infertile parasperm (Buckland-Nicks 1998). Parasperm is 

associated with internal fertilisation and sperm competition within the female. A number of 

possible types of parasperm have been identified including those that transport eusperm to 

an optimal pre-fertilisation site, those that reduce the female’s drive to re-mate; either via 

chemical interactions or via ‘nuptial gifts’, some form a plug which prevents subsequent 

mating success by another mate, and others create an hostile environment for incoming 

rival sperm (Buckland-Nicks 1998). 

 

Unfortunately, detailed studies of the endocrine system of Prosobranch gastropods have 

not been carried out. Therefore, their endocrine control is somewhat more of a mystery. 

This is partially due to few prosobranch species lending themselves to laboratory culture in 

the way many pulmonates do. Moreover, their nerve cells, which may provide neuro-

hormones are relatively small, and therefore more difficult to work with (Fretter 1984). 

Reproduction in several marine species is tied to lunar and tidal changes, and many species 

exhibit reproduction in relation to temperature and nutritional status (Fretter 1984). Some 

information is available as highlighted in the mollusc endocrinology section above. 

Perhaps counter intuitively, most of the literature on vertebrate-type steroids and their 

receptors in gastropods are associated with Prosobranchs, especially marine Prosobranchs. 

ER-like receptors have been found in Thais clavigera (Kajiwara et al. 2006), Nucella 

lapillus (Castro et al. 2007a), M. cornuarietis (Bannister et al. 2007) and I. obsoleta 

(Sternberg et al. 2008b). This is likely due to where researchers have focused their efforts, 
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rather than a lack of receptors in pulmonates. Indeed, the first gastropod ER-like was 

found in the hermaphrodite Opisthobranch (sea hare) Aplysia californica, and other 

receptors (such as the RXR) have been found in both pulmonate and prosobranch species. 

 

2.2 Introduction to the test species 

2.2.1 Test species 1 – Planorbarius corneus (Pulmonate) 

Below is an introduction to the first of the two freshwater snail species used in this 

research.  

2.2.1.1 Ecology, habitat and distribution 

Planorbarius corneus or the Greater Ramshorn snail is one of Britain’s largest species of 

fresh water Pulmonate snail growing to a size of 25-35mm in diameter. As with all 

Pulmonate gastropods P. corneus has a ‘lung’ or pulmonary cavity, which is connected 

with the outside via the pneumostome and gives it the ability to respire atmospheric air 

(Fretter 1975). The mantle cavity is filled with air, allowing the snail to descend to the 

bottom of ponds or stagnant pools to feed on submerged aquatic plants or decaying matter. 

Intermittently the snail will surface to refill its air supply. In addition to this it also has a 

slip of mantle which is highly vascularised which, protruded into the water, may act as an 

accessory gill (Fretter 1975). P. corneus is found in ponds and slow moving bodies of 

water, such as canals and drainage ditches, throughout most of central and eastern England. 

It is less numerous in northern, south-western England, Wales and Ireland (Kerney 1999) 

see Figure 2.4. 
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Figure 2.4 Map of the UK distribution of the Great ram’s-horn snail, Planorbarius 

corneus.  

Filled circles are records made in or after 1965, open circles are records made 

prior to 1965, crosses indicate fossil occurrence (lateglacial to postglacial) 

(from Kerney, (Kerney 1999)). 

 

2.2.1.2 Life cycle and reproduction 

The life history and reproduction of Planorbarius corneus have not been widely studied in 

the field. A brief study (June-September 1962) conducted by Berrie (Berrie 1963) on a 

population in a pond near Reading concluded P. corneus had an annual life cycle in the 

wild. From Berrie’s observations, the species had a restricted period of reproduction 

concluding by mid June, the adults died before August, to be replaced by their progeny the 

following year. A more comprehensive study by Costil and Daguzan (Costil and Daguzan 

1995b) conducted fortnightly over 17 months, found a much more complex life strategy. 

Cohorts were designated to snails of similar size to determine when each group of snails 

were laid, empty shells (dead snails) were also analysed, along with the presence of egg 

masses. P. corneus were seen to reproduce from the beginning of May until November. It 

was found that P. corneus life-cycle had some adaptive plasticity depending on 
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environmental conditions; an annual life cycle with two generations was observed in 

1987, whereas only one spring generation seemed to be present in 1986 and 1988 (Costil 

and Daguzan 1995b). It was concluded that high summer mortality of larger snails was due 

to reproductive effort, whereas smaller snails die from probable predation. It was also 

recognised that the extreme climatic conditions (cold and hot) as well as lack of food and 

mineral resources had particularly unfavourable effects on population densities of P. 

corneus (Costil and Daguzan 1995b).  As with many pulmonate gastropods, P. corneus is 

easily cultured in the laboratory (Fretter 1975); they have no larval stage and young 

hatchling snails feed on the same herbivorous diet as the adults. Under laboratory 

conditions P. corneus has been found to live to over 4 years old at 15oC (Costil and 

Daguzan 1995a) and once sexually active to breed more or less continuously until old age. 

P. corneus generally lays flat almost concentric circular egg masses only one egg deep. 

The eggs are slightly orange in pigmentation and are encased in a gelatinous mass. This 

mass sticks the eggs to rocks or foliage in the wild or any hard surface such as glass or pipe 

work in the laboratory (personal observation). As mentioned above, the embryonic 

development of P. corneus as with other freshwater Pulmonates is direct and takes place 

within eggs. The eggs comprise of a zygote surrounded by perivitelline fluid and a 

membrane, embedded in jelly and enclosed in a common egg mass (Costil 1997). The 

development of embryos located in the same egg mass is not synchronous. The time 

between the first egg hatching and the last can be as much as 12 days at low temperatures 

and less than one day at 15-25oC (Costil 1997).  

 

2.2.1.3 Reproductive Morphology and Physiology 

The Hermaphrodite system 

Like other Basommatophora gastropods, P. corneus is a simultaneous hermaphrodite and 

therefore its reproductive system is physiologically complex. Both male and female 

gametes are produced in a single ovotestis, which travel along the oviduct before 

separating into the male or female ducts Figure 2.1C. At the junction (Carrefour) of the 

male, female and hermaphrodite ducts the fertilisation pocket and the albumen gland are 

also found, in this region it has been particularly difficult to ascertain details of 

morphological and functional roles (Fretter 1975). Duncan (Duncan 1960) studied both the 

morphology and histology of the reproductive system of P. corneus and found an intimate 

association between the male and female systems compared to that of other 

Basommatophora such as Lymnaea, Physa or Ancylus. The vas deferens is embedded in 

the surface of the oothecal (or capsule gland) and the oviduct passes right through the 
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prostate (Duncan 1960). This makes it difficult to dissect out each individual part 

without damaging the tissue (personal observation). 

 

Male gametes (produced in the ovotestis) pass along the hermaphrodite duct to the vas 

deferens, via the prostate gland before reaching the muscular penis, which enables internal 

fertilisation to occur. The female gametes (produced by the ovotestis) pass first into the 

fertilization pocket and then to the albumen gland, which adds a nutritive secretion to the 

fertilized egg. The egg then passes along the oviduct on to an area of oothecal (or capsule) 

gland, which gives the egg its protective wrapping, after which it passes through another 

part of the oviduct out to the vagina. The oviduct of Basommatophora have been found to 

be more complex than in other Pulmonates (e.g. terrestrial). This is probably associated 

with the production of more elaborate egg capsules appropriate to fresh water (Fretter 

1975) and extended nutrition for direct development within the egg. 

 

The ovotestis 

The ovotestis of P. corneus is similar to that of other Pulmonates. The ovotestis is 

comprised of a number of acini, each containing both male and female gametes at various 

stages of development along with their supportive Sertoli and follicle cells (Figure 2.2). 

See Section 2.1.1, for detailed description and diagrams of Pulmonate ovotestis. Timing 

and growth of male and female gametes in the pulmonate are thought to be controlled by a 

range of hormones, which are stimulated by both biotic and a-biotic factors (see Section 

2.1.1 and Figure 2.3 for details). 

 

2.2.2 Test species 2 – Viviparus viviparus (Prosobranch) 

Below is an introduction to the second of the two freshwater snail species used in this 

research. 

2.2.2.1 Ecology, habitat and distribution 

Viviparus viviparus or the ‘Common River Snail’ is a gonochoristic prosobranch gastropod 

and, like P. corneus, is one of the UK’s largest freshwater gastropods; adults reach a size 

of 25-35 mm shell length (Kerney 1999). V. viviparus is generally found in large deep 

water bodies which are well oxygenated, and contain high levels of suspended organic 

matter such as major lowland rivers or canals, and is a characteristic species of English 

canal systems (Kerney 1999). Figure 2.6 shows the UK distribution of V. viviparus. 

Eleutheriadis and Lazaridou-Dimitriadou (Eleutheriadis and Lazaridoudimitriadou 1995), 

found that dissolved oxygen was the most significant water chemistry parameter associated 

with density of V. contectus populations in several water bodies in N. Greece. Growth 
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rings have been used with some success to age V. viviparus, although, events such as 

cold periods or lack of food are just as likely to produce the typical winter slowing of 

growth seen with growth rings, and may lead to miscalculation in age. Maximum age has 

been calculated using growth rings as 6 years old but with extremes as much as 11 years 

old (Fretter and Graham 1962). V. viviparus is both a grazer of algae and a filter feeder, 

although adults seem primarily to filter feed (personal observation). Hockelmann and 

Pusch (Hockelmann and Pusch 2000) found seston (food particle) removal rate increased 

with snail size in V. viviparus. Cook (Cook 1949) reported that V. viviparus filter feed in 

several positions; it was observed that by moving along the muddy bottom and pushing 

their foot into the mud they could stir up silt and organic matter in front of them, also they 

could feed on passing matter by half burying themselves in the mud with the aperture of 

the shell upper most and the foot protruding slightly (Figure 2.5). In both cases snails 

inhale water from the left hand side of the mantle, water passes over the gill and food 

accumulates in the ‘food-collecting’ gutter in the mantle cavity, at which point a mucus 

string is formed; the snail can then roll this into a ball and periodically turn its head to eat 

the accumulation (Cook 1949).  

 

 

Figure 2.5 Photograph of an adult female V. viviparus in classic feeding 

position.  

The snail is sitting on its back with its foot upper most. The white arrows 

indicate flow of water; in through the mantle cavity, over gills, and then exhaled 

out. 
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Figure 2.6 Map of the UK distribution of the Common river snail, V.viviparus.  

Filled circles are records made in or after 1965, open circles are records made 

prior to 1965, crosses indicate fossil occurrence (lateglacial to postglacial) 

(Kerney 1999). 

 

2.2.2.2 Life cycle and reproduction 

Sex in Viviparus sp. has been found to be determined genetically; ZW = female, ZZ = male 

(Barsiene et al. 2000). Fertilisation is internal, both male and female are highly 

promiscuous and mate with a number of partners within each breeding season. The life 

cycle and reproduction of several members of Viviparus have been studied (including V. 

viviparus), they show similar trends; Viviparus sp. are relatively long lived (section 2.2.2.1 

above) compared to other freshwater gastropods, and are iteroparous. In the Worcester-

Birmingham canal, Young (Young 1975) described a mainly biannual life cycle, with 

female V. viviparus reaching sexual maturity above 12 mm shell length. Snails spent the 

spring and summer months on the canal walls and then migrated to the muddy bottom in 

winter. Adults reached a maximum shell length of 36 mm. Males and females are easily 
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distinguished by the appearance of the right cephalic tentacle; in females both tentacles 

are slender and pointed (Figure 2.7) whereas in males the right hand one is larger and 

thicker and contains the penis and penis pouch (Figure 2.7 and Figure 2.8). This sexual 

morphology was first described in Viviparus interextus by Blinney in 1865 (van Cleave 

and Lederer 1932). Sex differences in size and lifespan (males smaller and shorter lived 

than females) have also been reported in Viviparus sp including; V. contectoides (van 

Cleave and Lederer 1932), V. malleatus (Stanczykowksa et al. 1971) and V. georgianus 

(Browne 1978). There are conflicting reports for the species V. ater, where females were 

reported to be larger than males in Lake Alserio, Northern Italy (De Bernardi et al. 1976), 

but no difference was observed in Lakes Maggiore (Italy) and Zurich (Switzerland) (Ribi 

and Gebhardt 1986). Several authors report skewed sex ratios (generally biasing females) 

in V. contectoides (van Cleave and Lederer 1932), V. georgianus (Browne 1978), V. 

contectus (Jezewski 2004) and V. viviparus (Jezewski 2004, Jakubik 2006, Jakubik 2007, 

Jakubik 2003). These differences are attributed to a number of reasons including time of 

year the sampling was conducted, shorter lifespan of males or preference to differing 

environmental conditions (e.g. better for hatchling release). 
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Figure 2.7 Photograph of adult male and female V. viviparus in a jam jar of 

water.  

The female is distinguishable as both her tentacles are slender and pointed, 

whereas, the male’s right tentacle is thicker and enlarged. 

 

Figure 2.8 Diagram of an adult male V. viviparus:  

(A) Whole animal. (B) details of penis, from Fretter and Graham, (Fretter and 

Graham 1962). 
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Females 

During mate finding, females are passive in comparison to males (Ribi and Katoh 1998). 

Females can store sperm for some time, allowing continuous fertilisation of eggs, and can 

continue to release hatchlings when isolated for up to two years in V. ater (Trub and Ribi 

1997). However, this may not be the preferred method of reproduction, as in the same 

species Oppliger et al (Oppliger et al. 2003) found that females which had multiple mating 

partners had more offspring than those with just one. In natural populations mating is 

frequent, on average 60 times each between April and November in one population of V. 

ater (Staub and Ribi 1995). Females harbour developing embryos within their brood pouch 

(Figure 2.9) for a number of months (depending on species and season) and give birth to 

well developed young; consequently fecundity is low compared to egg laying gastropods 

such as P. corneus. Embryos (Figure 2.10) harboured by females are not all the same 

age/maturity and are released individually when they reach maturity and when conditions 

are favourable (Fretter and Graham 1962). In the Worcester-Birmingham canal Young 

(Young 1975) found newly hatched V. viviparus throughout the spring and summer. A 

certain amount of plasticity in reproduction and life span has been observed depending on 

biotic and abiotic factors. Two populations of Viviparus ater studied in Swiss (Lake 

Zurich) and Italian (Lake Maggiore) lakes showed differing strategies with respect to 

reproduction (Ribi and Gebhardt 1986, Gebhardt and Ribi 1987), in Lake Zurich where 

conditions were favourable, females grew faster and larger than those from Lake Maggiore 

(less favourable - water temperature, algae growth, dissolved calcium and increased 

parasitism). Females from Lake Zurich reproduced at a constant or slightly increased rate 

throughout their life. Females from Lake Maggiore, however, decreased reproduction with 

age. In caged studies it was found that comparably sized Lake Maggiore females produced 

more offspring than Lake Zurich females, however Lake Zurich hatchlings were much 

larger and (it was presumed) required longer gestation (Ribi and Gebhardt 1986). This 

plasticity is favourable to population survival as females, which may suffer higher 

mortality or cost of survival, need to produce more offspring faster than females living 

under favourable conditions (Gebhardt and Ribi 1987). It was also found that in Lake 

Zurich two peaks in offspring release occurred (May and August) compared to one (July) 

in Lake Maggiore which, again, highlights the unfavourable conditions and higher cost and 

investment required per female to reproduce in Lake Maggiore (Ribi and Gebhardt 1986). 

Inter-population variation (demographic and biometric) were observed in Lake Alserio 

(Italy) between two populations of V. ater with different habitat conditions (De Bernardi et 

al. 1976), differences in male lifespan and female fecundity were reported by Browne 
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(Browne 1978) in V. georgianus inhabiting different lakes around New York (USA). In 

this study it was found that, in all four sites, female fecundity reached a maximum at two 

years old, and at three years old embryo numbers were either reduced (two sites) or totally 

absent (two sites), however, embryo size was not compared. As stated above the number of 

embryos harboured in the brood pouch and overall female fecundity can vary greatly with 

age, size and habitat conditions. In V. viviparus collected from the Zegrzynski Reservoir 

(Central Poland) female fecundity increased with shell size; no embryos were found in 

females under 8.1 mm shell length, embryos per female ranged from 0.9-6.7 in females 

8.1-12 mm shell length, 1.1-9.6 in females 12.1-25 mm shell length and 2.0-9.1 in the 

largest size group 25.1-35.0 mm shell length (Jakubik 2007). In the same study area, the 

average the number of embryos harboured by female V. viviparus in outflow zones of 

rivers sites (high flow, increased organics) are double those in the reservoir (Jakubik 

2006).   

 

 

Figure 2.9 Diagram and photograph of a female V. viviparus with the shell 

removed, observed from the right hand side.  

The head/foot, operculum, mantle, visceral whorl and brood pouch – with 

embryos inside (seen as lumps in the brood pouch in the photo) are highlighted 

on both the diagram and photograph. The diagram also indicates the position of 

the ovary within the visceral whorl. Diagram adapted from Bottke, (Bottke 

1972). 
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Figure 2.10 Photograph of V.viviparus shelled embryos in a weigh boat having 

been dissected out of an adult females brood pouch.  

The embryos range in size, with the largest almost ready to be released by the 

female. The distinctive strips on the shell are already visible. 

 

Males 

In many of the Viviparus sp. studied, males are significantly smaller than females. This 

variation has been ascribed by a number of authors to the different life and reproductive 

strategies developed between males and females. Males actively seek out mates and have 

been reported to move almost twice as far as females (V. ater; (Ribi and Gebhardt 1986)). 

Copulation is frequent, occurring every 3-4 days during the mating season (Staub and Ribi 

1995), and it has been suggested most the time and energy invested in this, rather than 

feeding, may result in reduced growth rate and longevity (Browne 1978). Male Viviparus 

produce two types of sperm; normal fertile eupyrene sperm and a second non-fertile 

oligopyrene sperm (Oppliger et al. 1998). The exact function of this oligopyrene sperm is 

not known but it could provide extra nutrition to females (Oppliger et al. 1998), aid 

transport of eupyrene sperm (oligopyrene sperm is extremely motile), or deceive females 

about the quantity of eupyrene sperm provided by the male (Oppliger et al. 2003). In 

experimental and natural conditions it has been found that oligopyrene sperm quantity 

increases with increasing male competition (more males than females within a group), and 

that increased oligopyrene sperm length increases fertilisation success in V. ater (Oppliger 

et al. 2003). It was also found that sperm concentration (oligopyrene plus eupyrene) was 

positively correlated with male shell length (Oppliger et al. 2003). The possibility of size 

assortative mating in V. ater was investigated by Staub and Ribi (Staub and Ribi 1995) in 

Lake Zurich. As males increase sperm concentration with increasing size and females 
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increase either the size or number of offspring with increasing size it could be expected 

that both male and female would prefer larger partners. It was found that a constant 40-

45% of mating pairs were of the same size class over the mating period examined (April-

October). Mating pairs with larger females were most frequent in spring and early summer, 

whereas mating pairs with larger males were more common in late summer and autumn 

(Staub and Ribi 1995). It has been suggested the switch from larger males in the spring to 

larger females in the autumn may be in-part due to females migrating to deeper water in 

autumn or it may be due to changing partner preference (Staub and Ribi 1995). Under 

experimental conditions it was found that female V. ater and V. contectus were quite 

passive during mating and frequently allowed males of a different species to copulate with 

them (Ribi and Katoh 1998). Overall a positive correlation was found between the sizes of 

mating pairs in V. ater, although a wide range of partner size combinations occurred, 

indicating any size assortative mating was not due to incompatibility between partners 

(Staub and Ribi 1995). 

 

Embryos 

Adults mate throughout the summer months and embryos (Figure 2.10) are generally first 

observed in the posterior end of the brood pouch in mid to late summer. Embryos develop 

within nutritive egg sacs harboured inside the female’s brood pouch. Although no further 

direct nutrition is provided by the mother, the brood pouch does provide a protective 

atmosphere (Fretter and Graham 1962). Release of hatchlings varies depending on 

geographic range and environmental conditions, and under prime conditions two broods 

can be released in one year; one in early spring (harboured over previous autumn/winter), 

the other late summer (harboured over spring/summer). V. viviparus from the Zegrzynski 

Reservoir, Poland (Jakubik 2006) and Worcester-Birmingham canal, UK (Young 1975) 

had their first release in early spring (March to April), followed by another in late summer 

(August to September). Whereas, V. ater in Lake Zurich (Ribi and Gebhardt 1986) start 

slightly later, with their first release in May and their second in August. The literature also 

reports many single releases, which start from March to April for V. contectoides in the 

Illinoise area, USA (van Cleave and Lederer 1932), April to May for V. contectoides in the 

New York area, USA (van Cleave and Lederer 1932), May for V. ater in Lake Zurich, 

Switzerland (Ribi and Gebhardt 1986), May to June for V. ater in Lake Alserio, Northern 

Italy (De Bernardi et al. 1976), and as late as May to July for V. ater in Lake Baikal and 

River Angara, Southern Siberia (Ropstorf and Sitnikova 2006) and July for V. ater Lake 

Maggiore, Italy (Ribi and Gebhardt 1986). Hatchling Viviparus sp. although large and well 

developed, are still susceptible to predation by fish, such as Roach (Rutilus rutilus), Bream 
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(Barbus barbus), Rudd (Scardinius erythrophtalmus) and Tench (Tinca tinca) (Keller 

and Ribi 1993) and by birds such as Ducks (Anas platyrhyncos) (De Bernardi et al. 1976). 

However, it was calculated in Lake Zurich that around 10 percent of young survived their 

first summer (Keller and Ribi 1993).  

 

2.2.2.3 Reproductive Morphology and Physiology 

Male 

Male V. viviparus are conspicuous due to their large club like right tentacle, which holds 

the penis and penis pouch. The male reproductive system is made up of a large gonad 

comprised of branched tubules held within the visceral mass of the body. Each tubule of 

the adult snail contains all stages of spermatogenesis and supportive Sertoli cells. Younger 

spermatogenic stages (spermatogonium, spermatocytes and spermatids) are found in 

clumps attached to the tubule walls (Figure 2.16A and B). Mature spermatozoa are found 

in the lumen area and vesicula seminalis (duct and sperm storage area). The sperm duct 

runs almost the length of the ventral area of the body and has a thick layer of muscle along 

its length (Fretter and Graham 1962). The vas deferens then leads to the Prostate, which 

extends to the base of the penis (Fretter and Graham 1962). As stated above, the penis is 

held within the right cephalic tentacle, ‘the vas deferens runs through the right tentacle to a 

finger-like process which normally lies folded back in a pouch on the right side and opens 

at its tip’ (Fretter and Graham 1962) (Figure 2.11). 

 

Female 

In V. viviparus the pallial oviduct is elaborate as a consequence of internal fertilisation. 

Seminal fluid is received from the male by the bursa copulatrix and sperm is stored in the 

receptaculum seminis. The pallial duct is further modified to form the brood pouch, in 

which the developing embryos are harboured (Fretter and Graham 1962). The albumen and 

shell glands also develop from the pallial oviduct. Sperm is transmitted to the receptaculum 

via sperm channels found on the ventral wall of the brood pouch (Fretter and Graham 

1962). The ovary of female V. viviparus is small in comparison to many egg laying 

gastropods. It is tube like and runs the length of the ventral area of the visceral mass 

(Figure 2.9). Developing oocytes are seen close to the ovary wall (Figure 2.17) and are 

found in association with supportive follicle cells. Once fertilised embryos are coated in 

nutritive secretions from the albumen gland and then covered with a protective shell. 

Encased embryos are then held within the brood pouch (on a stalk) with the most 

developed closest to the vagina, there is no evidence that embryos obtain nourishment 



 60 
directly from the female other than the albumen and yolk provided within the capsule 

(Fretter and Graham 1962). 

 

 

Figure 2.11 Photomicrograph of an adult male V.viviparus right tentacle with 

penis complex at x20 magnification.  

5µm section stained with H & E. eye – e; opening of penis sheath – ops; penis – 

p; penis sheath – ps; 

 
 

2.3 Preliminary work and optimisation  

Before commencing the main mesocosm experiments, a number of smaller experiments 

and procedures were conducted with both the species of snail. These were mainly to 

optimise histopathological techniques or to provide information that would feed into the 

main experiment design, such as normal sexual development and time to sexual maturity. 

 

2.3.1 Planorbarius corneus  

A number of preliminary studies were conducted with P. corneus within the laboratory 

environment. These were primarily to 1) optimise dissection, tissue preparation, fixation 

and histopathological techniques that would be required during the main mesocosm 

studies, 2) determine the time period over which sexual development occurs, which led to 

the bases for the exposure period in the mesocosm studies, 3) assess ‘normal’ (not 

chemically exposed) gonad structure histopathologically.    
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2.3.1.1 Planorbarius corneus acquisition 

All adults for these studies were obtained from Blades Biological (Cowden, Edenbridge, 

Kent, TN8 7DX. England.), and were collected from a lowland ditch near Worthing, 

Sussex, U.K. (exact location not disclosed), which has no STWs inputs. 

 

 

2.3.1.2 General laboratory culture conditions 

Water 

Before entering the header tank in the snail room, the water was filtered using two filters to 

de-chlorinate it. The temperature of water entering the snail room was largely determined 

by external (outdoor) temperatures. The header tank water could be heated to17-18oC 

(when needed) using a number of small, submerged domestic aquarium water heaters. 

 

Tanks 

Two sizes of tank were used throughout. Large 80 litre glass holding tanks were used to 

house adults and larger juveniles when not being used in experiments. Each 80-litre tank 

had a plastic down pipe from a header tank and could be used with constant flow, under 

static renewal, or with an internal fluval filter pump. Smaller 9 litre glass tanks were used 

for adult breeding groups (to provide egg masses for development work) and to grow-on 

larger juveniles. These were generally used under static renewal conditions but could be 

used with constant flow if necessary. 500 ml glass jam jars were also frequently used to 

house egg masses and hatchlings under static renewal conditions, and to transport and 

narcotise snails. 

 

Temperature and photoperiod 

The snail room temperature was maintained at 17-18oC by the use of an internal air-

conditioning unit. The photoperiod for all work conducted in the snail room was 12 hours 

light: 12 hours dark (12: 12) and this was controlled externally by a digital timer switch. 

 

2.3.1.3 General laboratory husbandry 

During non-experimental periods adult and maturing juvenile snails were housed in the 

large 80 l tanks at a density of less than 1 adult snail per litre. Snails were fed on fish flake 

food and either organic carrot, lettuce or cucumber twice weekly and any uneaten flake 

food or rotting vegetation was siphoned out prior to feeding. Dead snails were also 

removed during this cleaning and feeding time.   
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Collection of egg masses 

Once egg masses had been laid they were easily observed stuck to the glass or pipe-work 

in the aquaria. Egg masses laid on flat surfaces were removed using a sharp safety razor 

blade pressed against the edge of the egg mass and run underneath it; care was taken not to 

damage the eggs inside the mass. If the egg mass was laid on pipe-work or corner a 

thumbnail could often be used in the same manner. Once removed egg masses were placed 

in 500ml jam jars containing tank water and labelled with the parent tank reference and 

date until further use. Jam jars were kept at the same temperature and light regime as 

parents. 

 

Egg mass hatching and hatchling husbandry 

Egg masses were housed in 500ml glass jam jars with a 12:12 light regime. Every 48 hours 

50% of the water was renewed with clean de-chlorinated snail room water and any dead 

snails or waste food was siphoned out with a pipette. Hatchlings were fed on finely crushed 

fish flakes after every water change. At 4 and 6 weeks post hatch the hatchlings were 

moved to a clean jam jar and given 100% new water, any dead snails were removed. At 

two months old hatchlings were moved to either 80 l or 9 l tanks as required. Cleaning and 

feeding continued every 48 hours. 

 

2.3.1.4 Preparing P. corneus for dissection or histological fixation 

Before any snail dissection or fixation could occur, snails had to be narcotised in 5% w/v 

Magnesium Chloride (MgCl) (≤99%, Sigma-Aldrich) solution for 30 minutes, or until the 

snail had stopped movement, which ever was the longer. MgCl solution was made in de-

chlorinated tap water (or if prepared in the field, river water). Once the snails were fully 

narcotised they were blotted dry and any large patches of algae, mucus or detritus where 

removed. Shell diameter (Figure 2.12) and shell aperture (Figure 2.12) were measured 

using digital callipers. Total weight was measured using an electronic balance. Once 

weighed and measured, the snail shell was removed using a large G-Clamp (adults) or a 

smaller one for juveniles. The snail was placed flattest side down onto the bottom part of 

the G-clamp. The top clamp was then slowly screwed down until the shell cracked. The 

shell could then be peeled off, working from the head end backwards. The muscular 

attachment between the shell and the body tissue was pinched out with forceps. Care was 

taken not to damage the soft tissue, especially as the gonad was harboured in the finer 

whorls in the middle of the shell. When handling the de-shelled snail with forceps, the 

mantel was used to hold the tissue, to avoid damaging any reproductive organs. Once the 

snail was removed from the shell it was washed in a petri dish containing Phosphate 
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buffered solution (PBS) made using PBS tablets (Oxiod) dissolved in distilled water, 

following the manufactures guidelines. This was to remove any additional shards of shell, 

and to see if any parasitic digenea cercaria emerged (which were visible by eye). After the 

shell was removed, the soft body weight could be measured on the electric balance. 

Generally, after shell removal, snails were fixed whole for histopathology, in order to 

minimise the risk of damaging the fragile tissue. 

 

 

Figure 2.12 Diagrams to illustrate the points used to measure shell 

length/diameter (Red arrows) and aperture (Yellow arrows).  

A, Viviparus viviparus Shell length and aperture B, Planorbarius corneus shell 

diameter and aperture. Pictures not to scale. Measurements were taken using 

digital callipers to two decimal places. 

 

2.3.2 Viviparus viviparus 

As with P. corneus, there was very little literature relating to the histopathology of V. 

viviparus and therefore some preliminary work was required to provide this information. 

However, unlike P. corneus V. viviparus are not easily cultured under laboratory 

conditions (additional experiments conducted by myself but not presented here) and 

therefore wild specimens had to be used instead. 

  

2.3.2.1 Viviparus viviparus acquisition 

Unlike P. corneus a biological supplier could not be found for V. viviparus, therefore all 

adult and juvenile V. viviparus were collected from the Grand Union Canal near Uxbridge, 

Middlesex. They were collected from approximately 500m of canal bank, 250m either side 

of the Ordnance Survey (OS) Reference TQ 052 814 (Figure 2.13). Snails were collected 
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from the east bank of the canal at a maximum depth of approximately 700 mm (arms 

length). They were transported from the canal site in food grade plastic buckets containing 

canal water at a maximum density of 4 snails per litre.  

 

 

Figure 2.13 Ordnance Survey (OS) map of the Grand Union Canal Viviparus 

viviparus collection area.  

Red asterisk (*) indicates OS reference TQ 052 814, snails were collected from 

around 500 meters of canal bank approximately 250 m either side of this point. 

 

2.3.2.2 General protocol for preparing V.viviparus for dissection or histological 

fixation 

Before any snail dissection or fixation could occur, snails had to be narcotised in 5% w/v 

MgCl solution for 30 minutes, or until the snail had stopped movement and the operculum 

gaped slightly, which ever was longer. MgCl solutions were made in de-chlorinated tap 

water (or if prepared in the field, river water). Once snails were fully narcotised they were 

blotted dry and any large patches of algae, mucus or detritus where removed. Shell length 

and shell aperture (operculum height) (Figure 2.12) were then measured using digital 

callipers. The total weight was measured using an electronic balance. The snail shell was 

then removed using a large G-Clamp (adults) or a smaller one for the juveniles. The snail 

was positioned with its operculum flat on the bottom of the G-Clamp, the top half of the 
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clamp was then slowly screwed down until the shell cracked along the first (largest) or 

second whorl of the shell. Forceps were then used to push the operculum (and attached 

snail) through the shell opening towards the shell. In this way the first whorl of the shell 

was completely removed from the snail. Each snail was attached to its shell by a piece of 

muscular tissue on its mid-ventral area. This was detached by pinching it with the tips of 

the forceps. Once the snail was detached from this point, the body could be more easily 

removed from the shell. This was accomplished by either teasing it out with the forceps (by 

holding onto the operculum and gently twisting), or by holding the shell uppermost (with 

the head/foot hanging below) and gently shaking the body loose in a circular motion. The 

weight of the body pulled the rest of the tissue free of the shell. Once the snail was 

removed from its shell it was rinsed in PBS and the soft tissue was weighed on the digital 

balance (to three decimal places). When handling the de-shelled snail with forceps, the 

operculum or mantel were always used as holding points, to avoid damaging any 

reproductive organs. As previously described for P. corneus V. viviparus were generally 

fixed whole for histological investigation to prevent damage to the delicate tissues.  

 

2.3.2.3 Protocol for V. viviparus embryo removal 

Embryos were dissected out of the female snail’s brood-pouch into a petri dish containing 

PBS. Fine dissection scissors were used to make an incision laterally along the brood-

pouch, forceps were used to sweep the embryos out, the incision was followed until no 

further embryos could be seen and removed. Care was taken to minimise disturbance to 

other organs. Once all the embryos were removed from the female the number of shelled 

(most mature) and un-shelled (least mature) embryos were counted. Shell growth on 

embryos was quite obvious and the distinctive strips were already apparent on many 

embryos. Once the embryos were removed the female body was re-weighed. 

 

2.3.3 Preliminary experiments – Histopathology  

There is very little information in the literature on the histopathology of either P. corneus 

or V.viviparus. Histopathological endpoints were used in the two mesocosm experiments; 

therefore it was important to gain some baseline information on this species before 

measuring any possible effects on histopathology due to chemical exposure. Therefore, 

laboratory rearered P. corneus or wild caught V. viviparus were used to determine ‘normal’ 

histopathology of the developing and sexually active gonad.  
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2.3.3.1 Preliminary Experiment 1: Ontogeny of sexual development in laboratory 

reared P. corneus from day of hatch to sexual maturity  

Experiment 1 – Introduction 

No information or histological description could be found in the literature of how the 

gonad of P. corneus develops. How the gonad develops and how long this takes was 

important information with regard to how long the mesocosm experiments should last and 

interpreting the resulting histopathology of developmentally exposed F1 snails. Therefore, 

the following work was conducted prior to designing the two chemically dosed 

experiments (Chapters 4 and 5). 

  

Experiment 1 – Materials and Methods 

Adult snail husbandry 

When used to produce eggs for the developmental study each breeding group comprised of 

6 Adult snails (>20mm Diameter). These were placed in 9 l glass aquaria. Ambient room 

temperature was kept at 17oC with a 12:12 light regime. A 50% water change was 

conducted every 48 hours. Fresh water was piped from the header tank. Any uneaten fish 

flakes were removed using a siphon, after which snail were fed with fresh food. Egg 

masses were collected frequently, every 24 to 48 hours.   

 

Husbandry of hatchlings and young snails 

For two weeks the six breeding group tanks were inspected daily for egg masses and any 

found would be removed from the 9 l parent tanks. Egg masses laid on the same day were 

pooled and placed in 500 ml jam jars filled with tank water at a maximum density of 10 

egg masses per jar, 50% of the water was changed in each jam jar every 48 hours. Jam jars 

were inspected daily for hatching activity.  

 

Hatchling snails were very delicate and direct handling generally caused damage and 

subsequent death, however the following method proved very successful. When snails 

hatched they crawled off the egg mass in search of food and came to sit on the glass of the 

jam jar. This meant that egg masses with un-hatched eggs could be carefully removed and 

placed in a new jam jar, and any newly hatched snails not yet left the surface of the egg 

mass could easily be washed off it using a small jet of water from a pipette. The jam jar 

with newly hatched snails could then be relabelled with the date of hatch and hatchlings 

could be fed with a small slice of organic carrot. This process was repeated until all snails 

had hatched. The only other method found to be successful in handling young hatchlings 

was to use a small 1ml plastic pipette with the nozzle cut diagonally (to produce a larger 
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bore), small hatchlings could then be carefully sucked into the pipette and transferred to 

wherever they needed to be moved to without damage e.g. another jam jar or to narcotise 

or to fixative solutions. 

 

Young hatchlings were kept in jam jars until they were two months post hatch, 50% of the 

water was changed every 48 hours, and any dead snails or rotted food were removed using 

a pipette. At 4 and 6 weeks post hatch the hatchlings were moved to a clean jam jar and 

given 100% new water. Hatchlings were fed after every water change on small slices of 

organic carrot and finely ground fish flakes. Small pieces of cuttlefish bone were placed in 

each jam jar to provide calcium for shell growth. 

 

At 2 months post hatch, young snails were moved into the 9 l glass aquaria. The same 48 

hour water changing and feeding regime was continued, any rotten food was removed 

using a siphon during water changing, and cuttlefish bone was again placed in the tanks. 

Young snails aged 2-3 months were kept a density of roughly 30-40 snails per 9 l aquaria 

(minimum of 225ml of water per snail), then at 3-4 months between 10-15 snails per 9 l 

aquaria (minimum of 600ml of water per snail). Due to the occasional natural mortality 

and continual sacrificing for histology density was not constant. During the whole 

experiment room temperature was kept at 17oC with a light regime of 12 hours on and 12 

hours off. 

 

Sampling regime 

Hatchlings and young snails were sacrificed on the first day of hatch and then at 3, 5, 7, 9, 

11, 13, 15, 19, 21, 23, 27, 30, 34, 42, 49, 56, 63, 70, 77, 84, 91, 98, 105 and 112 days post 

hatch (dph). After all samples were taken surplus young snails were moved to a larger 80 l 

holding tank until further use. 

 

Hatchling sampling protocol 

Up to 1-month post hatch a pipette was used to remove around 10-20 hatchlings from their 

500ml glass jam jar and placed in 5% MgCl solution for a maximum of 5 minutes to 

narcotise them. Over 1 month post hatch either a pipette or a spatula was used (where 

appropriate) to remove 6-10 young snails from their jam jar or tank and placed in 5% 

MgCl solution for a maximum of 20 minutes to be narcotised. After being narcotised 

hatchlings and young snails were fixed whole (with shell) in Kahel’s fixative (Appendix III 

for recipe). Histologically fixed snails were kept in screw top glass vials at room 

temperature until further processing (approximately 3 weeks). 
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Histology processing 

All cassettes were labelled with the species code and age. Fixed hatchlings under 1 month 

old were tiny and hard to see so before being placed into histology cassettes they were first 

dyed with eosin for easier recognition when embedding and sectioning. Using a pipette 

hatchlings were removed from the Kahel’s fixative and placed in a watch glass with a few 

drops of eosin for 30-60 seconds. The tiny hatchlings were also prone to loss through the 

holes in the histology cassette so; after wetting in (70% IMS) a single piece of cassette 

sized Wattmanns (RA Lamb) filter paper was fitted to the bottom of the cassette. Once 

prepared the fixed and eosin stained hatchlings could be pipetted onto the middle of the 

lined cassette, and another piece of wetted filter paper was placed on top of the hatchling 

snails making a sandwich and preventing sample loss. The cassette lid could then be fitted 

and the cassette transferred to a large beaker of 70% IMS until needed. Fixed snails over 1 

month old were removed from the Kahel’s fixative either using a pipette or spatula as 

appropriate. Any large bits of shell were removed using a fine dissecting needle and 

forceps, although most of the shell had become jelly-like at this stage (approximately 3 

weeks of fixation) and most samples were minimally handled to reduce tissue damage. 

Once past the filter paper sandwich stage snails were processed at a maximum of 3 per 

cassette. Hatchling and young snails were then processed and embedded following the 

protocol as given in Chapter 3, Sections 3.1.2 and 3.1.3. 

 

Sectioning, staining and cover-slipping 

Wax blocks were kept on ice prior to sectioning on a rotary microtome (Leica RM2255). 

Wax embedded hatchlings were serially section at 5um every 25um for young hatchlings 

from day of hatch to 77dph, and then every 50um for hatchlings of 84dph and older. The 

methods for staining and cover slipping in section 2.3.5 were followed. 

 

Slide reading 

Slides were read on an Olympus (BX51) light microscope at low (x20), medium (x100) 

and high (x400) magnifications. Photomicrographs were tacked a digital camera (Q 

Imaging Micropublisher 5.0RTV) linked to a personal computer. Q Capture Pro 5.1 

software was used to capture and view images from the digital camera; see Section 3.1.7 

for details. 
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Figure 2.14 Photomicrograph of P. corneus hatchlings showing the gonad at 

different stages of development.  

(A) Day of hatch with no gonad visible (x100); (B) 23 Days post hatch small acini 

first become apparent (x100); (C) 63 days post hatch a number of acini with 

Sertoli cells, spermatogonium, spermatocytes and early stage oocytes (1 and 2) 

(x100); (D) 77 days post hatch with a number of acini with spermatogenesis up 

to spermatids stage and early oogenesis (x400); (E) 84 days post hatch with a 

large part of the visceral mass with fully spermatogenesis (x100); (F) 91 days 

post hatch acini have full spermatogenesis and oogenesis to stage 3 (x100). 

5µm sections stained with H & E. digestive tissue – dig; foot – f; gut – g; kidney – 

k; oocyte – O; shell – S; Sertoli cells – ser; spermatocytes – spc; spermatids – 

spd; spermatogonium – spg; spermatozoa – spz; tentacle – t. 
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Experiment 1 - Results  
No gonad was observed in snails from day of hatch to 19dph (Figure 2.14). Formation of 

the gonad containing early stages of acini was observed in hatchlings ranging in age from 

21 to 56dph (Figure 2.14). Recognisable adult looking gonad structure and large numbers 

of sertoli cells were first observed in the gonad of 49dph snails and by 63dph sertoli cells 

with attached spermatogonium and spermatocytes were seen along with stage 1 and 2 

oocytes (De Jong-Brink et al. 1976) (Figure 2.14). At 70 days post hatch, all hatchlings had 

a gonad containing an increasing number of acini with early spermatogenesis and 

oogenesis. Full spermatogenesis with spermatozoa in the lumen was seen in a few 

individuals of 77dph and all hatchlings analysed by 84dph (Figure 2.14). By 105dph stage 

4 oocytes (De Jong-Brink et al. 1976) were observed along with supportive follicle cells 

and the beginnings of a follicular gap. Stage 5 and degenerating oocytes were not observed 

in any hatchlings up to 112dph at which point sampling finished. 

 

Experiment 1 - Discussion 

As previously stated, the reason why this piece of work was conducted was that no 

literature could be found on P. corneus gonad development and this information was 

required before the mesocosm studies could commence. Although there is no literature on 

P. corneus for comparison, there is a comprehensive study of gonad and reproductive tract 

development in Lymnaea stagnalis by Fraser (Fraser 1946) from 5 days post lay (embryos) 

to 16 weeks post hatch. In P. corneus hatchlings, the gonad consisting of early acini with 

germinal cells was first observed from 21 dph, whereas, in L. stagnalis this was first 

observed at around 1 week post hatch (Fraser 1946). At 14 days post hatch Fraser noted 

that the gonad contained more lobes and spermatogonium, which is earlier than found in P. 

corneus. Sertoli cells were first observed in the gonad of 49dph snails and spermatogonium 

at 63dph in P. corneus. This is where the largest differences in gonad development start to 

occur as Fraser does not report spermatocyte appearance until approx 91 dph, whereas in 

P. corneus spermatocytes are seen from 63dph. In addition to this, Fraser does not report 

oocytes in the acini until approx 112dph (shell length 10 mm) at which time full 

spermatogenesis was occurring. Indeed all P. corneus hatchlings observed from 70dph 

contained early stages of oogenesis. Full spermatogenesis was first seen at 77dph and was 

ubiquitous by 84dph. Later stage oocytes were seen in P. corneus hatchlings along with 

supportive follicle cells by 105dph.  It is surprising that Fraser reports full spermatogenesis 

and early oocytes appearing as late as 112 days (16 weeks) post hatch as other authors 

report egg laying in this species at 9 (Bohlken and Joosse 1982) or 10 (Janse et al. 1989) 

weeks post hatch. Fraser reports the water temperature in the hatchling aquaria as 22-25oC 
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with a mean of 23oC. Therefore temperature does not account for the late development 

reported by Fraser, as Bohlken and Joosse raised their snails at 20oC. Spermatogenesis 

occurs earlier than oogenesis in many Basommatophora. In L. stagnalis a 2-3 week period 

of mating as a male occurs before egg laying (Van Duivenboden 1983). This has not been 

observed in P. corneus, and as oocyte and sperm development is much closer in timing this 

phenomenon may not be present in this species.  

 

Overall, these results indicate that P. corneus has a fully developed gonad with both 

mature sperm and eggs after 16 weeks (or 4 months). It was therefore decided that the 

mesocosm study should be conducted for at least this time period so that mature F1 

offspring could be assessed for their reproductive development. 

 

2.3.3.2 Preliminary experiment 2: Description of gonad histopathology of P. 

corneus; reared and housed under laboratory conditions until sexually active 

Experiment 2 – Introduction 
There was very little information in the literature regarding the structure and 

histopathology of the P. corneus gonad while sexually active. Histopathology of P. 

corneus gonad structure and activity were important endpoints in the two mesocosm 

experiment. It was therefore necessary to conduct this experiment to provide this key 

information. 

 

Experiment 2 – Materials and Methods  
Six young laboratory raised snails (see above), which had been observed laying eggs, were 

removed from their tank by hand and placed in a 500ml jam jar containing tank water. 

They were then narcotised in 5% MgCl solution for 30 minutes or until they withdrew into 

their shells and stopped roaming about, whichever was longest. Narcotised snails were then 

weighed and measured according to the method stated in Section 2.3.1.4. Snails were 

removed from their shells and fixed in Bouin’s fixative following the method in Chapter 3, 

Section 3.1.1. The methods for cassetting (Chapter 3, Section 3.1.1) and processing 

(Section 3.1.2) and embedding (Section 3.1.3) were followed. Chilled blocks were 

sectioned on a rotary microtome at 5µm, at least 10 sections were taken from each block. 

Sections were then dried for 24 hours, stained and cover-slipped as given in the method 

Section 3.1.5. Each slide was read on a light microscope at low (x20), medium (x100) and 

high (x400) magnifications. Photomicrographs were taken using digital camera and 

QCapture Pro 5.1 software as before. 
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Experiment 2 - Results 

The sexually mature gonad is made up of a number of acini. Each acini contains both 

spermatogenic and oogenic cells of all stages of maturity. The acini wall has more than 

70% of the area covered with successive stages of spermatogenesis. Only the very luminal 

end is free of either spermatogenic or oogenic cells. Thick clumps of spermatogonium are 

found attached to sertoli cells, which in turn are attached to the acini walls mainly towards 

the luminal end of the acini. These spread, mature and proliferate through spermatocytes to 

spermatids as they move towards the vitellogenic end (still in association with their sertoli 

cells), once mature they are released as spermatozoa into the acini lumen. Very few 

immature spermatogenic cells are present in the lumen of the acini or the central lumen, 

which combines at the end of each acini. Oocytes are also attached to the acini walls, stage 

1 oocytes (De Jong-Brink et al. 1976) or oogonium are found attached to the acini walls 

anywhere from the luminal end to the vitellogenic end of the acini and are motile beneath 

or adjacent to a layer of sertoli cells. Larger oocytes of stages 2 and 3 (De Jong-Brink et al. 

1976) with attached follicle cells are generally found moving towards the vitellogenic end 

of the acini, stage 4 and 5 oocytes are found at the vitellogenic end of the acini where they 

become much enlarged beneath a layer of sertoli cells. Once oocytes reach stages 4 and 5 

follicle cells are visible surrounding the whole oocyte and a cleft or gap can be seen 

forming at the top of the oocyte (De Jong-Brink et al. 1976). It seems that when the oocyte 

ovulates this cleft ruptures and the oocyte is released into the lumen (personal observation), 

released oocytes appears to be motile and heads towards the central lumen. Degenerating 

oocytes, which have not ovulated, can also be observed at the vitellogenic end of the acini 

as well as degenerating or reabsorbing follicle and sertoli cells. Figure 3.2A and Figure 3.3 

are annotated photomicrographs of the gonad from a sexually active P. corneus, 

highlighting gonad organisation.   

 

Experiment 2 - Discussion 

The gonad of P. corneus is similar in structure to that described in other Basommatophora 

including Lymnaea stagnalis (Joosse and Reitz 1969) and Biomphalaria glabrata (De 

Jong-Brink et al. 1976). Developing spermatogenic cells can be seen with their supportive 

sertoli cells, maturing as they move towards the acini vitellogenic area. Oocytes at all 

stages of development can also be easily observed as well as their follicle cells. As this 

species has not been frequently used as a toxicological test species, this ‘normal’ (non 

chemically exposed) gonad histopathology of P. corneus provides vital comparative 

material for post chemical exposure (i.e. mesocosm study) specimens. 
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2.3.3.3 Preliminary Experiment 3: Reproductive development of V. viviparus 

embryos harboured by a female from the Grand Union Canal  

Experiment 3 – Introduction 

As found with P. corneus, there is very little literature regarding V. viviparus 

developmental biology. However, unlike P. corneus, V. viviparus could not be successfully 

cultured in the laboratory, therefore to investigate the histopathology of gonad 

development of V. viviparus, wild adult specimens harbouring embryos were brought into 

the laboratory for examination.    

 

Experiment 3 – Materials and Methods 

To assess the level of sexual identity and development in embryos harboured within the 

brood pouch, one adult female V. viviparus from the Grand Union Canal was sacrificed 

and had the embryos dissected from the brood pouch (see Section 2.3.2.3). Ten shelled 

embryos were removed. Each embryo had the shell length and width measure using 

electronic callipers in millimetres and was then weighted in grams on an electronic balance 

before the shell was carefully removed with a dissecting needle and forceps. De-shelled V. 

viviparus embryos were then fixed in Bouin’s fixative for an hour before being transferred 

to 70% IMS. Embryos were stored in 70% IMS in 5 ml glass screw top vials at room 

temperature prior to histological processing (See Chapter 3, Section 3.1.2) and embedding 

(See Chapter 3, Section 3.1.3). V. viviparus embryos were serially sectioned at 5µm every 

50µm and then stained with H & E (See Chapter 3, Section 3.1.5). 

 

Experiment 3 - Results 

Embryo shell length ranged from 5.45 mm to 7.54 mm, shell aperture was 3.91-5.75 mm 

and total weight ranged from 0.04 g to 0.12 g. V.viviparus shelled embryos were well 

developed and the ducts which would form into the sperm duct or oviduct/ brood pouch 

were visible in all ten of the embryos analysed. Five of the embryos had a reproductive 

duct that was observed within the right tentacle (Figure 2.15C), suggesting they were male. 

Three had ducts that did not enter the right tentacle but opened on to the mantles (Figure 

2.15A) edge, suggesting these were female. In two embryos a reproductive duct was 

observed but only in its ventral position, which, at this age, was similar in both males and 

females.  
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Figure 2.15 Photomicrographs of male and female V. viviparus embryos.  

5µm section stained with H & E. (A) a female embryo at x20 magnification. (B) 

an ovary of a female embryo at x400 magnification. (C) a male embryo at x20 

magnification, and (D) a sperm duct and developing gonad tubules of a male 

embryo at x100 magnification. Developing brood pouch –dbp; developing 

(gonad) tubules – dt; Digestive tissue – dig; eye – e; gut – g; kidney – k; mantle – 

m; ovary – O; opening – o; ovarian cavity – oc; sperm duct – sd; tentacle – t; 

penis duct – pd; 

 

Experiment 3 - Discussion 

A light and electron microscope study by Griffond (Griffond 1978) found that the female 

gonad of V. viviparus could be observed in a differentiated state in individuals of 4-5 mm 

shell length, whereas in males this did not occur until around 9-10 mm. A large amount of 

variation in maturation rate was also observed in both male and female embryos in both 

this (my) and Griffond’s study. Griffond (Griffond 1978) describes the germ cells of male 

and female as being indistinguishable from each other. However, Griffond reports that the 

morphology of the gonad can be used to separate the sexes; the female gonad has a larger 

lumen or ovarian cavity (Figure 2.15B) when compared to the developing male gonad 

(Figure 2.15D), and male germ cells proliferate far more and thus do not mature until later 

than seen in females. From these observations a structure considered to be a rudimentary 

ovary (few germ cells, large lumen) was observed in one of the embryos sampled (Figure 
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2.15B). Therefore it was possible to determine the sex of even very young (pre-

hatching) snails.  

 
 

2.3.3.4 Preliminary Experiment 4 - Histopathology of sexually mature male and 

female V. viviparus from the Grand Union Canal  

Experiment 4A - Introduction 

A preliminary investigation into the histopathology of adult V. viviparus gonad was 

conducted prior to the start of the mesocosm study. This was conducted so that a reference 

of ‘normal’ gonad tissue could be produced to compare with later chemically exposed 

individuals.  

Experiment 4B – Introduction 

In addition to the initial experiment, a further assessment of the overall health, parasite 

load, sex ratio and sex related differences of the adult V. viviparus population to be used in 

the 2006 mesocosm experiments (Chapters 4 and 5) was conducted (using snails collected 

from the Grand Union Canal at the same time as those intended for use in the mesocosms).  

 

Experiment 4 – Materials and Methods 

For Experiment 4A six V. viviparus of various sizes were collected from the Grand Union 

Canal. For Experiment 4B 30 adult snails were randomly picked from the large group of 

snails collected for the mesocosm studies. 

 

All adult snails were narcotised and prepared for fixation following the protocol given in 

Section 2.3.2.2. The methods for cassetting (Chapter 3, Section 3.1.1) and processing (see 

Chapter 3, Section 3.1.2) and Embedding (see Chapter 3, Section 3.1.3) were followed. 

Chilled blocks were sectioned on a rotary microtome at 5µm, at least 10 sections were 

taken from each block. Sections were then dried for 24 hours, stained and cover-slipped as 

given in the method in Chapter 3, Section 3.1.5. Each slide was read on a light microscope 

at low (x20), medium (x100) and high (x400) magnifications. Photomicrographs were 

taken using digital camera and QCapture Pro 5.1 software as before. In the male V. 

viviparus a scoring system (modified from Johnsen (Johnsen 1970)) was used to identify 

the level of spermatogenesis observed in each individual, this score could then be used for 

statistical analysis. In the females a simpler method, counting oocytes, was used.  
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Figure 2.16 Photomicrographs of V. viviparus male gonads showing tubules with 

full spermatogenesis (x400).  

5µm thickness, stained with H & E. (A) Adult (shell length 24.62mm). (B) Mature 

juvenile (shell length 13.91mm). Spermatozoa – spz; Spermatids – spd; 

Spermatocyte – spc; Spermatogonium – spg; Sertoli cell – ser; basement 

membrane –bm. N.B sertoli cells can take different forms depending on stage of 

spermatogenesis. 
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Male – Spermatogenesis was scored from 1 to 10. Table 2.1 defines the scoring 

protocol. To determine spermatogenic cell type slides were analysed at x400 

magnification. A mean score from the slides analysed was produced for each individual for 

comparison and statistical analysis. Figure 2.16A and Figure 2.16B are photomicrographs 

of tubules with full spermatogenesis. Spermatogenic cells, supportive cells (sertoli cells) 

and general structures are highlighted. 

 

Female – For each section of gonad analysed the total number of oocytes were counted 

under x400 magnification. The mean number of oocytes per section was used for statistical 

analysis. Figure 2.17 is a photomicrograph of a female V. viviparus gonad, the ovary with 

developing oocytes are clearly visible. 

 

Table 2.1 Spermatogenesis Scoring protocol for V. viviparus. 

Score Description 

1. No germ cells present 

2. Germ cells only 

3. Germ cells and sertoli cells visible 

4. Spermatogonium present 

5. Spermatocytes present 

6. Spermatids present 

7. Spermatozoa present in <30% of tubules 

8. Spermatozoa present in 30-50% of tubules 

9. Spermatozoa present in 50-70% of tubules 

10. Spermatozoa present in >70% of tubules 

Score 1 indicates no gonad development, Score 10 indicates full 

spermatogenesis, an average (mean) score was calculated for each individual 

from a number of section of gonad. This scoring system was adapted from 

Johnsen (Johnsen 1970). 

 

Histological analysis of wild-caught V. viviparus revealed some parasitism. As wild-caught 

snails would be used in the mesocosm experiments, it was necessary to devise a scoring 

method. 

Parasite score – For male and female V. viviparus the same parasite scoring method was 

used. Two types of parasite infection were found in V. viviparus. Digenean parasites were 

found in an encysted (non-reproductive) form in the head-foot and muscular tissue. 

Digenean parasites were also found in their asexual reproductive form (sporocysts) in the 

digestive tissue. Table 2.2 below defines the scoring protocol for the encysted parasites. A 

mean score from the slides analysed was produced for each individual. Figure 2.18A and 

Figure 2.18B are two photomicrographs of infected V. viviparus tissue showing both types 

of infection. For the asexual reproductive form of infection in the digestive tissue the 

following recording method was used;- < 10% of digestive/ reproductive tissue infected, 

10-30% of digestive/ reproductive tissue infected, 30-50% of digestive/ reproductive tissue 
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infected, 50-70% of digestive/ reproductive tissue infected, and > 70% of digestive/ 

reproductive tissue infected. The tissue was viewed at x20 magnification and a 10x10 

graticule was used to estimate the level of parasite infection. 

 

 

Figure 2.17 Photomicrograph of V. viviparus adult female gonad showing the 

ovary with developing oocytes (x100).  

5µm thickness, stained with H & E. Oocytes – oo; Ovarian cavity – oc; Digestive 

tissue – dig;  

 

Table 2.2 Parasite scoring protocol for encysted digeneans in V.viviparus, two 

types of parasite infection were found in V.viviparus.  

Score Description 

1. No parasites observed 

2. Encysted parasites only, < 5 cysts 

3. Encysted parasites only, 5-15 cysts 

4. Encysted parasites only, 15-30 cysts 

5. Encysted parasites only, > 30 cysts 

The numbers of encysted parasite were counted to provide a score. A mean 

score from all the slides analysed was produced for each individual. 
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Figure 2.18 Photomicrographs of parasitically infested V. viviparus.  

Histological sections (5µm thickness) stained with H & E. A, photomicrograph 

of an adult female’s head in longitudinal section (x20), snout and tentacles are 

visible, as are encysted parasites. B, photomicrographs of an adult female 

V.viviparus tail, areas of parasite infection are visible as dark purple or pink 

staining. Digestive tissue – dig; ovary – ov; parasites – para;  

 



 80 

Experiment 4B - Results  
Male 

Of the 30 ‘health check’ V. viviparus, 12 were presumed male from examining external 

morphology of the right tentacle (however, one was misidentified and was actually a small 

female). The shell height ranged from 17.34 to 29.71 mm (mean 22.88 mm), shell aperture 

13.15-20.76 mm (mean 16.75 mm) (Figure 2.19). Total weight ranged from 1.97 to 6.02 g 

(mean 3.69 g) and soft body weight (shell removed) was 0.75-2.47 g (mean 1.39 g) (Figure 

2.19). There was a strong significant positive correlation observed between shell length 

and total body weight (Spearman’s rank correlation P<0.001) and between shell length and 

soft body weight (P<0.001). Five males were analysed histologically; full spermatogenesis 

was observed in all males as was the penis complex within the right tentacle (Figure 2.11).     

 

Figure 2.19 Adult V. viviparus mean shell size and weight from the ‘health check 

group’.  

(A) Mean shell height and width of health check females (n=18) and males 

(n=12). (B) Mean total weight and soft body weight (shell removed) of health 

check females and males. Error bars show standard deviation, star (*) indicates 

significant difference (P<0.001) between males and females.   
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Female 

18 of the 30 ‘health check’ V. viviparus were presumed female from examining external 

morphology (right tentacle). Only one female (smallest 17.2 mm) was initially 

misidentified as a male (making a total of 19 females). Shell height ranged from 17.2 mm 

to 37.34 mm with a mean of 31.95 mm, shell aperture ranged from 14.06 to 27.18 mm with 

a mean of 22.32 mm (Figure 2.19). Total weight ranged from 1.80 to 11.34 g (mean 8.05 

g), soft body weight (shell removed) was 0.70-4.35 g (mean 3.24 g) (Figure 2.19). There 

was a strong significant positive correlation observed between shell length and total body 

weight (Spearman’s rank correlation P<0.001) and between shell length and soft body 

weight (P<0.001). Two of the 19 females did not contain shelled embryos when dissected. 

The total number of embryos per female was not recorded. 16 of the 19 female snails were 

analysed histologically, the mean number of oocytes per section of ovary analysed ranged 

from 6.5 to 32 oocytes. There was a positive correlation observed between mean oocyte 

number and size (as measured by shell length), however R2 was low (R2 = 0.1145), 

Spearman’s rank correlation found an almost significant value of P= 0.06. Figure 2.20 is a 

photomicrograph of a brood pouch containing embryos at 100 times magnification. 

 

 

Figure 2.20 Photomicrograph of an adult female V. viviparus brood pouch 

harbouring embryos at x100 magnification. 

5µm section stained with H & E. digestive tissue – dig; embryo – E; brood pouch 

– bp;  
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Comparison of male and female size 

Female V. viviparus collected from the Grand Union Canal were significantly larger than 

males; t-test of shell height P<0.001, shell aperture P<0.001, total weight P<0.001 and soft 

body weight P<0.001.  

 

Parasite load and abundance 

As these snails were obtained from wild populations there was a level of parasitism 

present. Sixteen females and five male adult V. viviparus snails were histologically 

analysed, of these 100% of the females and 66.7% of the males were found to have some 

level of parasite infection. Two types of infection were observed. The first and most 

common were Digenean (Trematode) metacercariae encysted within the head, food and 

muscle tissue (Figure 2.18A and Figure 2.21). The second, which was only observed in 

25% of females, was a sporocyst (trematode) infection of the digestive tissue (Figure 

2.18B). Some sporocyst infections were extremely heavy, with approximately 30-50% of 

the digestive tissue replaced by asexually reproducing larval trematodes. A slight positive 

correlation was observed between size (as measured by shell length) and mean parasite 

score in V. viviparus. However, correlations were low R2 = 0.2536 (male and female 

combined), R2 = 0.0008 (male alone) and R2 = 0.0154 (female alone) and none were 

statistically significant (P>0.05). 

 

Figure 2.21 Percentage of snails with each specific parasite score (encysted 

parasites) in adult male and female V. viviparus from the ‘health check group’.  

Colour code indicates severity of infection – pale yellow no parasites to brown 

more than 30 encysted parasites per section of snail analysed.  

 

 



 83 

Effect of parasite loads on adult V. viviparus spermatogenesis 

Total spermatogenesis was observed in all male V. viviparus analysed, however, the male 

with the lowest mean spermatogenesis score of 9.9 out of 10 also had the highest average 

parasite score of 1.444. 

 

Effect of parasite loads on adult V. viviparus oocyte number  

All females had some level of parasite infection so it was impossible to directly compare 

parasitised and non-parasitised snail’s oocyte number. Mean encysted parasite score in 

females ranged from 1.125 to 4, with an overall mean parasite score of 2.26. A slight 

negative (but non-significant) trend was observed between mean parasite score and mean 

oocyte numbers. Females with digestive tissue infection by Digenean sporocyst had mean 

oocytes numbers ranging from 7.63 to 24.13, with an overall mean of 13.29 oocytes per 

section. Whereas, females with just encysted Digenean infections had mean oocytes 

numbers ranging from 6.5 to 32.0, with an overall mean of 21.52 oocytes per section. 

 

Experiment 4 - Discussion 

Adult size 

Maximum female shell length (37.34 mm) was generally similar to the value of 38 mm 

reported in the literature for Worcester-Birmingham Canal, UK (Young 1975) and 35 mm 

Zegrzynski Reservoir, Poland (Jakubik 2006). The maximum male shell length reported 

here (29.71 mm) is slightly larger than by other authors including Jakubik (Jakubik 2006) 

of 20 mm. Female adult V. viviparus were significantly larger (P<0.001 t-test) than males. 

This difference in size has been documented in V. viviparus, and for other Viviparus sp., by 

several authors (see Section 2.2.2.1).  

 

Parasite infection 

The frequency of parasite infection reported here (100% in females and 66 % in males) is 

higher than found in the available literature. To illustrate, in Lake Glubokoe (Russia) 

around 48% of V.viviparus (male and female) were infected (Nikitina 1986) and a 

maximum of 32% infection (male and female) was recorded in the River Narew (Poland) 

(Jezewski 2004). However, only 21 snails were sampled here and with the majority being 

large and sexually active, so this may not be an adequate representation of the population 

within the Grand Union Canal. Another reason for the discrepancy between levels of 

infection may be due to the sampling methods employed. In the survey conducted by 

Nikitina (Nikitina 1986), only mature cercariae (free swimming) were counted after they 

had naturally emerged from the snail host, no dissection or histopathology was conducted 
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so metacercariae (encysted) would not have been detected. Jezewski (Jezewski 2004) 

did find metacercariae of several species with up to 21.33% infection in V.viviparus from 

the River Narew.       

 

Effect of parasite load on spermatogenesis 

With such a small sample size (n = 5) it was not possible to see any trend in 

spermatogenesis and parasite load (full spermatogenesis was observed in all 5 snails). 

Many factors may influence the level of impact that parasites have on spermatogenesis, 

including time of infection (before or after gonad development), level of infection, species 

of parasite, and life stage (cercariae/ metacercariae) of the parasite. Further sampling of the 

population would be necessary to better elude effects of parasitism on male reproduction.  

 

Effect of parasite load on oocyte number and embryos 

Again with such small sample size (n = 19) it is difficult to determine a trend between 

parasite load and fecundity in the female V. viviparus sampled. All females carried some 

level of parasite infection, so comparisons of parasitised versus non-parasitised snails were 

not possible. Although a negative correlation between parasite load and oocyte number 

was observed, it was not statistically significant. In addition to this, females with sporocyst 

infections had a lower average oocyte number than those with just encysted parasites 

(13.29 ± 9.38 and 21.52 ± 7.38, respectively), indicating that sporocyst infection may 

provide a larger stress to the animal than encysted parasites. No literature could be found 

on the relationship between parasite infection and oocyte number in Viviparus sp. There 

are reports that a parasite infection can affect the number of embryos harboured by 2-4 

times in V. viviparus and V. fasciatus (Samochwalenko and Stanczykowska 1972). 

Unfortunately the actual number of embryos in the brood pouch of each female snail was 

not recorded here (just the presence or absence). No literature could be found on the 

relationship between female size and oocyte number in Viviparus sp.  Jakubik (Jakubik 

2007) reports a positive relationship of increased female size on the number of embryos 

harboured in the brood pouch. Two of the 19 female snails from this collection did not 

harbour embryos in the brood pouch; one was the smallest female (17.2 mm shell 

diameter) sampled, and had a parasite score of 2.6 and mean oocyte number of 14. A 

female snail of this size would be expected to have mature embryos. Indeed, Jakubik 

(Jakubik 2007) found females above 8.1 mm shell length harboured embryos. However, 

owing to the time of year they were sampled (late May), fully formed embryos may have 

already been released. The other was a larger female 31.6 mm shell diameter and had a 

mean parasite score of 3 and an average of 19 oocytes per section. Later histological 
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analysis revealed a number of small unshelled embryos at the posterior end of the brood 

pouch, and therefore she may have also recently released all of her shelled embryos. 

 

2.4 Discussion 

The information gained, from both the literature and the preliminary experiments, was vital 

for devising the mesocosm experiments (Chapters 4 and 5). It was important to understand 

some basic information on ecology and habitat, so that the experiments could be designed 

appropriately for the specific species used, such as providing the right type of food or 

conditions. It was also important to know the different reproductive strategies employed by 

the different test species, before designing the dosed experiments. Due to the ‘gap’ in the 

literature regarding developmental biology and histopathology (of the reproductive organs) 

of my test species, it was essential to provide this information myself. In doing this, I have 

obtained some important baseline information, which I can compare with the chemically 

exposed snails from my mesocosm studies. 
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3 Materials and Methods 
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3.1 General Histological Methods 

3.1.1 Fixation 

Unless otherwise stated all tissues were fixed for histological analysis in at least three 

times their volume of Bouin’s solution (Sigma-Aldrich), for a maximum of 24 hours. 

Samples were then rinsed twice in 70% Industrial Methylated Spirits (IMS, Charles 

Tenant) (70% IMS: 30 % distilled water) and then stored in 70% IMS at room temperature. 

 

Post fixation tissue preparation 

Prior to processing, snail tissue was placed in biopsy cassettes. Unless otherwise stated the 

whole snail was sliced transversely (Figure 3.1A) into 3-4 mm sections or rounds using a 

sharp disposable microtome blade (Shandon MB35 premier). The tissue was then placed in 

descending size order, from top to bottom, in the biopsy cassette. In the case of V. 

viviparus the operculum was also removed and discarded. The snout and tentacles were 

also removed so that longitudinal sections could be taken from them. The majority of the 

foot and the radula (where possible) were not taken for histological analysis. These were 

instead retained in the fixative bottle. Each specimen was designated its own biopsy 

cassette (Histosette II) and labelled with the individual snail reference number.  

 

3.1.2 Tissue Processing 

Tissue processing removed any water and/or remaining fixative from the tissue by 

submerging the tissue into a series of increasing alcohol concentrations. The alcohol was 

then removed by a clearing agent (Histoclear II, RA Lamb) and the tissue was immersed 

into molten paraffin wax (Lamb wax W1). Finally a vacuum was used to impregnate wax 

deep into the tissue, replacing the initial liquids. All tissues were processed in a Shandon 

Citadel 1000 automatic carousel tissue processor (Thermo-Shanndon). Table 3.1 gives the 

standard immersion times for each solution used. At the end of processing the tissue 

remained in the final bath of hot wax until it was transferred for embedding (approximately 

30-60 minutes). 
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Figure 3.1 Diagrams to illustrate the preparation of whole preserved snail (for 

illustration female V. viviparus used) for cassetting, processing and embedding.  

A, Each snail was sliced transversely into 3-4 mm section (rounds) using a 

sharp disposable microtome blade starting from just behind the tentacles; Red 

dotted lines indicate cut. The same method was used for both V. viviparus and 

P. corneus, the head-foot, operculum (V. viviparus only) and radular area were 

not used for histological analysis. In the case of V. viviparus the snout and 

tentacles were also removed so that longitudinal sections could be made. B, 

Diagram to illustrate arrangement of snail tissue in base mould (cream coloured 

area) and subsequent wax block from which histological sections were taken. 

Transverse slices of tissue (grey) were placed into the base mould in 

descending order (i.e. 1-4 from Figure 3.1A), the frontal end always faced 

towards the bottom of the mould. With V. viviparus snails the snout and 

tentacles were placed so that longitudinal sections would be achieved 

(tentacles were not taken for P. corneus). 
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Table 3.1 Standard immersion time for each solution used for processing 

tissue in the Shandon Citadel 1000 automatic carousel tissue processor.  

Step Solution Immersion time (hrs) 

1 70% IMS 3 
2 90% IMS 2.5 
3 95% IMS 1.5 
4 100% IMS 1.5 
5 100% IMS 1.5 
6 100% IMS 1.5 
7 100% IMS 1.5 
8 Histoclear II 1.5 
9 Histoclear II 1.5 
10 Histoclear II 1.5 
11 Hot paraffin wax  1.25 
12 Hot paraffin wax (Vacuum) 1.25 

  Total 20 hours 

The tissue was submerged in increasing concentrations of alcohol - Industrial 

Methylated Sprits (IMS), to remove any water or fixative from the tissue. 

Histoclear II, a clearing agent, was used to remove the alcohol in preparation 

for wax impregnation of the tissue. Finally the tissue was submerged in molten 

wax, a vacuum (step 12) was used to pull the wax through the tissue so that it 

was fully impregnated. 

 

3.1.3 Embedding 

Biopsy cassettes containing processed tissue were placed into the hopper of a wax 

dispensing unit (65oC, RA Lamb) of molten paraffin wax (Lamb wax W1, melting point 

57-58oC). Reusable stainless steel base moulds (various sizes, RA Lamb) were also heated 

in the hopper. Each cassette was removed individually using a long pair of forceps and 

placed on a mini hotplate (80oC, RA Lamb). A base mould of the correct size (for the 

volume of tissue) was also removed from the heated wax, and placed on the hot plate (it 

was important to keep everything hot to avoid wax solidifying). The cassette lid was 

removed and discarded (care was taken not to discard any tissue attached). The base mould 

was filled with molten wax from the dispenser, and carefully re-placed on the hotplate (to 

maintain molten wax). Using electric heated forceps (65 oC, RA Lamb) the processed 

tissue was carefully removed from the biopsy cassette and placed into the heated mould. 

The tissue was organised in descending size order (top to bottom) (Figure 3.1B) and the 

front most part (of the snail) was always placed facing the bottom of the mould. Once all 

the tissue was in place the bottom half of the cassette was placed onto of the mould and 

more molten wax was poured into the base mould/cassette. The base mould (containing the 

arranged tissue) and cassette combination were then carefully placed onto a cold plate (-8 

oC, RA Lamb), to set the tissue-wax-cassette together. The wax was allowed to cool and 

set for approximately 15 minutes. The solid wax block (containing tissue) with attached 

cassette was then removed from the base mould. Blocks were then trimmed of excess wax 

using a blunt scalpel and stored at room temperature.   
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3.1.4 Sectioning 

All the tissue was sectioned using a rotary microtome (Leica RM2235) and disposable 

microtome blades (Shanndon MB35 premier 35o/ 80 mm), at a thickness of 5µm. Each 

section was floated on a distilled water bath (42oC, Paraffin section mounting bath, 

Barnstead/Electrothermal) until flattened. Each tissue section was floated onto a Histobond 

glass slide (RA Lamb). Sections were ordered so that the first section removed was closest 

to the frosted end. The next section removed was positioned below it, and so on. Between 

two and eight sections of tissue were placed on each slide depending on the size of the 

tissue. Each slide was labelled with the individual sample reference and slide number on 

the opaque (frosted) end (with pencil). Slides were left to dry on warming racks (45oC, 

Photox dishwarmer) overnight (minimum 12 hours) prior to staining. 

 

There were a number of different sectioning protocols used for the snails from the 

mesocsom exposures. F1 snails (sampled in September 2006) had their entire body (minus 

head/foot) serially sectioned with tissue sections taken every 100µm. This provided a 

maximum of 21 slides (each with 6-8 sections of tissue per slide) per snail. Due to the time 

consuming laborious nature of serially sectioning, staining, and then analysing the whole 

snail, this was not performed for the adult snails or the breeding study F1s. For adult P. 

corneus four sections of gonad were taken per snail every 100µm. For adult V. viviparus 

ten sections of gonad and tentacles were taken per snail every 100µm. For the F1 breeding 

study snails (both V. viviparus and P. corneus) five sections were taken of the gonad (and, 

tentacles for V. viviparus) per snail every 100µm. In each case (other than serially 

sectioned F1s) a number of sections were taken prior to the ones kept for analysis; to make 

sure the centre of the gonad had been reached (i.e. not peripheral tissue or just wax). 

 

3.1.5 Staining and mounting/ coverslipping 

Slides were stained with Harris’s Haematoxylin (RA Lamb) and 1% Aqueous Eosin (RA 

Lamb) manually in batches of 25 slides per slide rack. The standard immersion times for 

each solution are given in Table 3.2 below. 

 

After staining, the slides were left to dry in a fume cupboard for two to five minutes or 

until the majority of the histoclear II (RA Lamb) had evaporated. Small droplets of 

histomount (RA Lamb) were placed onto each section of tissue and a glass coverslip (22 x 

50 mm, No. 1 thickness, RA Lamb) was mounted onto the slide. Care was taken to remove 

any air bubbles from around the tissue and excess histomount was removed with lens tissue 
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before the slides were placed on their cardboard drying racks. The slides were dried in a 

fume cupboard for at least 24 hours.  

Table 3.2 Table of standard immersion times for each solution used to manually 

stain tissue with Harris’ Haematoxylin (blue/purple colour) and Eosine (pink 

colour).  

Step Solution Purpose Time (mins) 

1 Histoclear II Dissolved wax 15 

2 100% IMS Step-wise hydration  2 

3 90% IMS Step-wise hydration  2 

4 70% IMS Step-wise hydration  2 

5 Tap water Full hydration 2 

6 Harris’s Haematoxylin Colour binds to nucleus 10-15 
 

7 Tap water Removed excess stain 10-15 

8 Acid-IMS (70% IMS plus 
1% Hydrochloric acid) 

Dechlorination 20-30 seconds 

9 Tap water Rinse 20-30 seconds 

10 Saturated solution of 
LiCO3 in distilled water 

Salt, raises ph 20-30 seconds 

11 Tap water Rinse 20-30 seconds 

12 Eosin 1% aqueous Counter stain for cytoplasm 30-60 seconds 

13 Tap water Removed excess stain 5 

14 70% IMS Step-wise dehydration 2 

15 90% IMS Step-wise dehydration 2 

16 100% IMS Step-wise dehydration 5 

17 Histoclear II Remove IMS, binding agent 5 

Time given in minutes unless other wise stated. Tissue was step-wise hydrated 

to allow stain to penetrate cells (Haemotoxylin and Eosin function in aqueous 

solution) and then step-wise dehydrated to prevent oxidisation after staining. 

The purpose of each solution used is noted. 

 

3.1.6 Slide blinding 

All the slides made from the snails sampled from the mesocsom studies were blinded prior 

to analysis, to prevent bias. To do this the opaque end of the slide, on which the reference 

number was written, was covered in masking tape (both sides of the slide). As the masking 

tape was a little opaque at times a small white sticker was stuck to the masking tape so that 

the reference could no longer be seen (masking tape was easier to remove after analysis 

than stickers alone). The slide number was re-written on the sticker so that the sectioning 

order could be maintained. Each group of slides belonging to one snail were kept together 
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using elastic bands. When all the slides were blinded, and bound with an elastic band, 

they were placed in a large cardboard box. Snails from both the oestrogenic mixtures and 

E2 mesocosm exposures were mixed together in the same box. However, the two species 

were not mixed together. The different groups of snails i.e. adults, September sampled F1s 

(sampling period 1) and F1 breeding study snails (sampling period 2) were also put in 

separate boxes due to the different analysis methods (see section on histopathological 

analysis: Section 3.2). When the time came to analyse the tissue, a group of slides 

representing one snail, was picked out of the box and given a new (blinded) reference 

number. The slides were then analysed using the appropriate protocol. Once all the slides 

were analysed the masking tape (and stickers) was removed and the blinded reference 

number was linked with the original reference number. 

 

3.1.7 Light Microscopy and Photography 

All slides were viewed under an Olympus (BX51) light microscope. Slides were viewed 

using x2, x10 and x40 objectives (total magnification x20, x100 and x 400 respectively). 

Photomicrographs were taking using a digital camera (Q Imaging Micropublisher 5.0RTV) 

linked to a personal computer. Q Capture Pro 5.1 software was used to capture and view 

images from the digital camera.   

 

3.2 Histopathological analysis 

As little previous research had been conducted to look at disruption to the gonad in these 

two species, it was necessary to devise and optimise a number of scoring methods to 

provide data for analysis. In the case of V. viviparus two fairly simple methods for 

determining stage of spermatogenesis or number of oocytes present is described in Chapter 

2, Section 2.3.3.4. However in the case of the more complex ovotestis of the P. corneus a 

more comprehensive method was required to evaluate disruption. To start with two or three 

snails from either RW exposed or non-exposed (laboratory bred) were processed, serially 

sectioned whole, and stained using the methods described in Sections 3.1.2 to 3.1.5. All the 

sections of these snails were analysed to see how far the gonad extended, and to see if the 

structure of the gonad or maturity of gametes changed depending on location along the 

gonad. After this range finding work, a number of individuals from the exposed groups 

were also analysed (prior to blinding) to assess the types of disruption that might occur. A 

couple of pilot studies with a small number of F1s and adults were used to test several 

scoring methods. Once the scoring methods had been optimised, and the gonad range 

finding was conducted, the following methods were used to analyse the sections of gonad. 
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3.2.1  General gonad scoring methods used for P. corneus 

Snails sampled at different points of the mesocosm studies (adults, F1s and F1 breeding 

study snails) were sectioned using different protocols. This meant that different methods 

were also used when choosing which sections of gonad to analyse. For the F1 P. corneus 

sampled in September (sampling period one) five sections of gonad were scored using the 

scoring methods (below). To find which of the sections to score the following method was 

followed: All sections of F1 snail were analysed for the presence of gonad tissue. The 

number of sections per slide that contained were recorded as were the total number of 

gonad sections per snail. The section closest to the middle of the gonad was then located, 

as were the sections a third of the way into the gonad (i.e. a third from the start, and a third 

from the end). These three sections plus two from either side of the midsection (i.e. one 

before middle, and one after) were used for scoring analysis. For the adult and F1 breeding 

study snails (i.e. those not wholly serially sectioned) all sections of gonad taken (four and 

five, respectively) were scored using the P. corneus scoring methods (below).  

 

Gonad structure in the P. corneus gonads from exposed and non-exposed mesocosms 

differed in several ways, seen in both the gametes and supporting cells. Consequently, one 

scoring method that adequately described all of these differences could not be devised. 

Instead a number of scoring systems were employed relating to a process, such as 

oogenesis, or area of the acini, such as the vitellogenic area. The different anomalies in 

gonad structure are described below: 

 

Percentage of different oogenesis stages present – oogenesis stages were defined as 

stage 1, stage 2, stage 3, stage 4, stage 5, and degenerating (De Jong-Brink et al. 1976). 

Stage 1 (oogonium) was the youngest (least developed), and stage 5 was ready for 

ovulation, with a well developed follicle cavity ((fc), see Figure 3.3 and Figure 3.4). The 

number of each stage present was recorded for each section of gonad analysed, the total 

number of oocytes was then calculated (by adding all the stages). The percentage of each 

stage present was then calculated i.e. percentage of stage 1 oocytes = (total number of 

oocytes ÷ number of stage 1 oocytes) x 100. For each snail the average (mean) percentage 

was used for comparison and statistical analysis. 

 

Vitellogenic area activity of acini – This was measured by first counting the total number 

of acini per section of gonad. Then counting the number of acini that had active 

vitellogenic areas (i.e. which had maturing oocytes (stages 4 or 5), sperm and/or 

degenerating oocytes, follicle or sertoli cells). Acini with no cells attached to this area were 
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counted as not active, see Figure 3.2 for examples of active (A) and non-active (B) 

vitellogenic areas. The percentage of active vitellogenic areas was then calculated i.e. 

percentage of acini with active vitellogenic areas = (total number of acini/number of acini 

with active vitellogenic areas) x 100. This was then simplified into a score, with, 1 = <10% 

of acini with active vitellogenic areas, 2 = 10-30% of acini with active vitellogenic areas, 3 

= 30-50% of acini with active vitellogenic areas, 4 = 50-70% of acini with active 

vitellogenic areas, and 5 = >70% of acini with active vitellogenic areas. For each snail the 

average (mean) score was used for comparisons and statistical analysis. 

Acini wall cover – To estimate the percentage acini wall cover (in developing oocytes, 

sperm and supportive cells), for each section analysed, a 10 x 10 graticule was placed into 

the microscope eyepiece, and the tissue was viewed at x400 magnification. A score of 5 

was given if more than 70% of the acini walls were covered in developing germ and/or 

supportive cells, a score of 4 was given if 50-70% were covered, 3 if 30-50% were 

covered, 2 if 10-30% were covered and 1 if less than 10% of the acini walls were covered 

in cells. An average percentage cover for each section was calculated (the percentage cover 

per field of view were added together ÷ the number of fields of view taken) so that each 

section was given a score. Then an average (total section score ÷ number of sections 

scored) score was used for comparisons and statistical analysis. 

Level of acini with immature spermatogenic cells in lumen - This was measured by first 

counting the total number of acini per section of gonad. Then, the numbers of acini with 

immature spermatogenic cells (spermatogonium, spermatocytes and spermatids) or sertoli 

cells sloughed into the lumen were counted. The percentage of acini with immature 

spermatogenic cells sloughed into the lumen were then calculated i.e. percentage of acini 

with immature spermatogenic cells sloughed into the lumen = (total number of 

acini/number of acini with sloughed immature spermatogenic cells) x 100. This was then 

simplified into a score, with, 1 = <10% of acini with sloughed immature spermatogenic 

cells, 2 = 10-30% of acini with sloughed immature spermatogenic cells, 3 = 30-50% of 

acini with sloughed immature spermatogenic cells, 4 = 50-70% of acini with sloughed 

immature spermatogenic cells, and 5 = >70% of acini with sloughed immature 

spermatogenic cells. For each snail the average (mean) score was used for comparison or 

statistical analysis. See Figure 3.4 and Figure 3.5 for examples of immature spermatogenic 

cells sloughed into the lumen. 
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Figure 3.2 Photomicrographs of P. corneus gonad acini at 400 x magnification.  

(A) Active vitellogenic area with maturing oocytes and spermatids with 

supporting sertoli cells, the acini walls are covered in spermatogenic cells, the 

acini lumen is filled with spermatozoa. (B) non-active vitellogenic area, no 

maturing oocytes present, many spermatocytes and sertoli cells sloughed into 

the acini lumen, acini walls bare of spermatogenic cells. Histological sections 

(5µm) stained with H&E. Spermatozoa – spz; Spermatids – spd; Spermatocyte – 

spc; Spermatogonium – spg; Sertoli cell – ser; Oocyte – oo; follicle cavity – fc; 
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Figure 3.3 Photomicrograph of P. corneus healthy gonad with a number of well 

defined acini at 100 times magnification.  

Acini walls are covered in spermatogenic and oogenic cells, majority of 

vitellogenic areas are active. Acini lumen filled with spermatozoa. Full range of 

spermatogenesis, oogenesis and supporting cells. Histological sections (5µm) 

stained with H&E. Digestive tissue – dig; Spermatozoa – spz; Spermatids – spd; 

Spermatocyte – spc; Spermatogonium – spg; Sertoli cell – ser; Oocyte – oo; 

follicle cavity – fc; 

 

 

Binary variables (scored as Yes or No) included: 

For the each of the below the whole section was analysed. 

 

Sertoli cells attached to acini walls – yes/no (if no, there were no Sertoli cells attached to 

the acini walls per section analysed) 

 

Acini wall disruption – yes there was disruption (broken/ displaced walls) or no (intact 

walls).  

 

Mature spermatogenic cells in the lumen only – Recorded as either yes there were only 

mature spermatogenic cells (spermatozoa) in the acini lumen or no there were other 

(immature or sertoli cells) spermatogenic cells in the acini lumen.  
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Figure 3.4 Photomicrograph of P. corneus partially disrupted gonad with with a 

number of definable acini at 100 times magnification.  

Acini walls only covered in patches of spermatogonium and a couple of 

oocytes. Some vitellogenic areas not active, whilst other only have oocytes and 

not spermatogenic cells. Some spermatogonium and oocytes have sloughed 

into the acini lumen. Histological sections (5µm) stained with H&E. Digestive 

tissue – dig; Spermatozoa – spz; Spermatids – spd; Spermatocyte – spc; 

Spermatogonium – spg; Sertoli cell – ser; Oocyte – oo; follicle cavity – fc; 

 

Immature spermatogenic cells sloughing into lumen (Figure 3.4 and Figure 3.5) – For 

this each of the types of immature spermatogenic cells were recorded separately (i.e. 

spermatogonium, spermatocytes and spermatids). These were recorded, as either yes there 

were immature spermatogenic cells (of each type separately) sloughed into the lumen or no 

there were not.  

 

Sertoli cells sloughing into lumen (Figure 3.4 and Figure 3.5) – yes/no 

 

Once all the sections had been scored, the number per sections scoring yes (e.g. analysed 2 

out of 5 sections analysed scored yes) was used for comparison of different snails.  
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Figure 3.5 Photomicrograph of P. corneus heavily disrupted gonad showing 

acini at 100 times magnification.  

Acini walls are disrupted and ill defined. Acini walls are only covered in a few 

spermatogonium. The majority of vitellogenic areas are not active. 

Spermatogonium and sertoli cells sloughed into the acini lumen. Histological 

sections (5µm) stained with H&E. Digestive tissue – dig; Spermatozoa – spz; 

Spermatids – spd; Spermatocyte – spc; Spermatogonium – spg; Sertoli cell – ser; 

Oocyte – oo; follicle cavity – fc; 

 
Parasite score – Each snail was also assessed for parasite infection. The type of parasite 

infection seen in P. corneus was different than those seen in V. viviparus (see Chapter 2, 

Section 2.3.3.4), therefore a different scoring system was used. When an infestation was 

seen, a 10 x 10 graticule was used to estimate the percentage of tissue infected. A score of 

1 indicated no observed parasites in the tissue sections analysed (same section as for gonad 

analysis). A score of 2 indicated less than 50% of the snail’s reproductive or digestive 

tissue was infected with parasites. A score of 3 indicated more than 50% of the snail’s 

reproductive or digestive tissue was infected with parasites. For each snail the average 

(mean) score was used for comparison and statistical analysis. Figure 3.6 illustrates what a 

Digenean parasite infection in P. corneus looks like under the light microscope at 100 

times magnification, in a prepared histological section. 
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Figure 3.6 Photomicrograph of P. corneus digestive tissue (100x) with parasitic 

Digenean infection.  

Each sac contains a number of developing larval digenea; in some cases the 

larvae’s ventral or oral sucker can be observed.  Histological sections (5µm) 

stained with H&E. Digestive tissue – dig; parasite infection – para;. 

 

3.2.2 General scoring methods used for V. viviparus 

Snails sampled at different points in the mesocosm studies (adults, F1s and F1 breeding 

study snails) were sectioned using different protocols. This meant that different methods 

were also used when choosing which sections of gonad to analyse. For the F1 V.viviparus 

sampled in September (sampling period one) five sections of gonad were scored using the 

scoring methods (below). To find which of the sections to score the following method was 

followed. All sections of F1 snail were analysed for the presence of gonad tissue. The 

number of sections containing gonad per slide were recorded, as were the total number of 

gonad sections per snail. The section closest to the middle of the gonad was then located, 

as were the sections a third of the way into the gonad (i.e. a third from the start, and a third 

from the end). These three sections plus two from either side of the midsection (i.e. one 

before middle, and one after) were used for scoring analysis (Chapter 2, Section 2.3.3.4). 

For the adult and F1 breeding study snails (i.e. those not wholly serially sectioned) all 

sections of gonad taken (ten and five, respectively) were scored using the V. viviparus 

scoring methods (Chapter 2, Section 2.3.3.4). 
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Sex determination – The sex of an individual was determined by the presence of sex cells 

(spermatogenesis – male, or oogenesis - female), of secondary sexual organs (i.e. 

penis/sperm duct within right tentacle – male, or no duct in right tentacle plus brood pouch 

- female), and by sex glands (prostate – male, or capsule and albumen gland – female). 

 

Parasite score – The same sections of tissue analysed for spermatogenesis or number of 

oocytes were also assessed for their parasite score (Chapter 2, Section 2.3.3.4). 

 

3.3 Water sample preparation for Yeast Estrogen Screen (YES) 

Extraction and concentration of oestrogenic chemicals from water samples 

Extraction and concentration of oestrogens or oestrogenic chemicals from water samples 

was achieved using a Supelco ‘visiprep’ vacuum manifold (Figure 3.7C) and reverse-phase 

C18 cartridges (Sep-Pak C18, Waters Associates, inc). Each C18 cartridge was positioned 

into the port of the extraction manifold with the silicone liner inserted into the stainless 

steel needle beneath, and plastic sample well above (Figure 3.7A). The vacuum unit was 

then attached to the manifold and switched on. The C18 cartridge was primed by adding to 

the sample well 5ml of double distilled water, and then 5ml of methanol (these were 

sucked thought the cartridge by the vacuum) (Figure 3.7B). After priming it was important 

that the C18 cartridge did not dry out so another 5ml of double distilled water was added 

while the well bung was applied. This bung had and attached plastic straw, which was 

suspended into the water sample at the other end, weighed down by a stainless steel weight 

(Figure 3.7C). The vacuum then pulled the water sampled through the plastic straw, into 

the sample well, and through the C18 cartridge (where the oestrogens were bound). The 

wastewater dripped through the disposable liner and into the base of the manifold, where it 

was removed via a rubber tube to a collecting vessel for disposal (Figure 3.7C). Once all of 

the water sample had passed through the C18 cartridge, the bung and attached straw were 

removed. The C18 cartridge was left to dry with the vacuum on for at least 30 minutes to 

remove any water. The manifold lid with attached cartridges was then removed so that 

double solvent rinsed (twice with methanol, once with ethanol) glass collecting vials could 

be placed below each cartridge. The manifold lid was then replaced so that the C18 

cartridge/ disposable liners were aligned with the collecting vials. The C18 cartridges were 

eluted with 5ml of methanol under a vacuum at approximately 2ml/min (Figure 3.7D). 

Then the methanol-elutant was dried (evaporated) under nitrogen gas using the supelco 

‘visidry’ attachment for the extraction manifold. The sample was then re-suspended in 1 ml 

of ethanol (unless other volume stated). The concentration factor (calculated as the volume 
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of water extracted/the volume of ethanol the sample was re-suspended in) was 

recorded. Vials containing samples in ethanol were stored with tight fitting lids at 4ºC to 

prevent evaporation.  

 

 

Figure 3.7 Diagrams illustrating extraction manifold at various stages of sample 

extraction.  

(A) The C18 cartridge and sample well were positioned into the manifold port 

above the stainless steel needle with inserted disposable liner. (B) The C18 

cartridge was primed with 5ml of double distilled water and then 5ml of 

methanol under vacuum (~2ml/min). (C) The bungs were placed on the sample 

well with their attached straws, which were suspended in the water sample 

vessels (left hand side of photo). The pressure provided by the vacuum pulled 

the sample water up the straw, into the sample well, and down through the C18 

cartridge. Wastewater dripped out of the disposable liners into the base of the 

manifold, and exited via a tube (centre of the manifold in photo). (D) Once dry, 

the sample was eluted from the C18 cartridge with 5ml of methanol. The 

elutant was collected in a double solvent washed glass vial. Photograph from 

Supelco advertising literature (www.sigmaaldrich.com, 2008). 
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3.4 Yeast Estrogen Screen (YES) Assay 

The yeast assay was carried out in a type II laminar flow cabinet. The protocols and recipes 

for the component parts of the growth medium can be found in the Appendix I. 

 

3.4.1 The assay 

Day 0 - Preparation of yeast growth medium for assay. The growth medium was 

prepared by adding 5 ml glucose solution, 1.25 ml L-aspartic acid solution, 0.5 ml vitamin 

solution, 0.4 ml L-threonine solution, and 125 µl copper (II) sulfate solution to 45 ml of 

sterile minimal medium. This mixture was then transferred to a sterile conical flask. To this 

125µl of 10X concentrated yeast stock was added from a cryogenic vial. The inoculated 

growth medium was then incubated at 28˚C for approximately 24 hour on an orbital 

shaker.  

Day 1 - Preparation of yeast assay plates and assay medium. A 96-well microtitre plate 

was used to serially dilute each assay sample (prepared from water extraction, Section 3.3) 

in absolute ethanol. 100µl of absolute ethanol were pipetted into each row of wells, accept 

for the first well. 100µl of sample was pipetted into the first and second wells. 100µl of the 

50:50 mixture of sample and ethanol was removed from the second well and transferred to 

the third well. This was mixed three times by pulling the liquid up and down the pipette. 

Once the sample was well mixed, 100µl was taken from this well and transferred into the 

fourth well, and so on until all 12 wells had been completed (the final well contained 

200µl). The 17β-estradiol standard curve dilution was prepared in the same manner. The 

17β-estradiol stock for the standard curve was prepared in absolute ethanol at 2x10-7 M 

(54.48 µg/L) concentration (Appendix I). From each of the dilution wells in the dilution 

plate a 10µl aliquot was transferred to a new 96-well microtitre assay plate, starting from 

the most dilute (most concentrated on the left, least on the right). Each sample dilution was 

replicated so that two identical rows were produced. Between each double row of 

sample/standard curve one row was left completely empty (blank). In addition to the 

samples, blank and standard curve rows two rows of 10µl absolute ethanol (same as used 

for dilution preparation) were included. This ensured any actively via contamination of the 

solvent was known and accounted for. 

 

Once all assay plates were complete they were left to evaporate to dryness in the type II 

laminar flow cabinet. While the assay plates dried the assay medium was prepared. For 

every 2 1/2 96-well assay plates, 50ml of assay medium was required. The assay medium 

was prepared in a similar manner to that of the growth medium with a couple of 

differences; firstly, 0.5ml of Chlorophenol red-β-D-galactopyranoside (CPRG) was added 
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to the growth medium. Secondly, instead of inoculating with 125µl of concentrated 

yeast stock from the cryogenic vial, this medium was inoculated with 4x107 yeast cells 

from the 24-h culture prepared on Day 0, per 50ml of growth medium. This was calculated 

by taking two 100µl aliquots of the 24-hour culture, each of these were placed into a well 

of a 96-well microtiter plate. The absorbance of the duplicate 24-hour culture were read at 

640nm using a spectrophotometer plate reader, and the average value was used to 

extrapolate the number of cells per ml using the graph shown in Figure 3.8. The volume of 

24-hour culture needed to give 4 x 107 cells per 50ml of growth medium was calculated 

using the following equation. 

 

Vol of 24-hour culture = 4 x 107 / No. cells calculated from graph 

 

Once the volume of 24-hour culture to be added was found, it was added to the new assay 

medium, and mixed well. By this time all of the ethanol had evaporated from the 96-well 

assay plates. 200µl of the yeast inoculated assay medium was added to each well of the 

assay plate using a multichannel pipette. Each plate was then sealed round its edges using 

autoclave tape, to prevent evaporation of medium whilst incubated (which may affect the 

concentration of CPRG and therefore the background or measured response at 540nm). 

Each plate was then shaken vigorously for 2 minutes on a titre plate shaker before being 

incubated at 32˚C in a naturally ventilated heating cabinet. 

 

Day 2 – Assay plate maintenance. On day two the assay plates were removed from the 

incubator and shaken vigorously for 2 minutes on a plate shaker, to mix and disperse the 

multiplying yeast cells. After which, the plates were returned to the incubator at 32˚C. 

 

Day 3 – Reading assay plates. After three days of incubation the assay plates were again 

vigorously shaken for 2 minutes on a plate shaker. The plates were then left for 

approximately 1 hour to re-settle. The assay plates were then read on a spectrophotometer 

plate reader. The plates were read at an absorbance of 540nm (for colour) and 620nm (for 

turbidity). The plates were then left at room temperature and read again the following day 

(after shaking and resting) if a longer period of incubation was needed.  
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Figure 3.8 Graph used to calculate volume (ml) of 24-hour yeast culture to be 

added to 50ml of assay medium (see equation above).  

On the Y-axis is the absorbance at 620nm for 100µl of 24-hour yeast culture. On 
the X-axis is the number of cells per ml.  

 

3.4.2 Yeast assay calculations 

Firstly, the colour of the assay medium (from the 540nm reading) was corrected for 

turbidity (from the 620nm reading). The following equation was used to obtain corrected 

values. 

 

Corrected value = Sample absorbance (540nm) – [sample absorbance (620nm) – blank 
absorbance (620nm)] 
 

Calculating oestrogenic equivalents 

The oestrogenic equivalents were calculated by first plotting the corrected absorbance 

values (see correction calculation above) at 540nm against the relative concentration of 

each sample, the E2 standard curve was also plotted (as was the ethanol blank, to check for 

contamination). When plotted the E2 standard and sample dilutions produced sigmoidal 

curves. Both replicates (rows) were plotted on the same graph. If the two sets of points 

were not similar the assay was re-run. Points on the curves that were maximal (flattened 

area at top of curve), or due to toxicity to the yeast (sudden drop in absorbance) were 
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discarded.  Only the linear part of the graph was used for calculations. The mid point of 

this area was obtained, and the two corrected absorbance values either side of the mid point 

were taken. The well numbers of these two points were noted. These corrected absorbance 

values at 540nm were then extrapolated from the standard curve. Then each value was 

multiplied to find the concentration in the first well (i.e. before serial dilution). These 

values were then multiplied by the molecular weight of 17β-estradiol (272.4), to provide a 

concentration in weight per volume, rather than a Molar concentration. These values were 

then multiplied by 20 to account for the volume of assay medium, and then divided by the 

original concentration factor (Volume of water extracted/volume of ethanol eluted, Section 

3.3) to give the concentration of the initial water sample in g/l. A mean of the two values 

was used as the final oestrogenic equivalent concentration of the original sample.  

 

3.5 Mesocosm Experiments 

3.5.1 Experiment overview 

The two exposures, E2 (Chapter 4) and oestrogenic mixtures (Chapter 5), ran in parallel. 

The exposure period ran for 16 weeks from early May until late August 2006. Seven 

mesocosm tanks were used in total (Figure 3.9). Each fed with water from the River 

Chelmer. At the start of the experiment each tank held groups of caged adult snails of both 

species. Mortality and reproductive output of adult snails were recorded fortnightly over 

the 16 weeks of the exposure. Offspring (F1) produced by the adults were re-released into 

the parental tanks (see individual species sections for details). After chemical (E2 or 

mixture) exposure was terminated, all adult snails were sacrificed, biometric data was 

recorded and adult snails were histologically fixed for histopathological analysis. After the 

adult snails were removed, all F1 snails from each tank were also removed from the tanks. 

The number of F1s from each tank and their size-class were recorded. A number of F1s 

were sacrificed, had their biometric data recorded, and were also fixed for 

histopathological analysis. The remaining F1s were re-released back into their original 

tanks; which were filled with river water only. These F1s were left in the tanks to over-

winter and depurate. The following spring the tanks were again scoured for surviving F1s 

and their number recorded. A number of these depurated F1s were placed into breeding 

groups in a similar manner to their parents. A further un-exposed breeding study was 

conducted over 14 weeks for the P. corneus and 18 weeks for the V. viviparus. F1 

reproductive output and mortality were recorded fortnightly. At the end of these F1 

breeding studies, the snails were sacrificed, their biometric data were recorded, and the 

snails were fixed for histopathological analysis. In total the experiments ran for one year 
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and four months and over a thousand snails were analysed. Figure 3.10 shows a 

schematic of the experiment timeline and at which point sampling occurred.  

 

 

Figure 3.9 Diagram of the layout of mesocosm tanks at Langford water 

treatment works.  

The diagram shows the position of the tanks used for each experiment E2 (low 

E2, high E2 and river water 1) and oestrogenic mixtures (low mix, high mix, 

river water 2 and river water plus solvent). # Indicates the point of entry for the 

river water for each tank. * Indicates the dosing point of entry, dosing was via 

peristaltic pump located next to the high E2 tank. The colours labelled on the 

tanks indicate the colour coding used for dosing reservoirs/pump tubing/sample 

bottles etc. The tanks labelled ‘Fish’ were not part of these experiments, and 

were used by other investigators.  

 

As previously stated, both the E2 and the oestrogenic mixtures experiments were run in 

parallel. This situation was an unfortunate necessity due to lack of time, i.e. each 

experiment took 18 months to run and had to start in the spring. However, ideally each 

experiment would have been conducted separately. This would have allowed for replicate 

treatment tanks to be used (as more tanks would have been available), which would have 

reduced the possible risk of interpreting ‘tank effects’ as ‘treatment effects’. The 

experimental set up used had ‘replicate’ groups of adults with in one treatment tank, to 

assess reproductive output. These groups of adult snail could be considered ‘pseudo-

replicates’ and conducting statistical analysis on the egg laying data produced by these 

groups could prove contentious. Running the two experiments separately would have also 

allowed possible refinements to experimental design.   
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3.5.2 The Mesocosm Tanks 

The mesocosm tanks were situated on site at Langford Water Treatment Works (WTW), 

Essex. Langford WTW is part of Essex and Suffolk Water and is in close proximity to both 

the River Blackwater and the River Chelmer (Figure 3.11). The mesocosms are a set of 

tanks 1m3 in size (Figure 3.12). These could be fed by River water from either the River 

Chelmer or the River Blackwater, by effluent from the water treatment plant or a mixture 

of river water and effluent. In these experiments only River Chelmer water was used. For 

the E2 exposure three tanks were used: one tank held just river water (reference tank, RW), 

one tank held river water plus the high E2 (HE2) concentration, and another tank held river 

water plus the low E2 (LE2) concentration. For the Mixture exposure four tanks were used: 

one tank held just river water (reference tank, RW), one held river water plus Ethanol 

(solvent tank, RW+S), one held river water plus the high concentration of the oestrogenic 

mixture (HM), and the other held river water plus the low concentration of the oestrogenic 

mixture (LM). 

 

Figure 3.10 Diagram representing the timeline of the mesocosm experiments, 

indicating the different experiment aspects and their sampling points.  

The initial Exposure period ran for 16 weeks, during this time adults and their 

offspring (F1) were exposed. Adult reproduction and mortality were recorded 

fortnightly. At the end of the exposure period the first sampling occurred (S1), 

all adults and a number of F1s were sampled to collect morphometric and 

histopathological data on growth and reproductive development/fitness. After 

this time, the remaining F1s were left to depurate over winter in river water. In 

spring 2007 the surviving over wintered F1s were collected and placed in 

breeding groups for the F1 breeding study. Reproductive output and mortality 

were recorded fortnightly. At the end of the breeding study F1 snails were 

sampled (S2), again, to collect morphometric and histopathological data. The 

whole life-cycle experiment ran from May 2006 until August 2007.  
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Each tank contained a number of snail cages. Adult snails were housed in cylindrical 

plastic cages (approximately 80cm high and 50cm diameter) made from sturdy gardening 

mesh (mesh holes approximately 4 mm2) and sewn together using nylon fishing wire 

(Figure 3.13). These cages were suspended from wooden broom handles above the tank via 

stainless steel 2-3 mm diameter wire (Figure 3.12) Glass inserts within the cages were 

multifunctional, they provided weight and structure to the cages but also provided 

additional roaming and grazing areas for the adult snails (algae and biofilm grow on the 

glass surface), as well as an egg-laying surface for the P. corneus. The cages and their 

glass inserts had been successfully used by Clarke et al (Clarke et al. 2009) in an earlier 

mesocosm experiment. Some running repairs were required to prevent snail escape and 

replace any perished fishing line; therefore cages were inspected fortnightly over the 

exposure period. The V. viviparus cages in the E2 exposure and F1 breeding study also had 

an additional ‘sock’ of finer netting (approximately 1mm2) placed over them, in an attempt 

to monitor if small neonates were escaping from the 4mm2 holes in the primary cages. 

Between sampling periods chicken wire was placed over the top of all the tanks to prevent 

predation of snails by birds. 

 

Figure 3.11 Ordinance Survey Map of Langford village, Essex.  

The Essex and Suffolk water treatment works (labelled Wks) and their 

reservoirs are shown at the centre of the map, this is the area the mesocosm 

tanks are housed, allowing access to river water from either the River Chelmer 

(labelled, running west to south-east), or The River Blackwater (not labelled, 

running north-west to south-east).  
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Mesocosm tank water was extracted from the river via a pump; this water was then 

coarsely filtered by gravel to remove large objects of flotsam or detritus. From here the 

water was pumped directly to the mesocosm tanks. There was the possibility to have the 

water pass through an additional activated carbon filtrated to remove any smaller particles 

and biologically active materials e.g. Estradiol. This method had been previously used with 

an experiment exposing the same two gastropod species to mixtures of effluent and river 

water (Clarke 2006). However, it was found that the particulate matter, minerals and algae 

removed were an important food source for the snails, so pre-filtration with activated 

charcoal was not used in this experiment. Once coarsely filtered, the river water ran into 

the tanks through a series of aquarium (non-toxic) grade plastic pipes. Pipes, pipe joints 

and ‘weld on wet and dry’ solvent cement were all purchased from Tropical Marine Centre 

(TMC), pipe diameters ranged from 40-80mm (1.5-3.0 inches). Water exited the tanks via 

an overflow pipe; water from dosed tanks was then gravity filtered through activated 

carbon to remove any EDCs before being returned to the river. Water from the un-dosed 

tanks went directly back to the river down stream of the abstraction point. 

 

 

Figure 3.12 Photo showing an example of a mesocosm tank from the 

oestrogenic mixtures exposure.  

Adult snail cages are suspended by wooden broom handles; The P. corneus 

cages were positioned so that the air breathing snails can reach the surface, 

but not escape, The V. viviparus cages were submerged, providing the best 

habitat possible for this deeper water (gilled) species. River water flows into 

the tank (bottom left), and out through the down pipe (bottom middle). Chicken 

wire prevented predation of snails by birds.  

 



 110 
The post-dosing carbon filter was made from a large 45-gallon steel drum (880mm 

High and 580mm diameter) fitted with a fine mesh above the base on which the activated 

carbon was held. Activated carbon was supplied by Essex and Suffolk Water and was rod 

shaped (approx 3x1mm) or granular forms (approx 1-1.5mm diameter). Water was gravity 

fed from the dosed mesocosm tanks via a series of plastic 80mm (approx) diameter pipes 

into the top of the steel drum; its lid was tightly fixed down by means of a clamp. The 

water then percolated through the activated carbon and exited via another pipe in to a slues, 

which fed into the river down stream of the inflow pump. Effluent from this activated 

carbon filter was monitored for the EDCs dosed in the experiment to confirm their 

removal. 

 

 

Figure 3.13 Photos of snail cages.  

(A) P. corneus or V. viviparus cylindrical cage made from sturdy plastic garden 

mesh (holes are approximately 4 mm2) sewn together with nylon fishing wire. 

The cage was suspended in the tank via wire (shown in both A and B). The 

glass insert is visible in this photograph; the glass insert provided an egg 

laying/ additional feeding surface and weighted the cage down so it did not 

float. (B) V. viviparus cylindrical cage with additional fine mesh cover to 

prevent neonate escape, used in the E2 exposure only. Glass insert also 

present but not visible in this photograph.  
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3.5.3 Dosing 

Dosing was accomplished via the use of a Watson Marlow multi-channel peristaltic pump 

(Sci-Q 200 series) and fine Watson Marlow 1.02 mm bore (white toggle each end, Watson 

Marlow) surgical grade silicone tubing. The silicone tubing ran from the mixing reservoir 

(weighted by large stainless steel nut) via the peristaltic pump into the required tank at a 

nominal rate of 1.5ml/min, while the river water flowed into the tank at a rate of 3 l/min. 

Each stock bottle, dosing reservoir, and pump line was colour coded with electrical tape to 

prevent cross contamination. The mixing reservoirs were made from large 10 litre black 

plastic buckets with lids. The mixing reservoirs were rinsed with tap water and refilled 

ever 3-4 days with a mixture of tap water and dosing stock solution or tap water and 

Ethanol (solvent tank) at a concentration of 1 ml stock solution (or Ethanol) to 1 l tap 

water.  

 

Stock solution preparation 

All stock solutions were prepared in the laboratory at Brunel University; fresh stock 

solutions were made every four weeks. Stock bottles (1 litre) were washed and given 

double solvent rinse (methanol and ethanol) prior to new stock storage. Approximately 

500ml of each stock solution was prepared. Ethanol (Hayman Ltd) was used as the carrier 

solvent in all stock solutions. Each chemical was weighed on an electronic balance (to four 

decimal places) before being added to approximately 100ml ethanol w/v to make 

individual ‘super’ concentrated stocks. These ‘super stocks’ were then combined; 62.5ml 

(8 chemicals/500ml) of each were added to produce the mixture stock solution (or as a 

single chemical for the E2 only stocks, Chapter 4). Personal Protective Equipment (PPE) 

was worn while preparing and handling stock solutions. Stock solutions were stored in a 

domestic type refrigerator at 4oC in 1 litre amber glass bottles. When transported they were 

stored in insulated (polystyrene) boxes with icepacks until transferred to another domestic 

type refrigerator on site at Langford WTW. Stocks were diluted 1000 times when added to 

the mixing reservoirs at Langford (1ml of stock to 1 litre water), and then diluted a further 

2000 times when dosed to the mesocosm tank (1.5ml/min reservoir stock to 3000ml/min 

river water). Table 3.3 and Table 3.4 (below) give the nominal weight of each oestrogenic 

chemical added to the stock, the concentration of the stocks and the final concentration in 

the mesocosm tanks for the mixtures and E2 experiments, respectively.   
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Table 3.3 Nominal weight of each oestrogenic chemical to be added to 

Ethanol to produce ‘super stocks’, nominal concentration of mixtures stocks, 

and nominal concentration in mesocosm tanks for the mixtures experiment 

 Low oestrogenic mixture High oestrogenic mixture 

Oestrogenic 
chemical 

Weight 
of 
chemical 
to be 
added in 
mg 

Concentration 
in mixture 
stock bottle 
mg/l 

Final 
concentration 
in tank ng/l 
 

Weight 
of 
chemical 
to be 
added in 
mg 

Concentration 
in mixture 
stock bottle 
mg/l 

Final 
concentration 
in tank ng/l 

E1 20 40 20 100 200 100 

E2 3 6 3 10 20 10 

EE2 0.5 1 0.5 1.5 3 1.5 

NP 1500 3000 1500 6000 12000 6000 

NP1EO 1000 2000 1000 5000 10000 5000 

NP2EO 2000 4000 2000 7000 14000 7000 

OP 150 300 150 600 1200 600 

BPA 50 100 50 100 200 100 

 

 

Table 3.4 Nominal weight of E2 added to 500ml of Ethanol to produce stocks, 

nominal concentration of E2 stocks, and nominal concentration in mesocosm 

tanks for the E2 experiment 

 Low 17β-Estradiol (E2) High 17β-Estradiol (E2) 
Chemical Weight of 

chemical 
to be 
added in 
mg 

Concentration 
in stock bottle 
mg/l 

Final 
concentration 
in tank ng/l 
 

Weight of 
chemical 
to be 
added in 
mg 

Concentration 
in stock bottle 
mg/l 

Final 
concentration 
in tank ng/l 
 

E2 10 20 10 100 200 100 

 

Dosing maintenance 

Tap water was used in the dosing reservoir in an effort to reduce the level of microbes or 

algae in the mixing reservoir that could metabolise the solvent and/or chemicals dosed and 

also produce clogging masses, which could affect the dosing rate. In an outdoor 

environment however, it is impossible to keep the mixing reservoirs sterile, and some level 

of microbial growth was seen in all mixing reservoirs, especially during hot weather. When 

this was observed the microbial scum was rinsed out of the dosing reservoirs with tap 

water. Pump rates from the dosing reservoirs and river water pumps were measured and 

adjusted to as close to nominal (1.5 ml/min and 3 l/min accordingly) every 3-4 days. The 

surgical tubing was inspected every 3-4 days and any blockages present were either 

dislodged or the tubing was replaced. The overflow pipes were also unblocked of weed if, 

and when, necessary.  

 

The post dosing carbon filter was regularly checked and maintained. Regular agitation and 

replacement of activated carbon was necessary to facilitate the volume of water removal 
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from the tanks required. As the river water from the mesocosm experiment was not 

pre-carbon filtered before reaching the tanks, large quantities of organic matter were 

present and this often clogged the filter and slowed the progress of water. In addition the 

shape of the activated carbon used differed during the exposure period, rod shaped carbon 

was used for the first four weeks, the supply of which ran out, and was then replaced with 

round or granular carbon. The granular carbon clogged more frequently and thus required 

more frequent changing. The River water pump and coarse filter were regularly checked 

and maintained by Mr David Walker of Essex and Suffolk Water. 

 

3.5.4 Adult snail allocation, reproduction and mortality sampling regimes 

3.5.4.1 Viviparus viviparus allocation to breeding groups: Mixture experiment 

Eleven adult snails were randomly designated to each of the six replicate cages per tank. 

For each snail the length and aperture (Chapter 2, Section 2.3.2.2) were measured in 

millimetres using electronic callipers, to two decimal places. The weight was measured in 

grams, to three decimal places, using an electronic balance. Each group of snails was then 

placed into their cage labelled A-F (Figure 3.14) along with the glass insert and suspended 

in the required tank so that the cage was fully submerged. Cages were closed at the top end 

by means of folding the netting over and securing it with a large stainless steel bulldog 

clip; this provided a seal to stop the adult snails and offspring escaping while underwater. 

V. viviparus snails were not given additional food during the exposure as it was considered 

that enough natural food would be available from the river water. 

 

3.5.4.2 V. viviparus allocation to breeding groups: E2 experiment 

As for the Mixtures experiment (above), except only three replicate cages per tank were 

used, labelled A-C. In addition a finer mesh cage cover was used (Figure 3.13) for these 

reproductive groups, to prevent small neonates from escaping. 
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Figure 3.14 Diagram of an oestrogenic mixture exposed mesocosm tank 

showing the arrangement of snail cages.  

Green circles represent P. corneus cages (labelled A-F), brown squares 

represent V. viviparus cages (labelled A-F), and lines represent wooden broom 

handles from which snail cages were suspended. 

 

3.5.4.3 V. viviparus adult reproduction and mortality sampling regime: Mixture and 

E2 experiments 

Each cage was carefully emptied fortnightly. The number of offspring were counted and 

then released into the main area of the corresponding tank. The number and shell 

length/aperture of any dead adult snails were also recorded (the soft parts of dead snails 

degrade rapidly and dead snails are easy to identify by their odour and appearance). Living 

adult snails were then replaced into their cage and re-suspended in their tank as detailed 

above. 

 

3.5.4.4 Planorbarius corneus allocation to breeding groups: Mixture experiment 

Six adult snails were randomly designated to each of the six replicate cages per tank. For 

each snail the length and aperture (Chapter 2, Section 2.3.1.4) were measure in millimetres 

using electronic callipers, to two decimal places. The weight was measured in grams, to 

three decimal places, using an electronic balance. Each group of snails was then placed 

into their cage labelled A-F (Figure 3.14) along with their glass insert and suspended in the 

required tank so that the top of the cage was above the water line. Around 10cm of cage 

protruded above the glass insert and waterline, to prevent the snails escaping but allowing 

them to the surface to breathe. P. corneus were fed twice a week on approximately 30 g 
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organic carrot and approximately 30 g flake fish food per cage. Any rotting carrot left 

from previous feedings was removed fortnightly. 

 

3.5.4.5 Planorbarius corneus allocation to breeding groups: E2 experiment 

The allocation was as for mixtures experiment (above) except three replicate cages per 

tank were used (Labelled A-C) each with nine adult snails. Feeding quantity was doubled. 

 

3.5.4.6 P. corneus adult reproduction and mortality sampling regime: Mixture and 

E2 experiments 

Cages were carefully emptied fortnightly and the glass inserts removed. The number of 

masses and eggs in each mass was counted by eye and recorded. The egg mass covered 

glass insert was then suspended in the appropriate tank (Mixture experiment only), so that 

the eggs could hatch and the offspring would be released into the tank. The number and 

shell length/aperture of any dead adult snails were recorded (the soft parts of dead snails 

degrade rapidly and dead snails are easy to identify by their odour and appearance). Living 

adult snails were replaced into their cage, given a new glass insert, re-suspended in their 

tank, and fed as detailed above.  

 

3.5.5 Water sampling for chemical analysis 

Five sets of water samples were taken for chemical analysis during the sixteen-week 

exposure period. Water samples from each tank of the chemically exposed tanks, the 

solvent tank and the carbon filter outflow were taken monthly from the start of the 

exposure (weeks 0, 4, 8, 12 and 16). Water samples from the two river tanks were taken on 

alternate months. Water samples were also taken from the river water inflow, which fed the 

tanks at weeks eight, twelve and sixteen. Samples were analysed for E1, E2, EE2, NP, OP 

and BPA from the mixtures tanks, solvent tank, river water tanks and carbon filter effluent. 

Only E1, E2 and EE2 were measured from the high and low E2 exposure tank samples and 

river water influent samples. Additional water samples were also taken at week 16 from 

the two RW tanks (oestrogenic mixture and E2 study) and the RW+S tank to measure the 

concentrations of 19 metals and minerals (Barium, Boron, Calcium, Iron, Lithium, 

Magnesium, Manganese, Potassium, Sodium, Strontium, Sulphate, Tributyltin, 

Aluminium, Cadmium, Chromium, Copper, Lead, Nickel and Zinc). 

 

3.5.5.1 Water chemistry protocol 

Water samples were couriered to the Environment Agency’s National Laboratory Service 

(NLS) in Nottingham (UK) for analysis. See Appendix II for protocol.  
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3.5.6 Water sampling for YES analysis 

Six sets of water samples were taken for yeast screen analysis during the sixteen-week 

exposure period. Water samples were taken at weeks 2, 6, 8, 10, 12 and 16 from the two 

E2 dosed tanks (HE2 and LE2), the two mixture dosed tanks (HM and LM) and the solvent 

tank (RW+S). Water samples were also taken at weeks 8, 10, 12 and 16 from the river 

water only tanks (alternate sampling), the river water influent and the carbon filter effluent. 

The water samples taken at weeks 8, 12 and 16 were simultaneously sampled with the 

water for chemical analysis.  

 

3.5.6.1 Protocol for water samples for YES analysis 

Each water sample was approximately 1000 ml. Samples were stored in 1000 ml, solvent 

rinsed, amber glass bottles. These samples were stored in polystyrene cool boxes with 

freezer packs while transported from Langford WTW to Brunel University. Once at the 

university they were kept in a refrigerator at 4oC overnight. The method for water sample 

extraction onto C18 cartridges was followed (Section 3.3). However, due to the suspended 

solids the total 1000 ml of sample was often not extracted, a maximum extraction time of 6 

hours was used, and the volume extracted in this time was recorded. Other than these 

exceptions the general method for preparing samples (eluting, drying down and re-

suspending) for the yeast screen were followed (Section 3.3). Samples in ethanol were 

stored at 4oC. The methods stated in Sections 3.4 and 3.4.2 were followed for preparing 

yeast mediums, running the yeast screen assay, and interpreting the results. 

 

3.5.7 End of exposure (sampling period one)  

The dosing pumps were turned off on the 25th of August, four days prior to the sampling of 

adult snails. River water continued to flow into all tanks during this time. All adult snails 

were sacrificed over a two-day period in late August 2006. 

 

3.5.7.1 Adult Viviparus viviparus and Planorbarius corneus sampling methods 

Each cage was removed from its tank and the cage letter recorded. The glass insert and 

snails were then carefully removed. Any dead snails had their length and aperture 

measured using the digital callipers and recorded. All other snails were narcotised in 5% 

MgCl solution for 30 minutes prior to being further handled. Once narcotised snails were 

given a reference number and had the following measurements recorded: shell length, shell 

aperture and total weight (shell on). Snails were then carefully removed from their shells 

using the methods in Chapter 2, Sections 2.3.2.2 and 2.3.1.4, and their soft tissue weighed. 
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Once the shell had been removed any abnormalities or obvious parasite infections were 

noted. V. viviparus snails could then be sexed. Female snails had their brood pouch 

dissected out (Chapter 2, Section 2.3.2.3) and the number of embryos were counted and 

recorded as either shelled (oldest) or unshelled (youngest). The body was then weighed 

again (minus the embryos) before being fixed in Bouin’s fixative. Male snails also had the 

total penis length recorded before being fixed in Bouin’s fixative. For P. corneus once the 

shell had been removed the body was then weighed again before being fixed in Bouin’s 

fixative. After 24 hours the Bouin’s fixative was removed and replaced with 70% IMS (V. 

viviparus and P. corneus). This IMS was again replaced with new 70% IMS four days 

later. The tissue was stored in IMS at room temperature. 

 

3.5.7.2 F1 snail sampling method 

All F1 snails were sampled over the month of September 2006. For each mesocosm tank 

the same method was followed. The fish guard was placed into the tank around the down 

pipe and the down pipe was unscrewed and the tank drained. Once the tank was drained it 

was scoured by hand and all the snails were removed from the tank, mud and filamentous 

algae (this took several hours per tank). Snails were then separated into their different 

species, and again into rough size classes i.e. above or below 10 mm in shell length (V. 

viviparus) or shell diameter (P. corneus). These were then counted and recorded. Then 50 

V. viviparus and 40 P. corneus from the above 10 mm size class were placed in large food 

grade plastic buckets containing river water, ready to be transported back to Brunel 

University. Then the mesocsom tanks were re-filled with river water and the remainder of 

the F1 snails were replaced back into the tanks to over-winter. This was a laborious process 

when conducted solo and a maximum of two tanks could be sampled in one day. F1 snails 

were then transported back to Brunel University snail room and held in their buckets with 

constant aeration at 17oC 12:12 light:dark regime until they were sacrificed and fixed for 

later histological analysis. The method for weighing, measuring, narcotising and shell 

removal was followed for F1 as for the adult P. corneus and V. viviparus (Chapter 2, 

Sections 2.3.1.4 and 2.3.2.2), the only deviations being that F1 V. viviparus did not have 

their penis length taken or brood-pouches dissected. Sampling and fixing the F1s took a 

further 3-4 days after each tank drain down. Therefore, it took the whole of September 

2006 to sample the seven tanks, and there were several weeks between some tank sampling 

dates. 
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3.5.8 Over-wintering of F1 snails 

At the beginning of October 2006 the river water pump was switched off and the 

remaining F1s were left to over winter in static river water. By this time the water in the 

mesocosm tank had been renewed many times, however the sediment and some of the 

plant matter were left in the tanks to provide food and shelter to the over-wintering F1s. 

Due to a combination of high mortality in the river water solvent mesocosm tank and 

competition for mesocosm tanks by other scientists, none of the F1 individuals from this 

group were over-wintered. Also due to this pressure for mesocosm tank space the two river 

water tanks F1s were combined for over-wintering and subsequent F1 reproductive studies.  

 

3.5.8.1 Measuring over-winter success of F1 snails 

The following March the tanks were re-visited and the river water pump turned back on. 

Each tank was again drained down and snails were removed from the mud and weed 

counted, and placed into size classes of <10mm, 10-15mm, 15-20mm and above 20mm 

shell length (V. viviparus) or shell diameter (P. corneus). The numbers in each size class of 

F1 surviving the winter were recorded.  

 

3.5.9 Developmentally exposed and then depurated F1 reproductive output study 

For the purpose of the F1 reproductive study the E2, Mixture and River Water 

developmentally exposed groups were treated to the same protocol. 

 

3.5.9.1 Protocol for V. viviparus 

At the end of March 2007, the V. viviparus F1 breeding study groups were organised. Over 

wintered F1s from the two E2 exposures (HE2 and LE2), the two mixture exposures (HM 

and LM) and the pooled river water exposure (RW) were kept in separate 2 litre buckets of 

river water during allocation. Snails were divided in to size classes of above or below 10 

mm shell length prior to allocation, only snails above 10 mm shell length were used in the 

F1 breeding study (where possible). Each treatment group was allocated three replicate 

breeding cages, each containing two males and nine females. V. viviparus snails were 

observed while crawling about to designate their sex; those with an enlarged right tentacle 

were presumed to be male. All V. viviparus breeding cages (E2, Mix, and RW 

developmentally exposed; 15 in total) were placed in one river water only mesocosm tank, 

at a flow rate of approximately 3 l/min. Reproductive output and mortality were measured 

fortnightly using the same protocol as used for the adult snails (see method above). The F1 

V. viviparus breeding study continued for 19 weeks over the spring and summer of 2007. 
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3.5.9.2  Protocol for P. corneus 

At the end of April 2007, the P. corneus F1 breeding study groups were organised. Over 

wintered F1s from the two E2 exposures (HE2 and LE2), the two mixture exposures (HM 

and LM) and the pooled river water exposure (RW) were kept in separate 2 litre buckets of 

river water during allocation. Snails were divided in to size classes of above or below 10 

mm shell diameter prior to allocation. Only snails above 10 mm shell length were used in 

the F1 breeding study (where possible). Breeding groups of six snails were allocated to 

each cage. Unfortunately due to high over-winter mortality only one breeding group could 

be allocated to the HM developmentally exposed P. corneus. All P. corneus breeding 

cages (E2, Mix, and RW developmentally exposed; 13 in total) were placed in one river 

water only mesocosm tank, at a flow rate of approximately 3 l/min. Reproductive output 

and mortality were measured fortnightly using the same protocol as used for the adult 

snails (see method above). The F1 P. corneus breeding study continued for 14 weeks over 

the spring and summer of 2007. 

 

3.5.10 End of F1 breeding study (sampling period two) 

Surviving P. corneus from the F1 breeding study were sampled on the 1st of August 2007. 

Surviving V. viviparus from the F1 breeding study were sampled the following week over 

two days (8th and 9th of August). Snails (V. viviparus and P. corneus) were sampled using 

the same protocol as used in the adult sampling method (sampling period one, above). The 

only diversion from the original protocol was that male penis length was not measured in 

F1 V. viviparus. 

 

3.6 Statistical methods 

All statistical analysis was conducted using the statistics package SPSS V15.0.1.1 for 

windows. Statistical significance was accepted at P < 0.05 for all comparisons.  Data sets 

that did not have acceptable homogeneity of variance, or a normal distribution were 

analysed using non-parametric tests. For single comparisons a t-test was used, and if the 

data were non-parametric a Mann-Whitney test was used. For multiple comparisons, a One 

way ANOVA was used, followed by post hoc analysis of Least Significant Difference 

(LSD). If the data were non-parametric, a Kruskal-Wallis test was used followed by post 

hoc analysis using the Mann-Whitney test. Pearson’s correlation or Spearmann’s rank 

order correlations were used to find significance for correlated data. Analysis using co-

variants were also conducted using ANCOVA; bonferrni was used for post hoc analysis.  
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With hindsight other more enlightening statistical methods could have been used on the 

data produced during this research. Principle component analysis would have been very 

useful to determine which endpoints measured were most significant. This would have 

allowed a sharper focus to be drawn on the more important aspects of the histopathology 

results.  
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4 Effects of exposure to 17β-oestradiol on 

reproduction in two species of UK native fresh 

water gastropod mollusc 
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4.1 Introduction 

In the past much of the research on the effects of EDC on molluscs has focused on the 

masculinising agent TBT. When this project began, several research papers by a single 

German laboratory indicated that molluscs may also be sensitive to vertebrate feminising 

agents such as BPA, NP and OP(Oehlmann et al. 2000, Duft et al. 2003), and treated 

sewage effluents or EE2 (Jobling et al. 2004) and also be sensitive to the anti-androgens 

Cyproterone acetate and vinclozolin (Tillmann et al. 2001)..In a later publication, by the 

same German laboratory, M. cornuarietis were seen to be more sensitive to BPA’s effects 

at lower temperatures, or rather, that at higher temperatures reproduction was already 

highly stimulated and therefore possibly masked the impact of chemical stimulation 

(Oehlmann et al. 2006). The low concentrations at which some of the effects were 

observed in these publications raised concern about UK gastropod molluscs, which have a 

seasonal reproductive cycle, to whether or not reproduction and sexual development may 

also be affected by exposure to oestrogenic chemicals. In addition, previous research in our 

own laboratory has indicated that a treated sewage effluent (Clarke et al. 2009) caused 

dose-dependent effects on the seasonal cycle of reproduction in a native gastropod. 

Therefore, the work presented in this chapter was conceived to see whether E2 alone 

would also elicit similar reproductive effects in two species of gastropod, under similar 

experimental conditions.  

 

The developmental stages of many animals are extremely sensitive to ED. Exposure during 

the programming of the endocrine system can have long term and far reaching effect on 

growth, reproduction, and sexual development (Gore 2008) . These are important factors to 

consider when assessing the implications of ED at the population or ecosystem level. The 

focus of this experiment, therefore, was to assess the effects of developmental exposure of 

17β-oestradiol (E2) on sexual development and subsequent reproductive fitness in the two 

chosen test species of gastropod mollusc. The effects of exposure to E2 on adult 

reproduction and mortality were also measured, the two test periods together constituting a 

whole life cycle. 

 

Due to the difficulties encountered rearing and maintaining both species of gastropod in 

the laboratory, and because of the knowledge that external cues such as photoperiod and 

temperature are important parts of their seasonal reproductive cycle, it was decided to 

conduct the exposure in outdoor mesocosms, under natural photoperiodic and climatic 

conditions. The two test species, P. corneus and V. viviparus, provide contrasting 
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reproductive strategies and life histories broadly representative of many UK mollusc 

species.  

 

Role of steroid oestrogens in reproduction in the test species   

The steroid oestrogen 17β-oestradiol (E2) naturally occurs in vertebrates where it is 

important in sexual development in both males and females. However, inadvertent 

exposure to E2 can alter normal sexual development and function (in vertebrates). 

Therefore, E2 is often used as a positive control (or benchmark) to assess oestrogenic 

effects in vertebrate test species. At the time my research was initiated there was 

tantalising evidence indicating molluscs have varying levels of sex steroids (E2 and T) at 

different times of their breeding cycles, and that they can metabolise and store hormones in 

a similar manner to vertebrates (Di Cosmo et al. 2001, Gooding and LeBlanc 2004, Janer 

et al. 2004, Janer et al. 2005) and an ER-like nuclear receptor had recently been found in a 

gastropod mollusc (Thornton et al. 2003). With this initial evidence that vertebrate type sex 

steroids and EDCs may be biologically active in molluscs and important in regulating 

reproduction, it can be hypothesised that 17β-oestradiol would affect molluscs, perhaps in 

a similar manner to that of vertebrates. Furthermore, inappropriate concentrations or timing 

of application may have deleterious affects on reproduction, which could have knock on 

effect at the population level. It is prudent therefore to investigate the possible ED effects 

of the vertebrate oestrogen, 17β-oestradiol (E2), on molluscs. 

 

4.1.1 Previous research of 17ββββ-oestradiol on the test species 

In a previous experiment conducted by Rachel Benstead during the summer of 2004, 

Planorbarius corneus and Viviparus viviparus adults were exposed to high concentrations 

of 17β-oestradiol (E2, 20ng/l or 200ng/l nominal plus stripped river water control) over 12 

weeks. Actual measured concentrations of E2 were much higher than nominal at 50ng/l 

and 350ng/l. Reproductive output measured in eggs laid per snail in the P. corneus was 

significantly (P<0.05) inhibited at both concentrations of E2 compared to the stripped river 

water alone. Mortality was also significantly increased in the higher concentration of E2 

(Benstead 2005). In V. viviparus, reproductive output (offspring released per snail) was 

significantly increased (P<0.05) in the highest concentration of E2. In a preliminary study 

a small number of developmentally exposed V. viviparus F1s were collected for some 

investigatory histopathology. Upon analysis, I found that a number of the E2 exposed F1 

V. viviparus individuals contained both male and female characteristics (e.g. brood pouch 

and oocytes and vas deferens and spermatogenesis) and were therefore intersex. The 

percentage of intersex individuals was 14% in the 350ng/l E2 tank (n=29) and 5% in the 
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50ng/l E2 tank (n=20). Unfortunately, the production of F1 was only incidental to the 

experimental design and only two F1 were collected from the stripped river water 

(reference) tank and both of these were normal females. This initial experiment provided 

some tantalising results; adult reproduction was affected in both species and normal sexual 

development was possibly affected by early exposure in V. viviparus. However the very 

high concentrations of E2 also caused high mortalities and the small number of F1s 

sampled in the un-dosed mesocosm made it difficult to assess the true affect of E2 on 

development.  

  

4.1.2 Aims 

The aim of this experiment was to assess the effects of E2 exposure on adult reproduction 

and sexual development in two species of gastropod mollusc, V. viviparus and P. corneus, 

this time working with larger numbers of snails and at lower concentrations of E2 than in 

the previous experiment.  

 

4.2 Method 

Two species of freshwater gastropod (V. viviparus and P. corneus) were exposed to 17β-

oestradiol in a freshwater mesocosm experiment. The mesocosm tanks were housed at 

Essex and Suffolk Water’s Langford water treatment works site. In the dosed experiment, 

three 685 litre (1m3) purpose built tanks were fed with river water, which was abstracted 

from the River Chelmer via a submerged pump. One tank contained river water only (Tank 

1: River water (RW)). Two further tanks were dosed with either ‘low’ or ‘high’ 

concentrations of 17β-oestradiol (Tank 2: River water plus 10ng/l 17β-oestradiol (nominal) 

(LE2); Tank 3: River water plus 100ng/l 17β-oestradiol (nominal) (HE2)). See Chapter 3 

Section 3.5, which states the full materials and methods and the design of the set up. 

 

Adult gastropods and their subsequent offspring were exposed over 16 weeks from the 

beginning of May until the end of August 2006. This study ran in collaboration with 

Rachel Benstead (Environment Agency/Brunel University), who collected data on the 

effects of 17β-oestradiol exposure on the adults reproductive output/fecundity. At the start 

of the experiment each tank was furnished with six mesh cages of snails, three for each 

species, each containing either nine adult P. corneus or eleven adult V. viviparus. 

Reproductive output of the adult snails was measured fortnightly, either by counting the 

number of eggs laid (P. corneus) or neonates released (V. viviparus). Offspring (F1s) 

produced by the exposed adults were also developmentally exposed in the same mesocosm 

tank in which their parents were housed. Adult snail mortality was also recorded 
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fortnightly. Tank water samples were taken on weeks 0, 4, 8, 12 and 16 for chemical 

analysis (E1, E2 and EE2). Water samples were also taken on weeks 2, 6, 8, 10, 12 and 16 

from the two E2 dosed tanks and on weeks 8, 10, 12 and 16 from the river water tank for 

Yeast Estrogen Screen (YES) analysis. The water samples taken at weeks 8, 12 and 16 

were simultaneously sampled for the YES and water chemical analysis. When dosing 

culminated (end of August 2006), all the adults and a number of the F1s were sacrificed 

and fixed for histopathological analysis of reproductive health and development (see 

Chapter 3 Section 3.5.7). The remaining F1s from each of the treatments (river water only 

(RW); low 17β-oestradiol (LE2); high 17β-oestradiol (HE2)) were counted and then 

depurated in river water in their exposure tanks over autumn-winter 2006 (see Section 

3.5.8). The surviving depurated F1s were then counted and groups of snails were assessed 

for their reproductive output in two further un-dosed mesocosm (P. corneus over 14 

weeks, V. viviparus over 18 weeks) experiments, conducted spring-summer 2007 (see 

Section 3.5.9 for full materials and methods). At the end of the F1 breeding study (August 

2007) these snails were sacrificed and fixed for histopathological analysis of reproductive 

health and development (see Section 3.5.10). 

 

4.3 Results 

4.3.1 Physical tank parameters 

Temperature 

Water temperature fluctuated over the 16 weeks of exposure with a low of 14oC measured 

in May and a peak of 26oC at the end of July (Figure 4.1).  

 

Flow Rate  

Over the entire experiment water flow into the tanks was kept to approximately 3l/min 

(RW 3.24 ± 0.59, LE2 3.11 ± 0.54 and HE2 2.84 ± 0.42). Flow rates did vary day to day, 

and the flow meters needed frequent adjustment to keep flow rates equal. However, overall 

there were no significant differences in flow rate between the three tanks (P = 0.127, 

ANOVA). 

 

Dosing Pump 

The dosing pump rate was kept at approximately 1.5ml/min (LE2 1.41 ± 0.26 and HE2 

1.39 ± 0.25). Blockages occurred occasionally (especially in hot weather) and tubing 

needed replacement periodically. No significant difference was, however, found between 

the high E2 and low E2 dose pump rates (P = 0.422, Mann-Whitney). 
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Figure 4.1 Mean measured tank water temperature (oC) and mean day length 

(hours) for each month over the 16 week exposure period using adult (F0) 

snails.  

Day length data obtained from UK Met office website. Error bars indicate 

standard deviation. 

 

4.3.2 Biological (YES) and chemical analysis of tank water during adult and F1 

exposure 

4.3.2.1 Chemical analysis results 

The measured concentrations (chemical analysis) of steroids varied between the tanks and 

the sampling points (see Table 4.1).  

E1 

E1 concentration was lowest in the river water inlet (<1-1.38ng/l) (which fed all the tanks) 

and river water tank (<1-2.03ng/l). In the LE2 tank concentrations ranged from <1-15ng/l 

and in the HE2 tank they ranged from <1-30.6ng/l.  

E2 

E2 concentration in the RW tank was 10.1 and 5.71ng/l on the first two sampling occasions 

(week 0 and 4, respectively) after which it dropped to <0.3ng/l (detection limit). 

Unfortunately the river water inlet, which fed the tanks, was not sampled at weeks 0 and 4 

so it is unknown whether the unexpectedly high concentrations of E2 were also found at 

the river water inlet. In the LE2 tank, the E2 concentration ranged from 1.59-28.6ng/l; the 

highest E2 measured concentration (232ng/l) was in the HE2 tank at week four of the 

exposure.  
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EE2 

The highest concentration of EE2 was measured in the river water inlet (3.73ng/l, week 

16), which fed all the tanks. At the same sampling time, the RW tank also had a high EE2 

concentration (2.34ng/l), however, in the LE2 and HE2 tanks the EE2 concentration was 

much lower (0.583ng/L and 0.634ng/l).  

 

Table 4.1 Measured concentration of steroid oestrogens from the three 

exposure tanks plus the river water pump inlet measured over the 16 week 

exposure.  

E1 

Week 0 4 8 12 16 

Low E2 tank 2.05 <1 15 1.3 1.46 
High E2 tank 5.15 30.6 5.7 5.2 <1 
River water tank 2.03 <1 1.05 <1 <1 
River water inlet ns ns <1 <1 1.38 
E2 

Week 0 4 8 12 16 

Low E2 tank 8.76 4.82 28.6 1.59 2.84 
High E2 tank 22.7 232.0 41.7 6.38 1.25 
River water tank 10.1 5.71 <0.3 <0.3 <0.3 
River water inlet ns ns <0.3 <0.3 0.428 
EE2 

Week 0 4 8 12 16 

Low E2 tank ns 0.638 0.659 1.09 0.634 
High E2 tank ns 0.658 0.452 1.46 0.583 
River water tank ns 0.375 0.37 1.37 2.34 
River water inlet ns ns 0.375 0.997 3.73 

E1 and E2 were measured in the tank water on weeks 0, 4, 8, 12 and 16. EE2 

was measured in the tank water on weeks 4, 8, 12 and 16. E1, E2 and EE2 were 

measured in the river inlet water on weeks 8, 12 and 16. All concentrations 

measured in nano-grams per litre (ng/l). Not sampled; ns. Water chemistry 

provided by Environment Agency’s National Laboratory Service, Nottingham. 

 

Kruskal-Wallis analysis of the measured chemistry results found no significant difference 

in E1 (P=0.098) or EE2 (P=0.951) concentrations between each of the three mesocsom 

tanks and river water inlet. However, a significant difference was found for the E2 

(P=0.039). Post hoc analysis (Mann-Whitney) found the HE2 tank to have a significantly 

higher concentration of E2 compared to the RW tank and the river inlet (P=0.045 and 

0.024, respectively). The LE2 tank also had a significantly higher concentration of E2 

compare to the river inlet (P=0.024). However, no significant difference in E2 

concentration was found between the HE2 and LE2 tanks (P=0.347), the LE2 tank and the 

RW tank (P=0.245) or between the RW tank and the river inlet (P=0.608). Figure 4.2 

(below) gives the mean concentrations of each steroid over the 16-week exposure. 
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Figure 4.2 Mean measured concentration of steroid estrogens from the three 

exposure tanks (RW, LE2 and HE2) plus the river water pump inlet (inlet).  

E1 and E2 were measured in the tank water on weeks 0, 4, 8, 12 and 16. EE2 

was measured in the tank water on weeks 4, 8, 12 and 16. E1, E2 and EE2 were 

measured in the river inlet water on weeks 8, 12 and 16. All concentrations 

measured in nano-grams per litre (ng/L). Error bar shows standard deviation. 

Letters (a, b, c, d) denotes statistical similarity of E2 measured concentrations. 

Water chemistry provided by Environment Agency’s National Laboratory 

Service, Nottingham.    

 

4.3.2.2 Predicted 17ββββ-oestradiol concentration of dosed tank water samples 

The chemical analysis revealed much lower concentrations of E2 than were expected from 

the nominal dosing; therefore attempts were made to investigate why this might have 

happened. Firstly the possibility that concentrations were lower due to possible increased 

dilution was investigated 

. 

Using the measured dosing pump rate, and the river water flow rate into the two exposure 

tanks, actual dilution factors from each of the dosing reservoirs were calculated. The E2 

concentrations were then predicted for each of the water sampling points (chemical and 
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YES). The predicted concentrations (Table 4.2) calculated were on average about 20% 

above the nominal concentration. 

 

Table 4.2 Predicted E2 concentrations (ng/l) for each of the two dosed 

mesocsom tanks, low concentration of 17β-oestradiol (LE2) and high 

concentration of 17β-oestradiol (HE2)  

Week LE2 tank water HE2 tank water 

0 17.82 139.16 

2 18.71 178.65 

4 6.91 173.82 

6 5.19 87.64 

8 9.55 94.54 

10 14.21 83.20 

12 15.36 92.24 

16 16.64 102.27 

Mean 13.05 ± 5.16 118.94 ± 39.33 

The predictions were made using the measured dosing pump rate and water 

flow rate to produce the actual dilution factor into the tanks for each sampling 

point. Mean ± standard deviation. 

 

4.3.2.3 Predicted oestrogen equivalents (EEQ) of the mesocosm tank water using the 

measured water chemistry results. 

Predicted EEQs were made to compare the measured concentration of steroids from the 

chemical analysis with the measured EEQ from the Yeast Estrogen Screen (YES) assay. 

To predict the oestrogen equivalent (EEQ) of the mesocosm tank water as measured in the 

yeast oestrogen screen (YES), 1ng/l E2 or EE2 were assumed to equal 1ng/l EEQ (Segner 

et al. 2003a, Van den Belt et al. 2004) and 1ng/l E1 was equal to 0.5ng/l EEQ (Van den 

Belt et al. 2004). Table 4.3 gives the mean measured concentrations of E1, E2 and EE2 

plus the resultant predicted EEQs.  

 

4.3.2.4 Oestrogen equivalents of the mesocosm tank water, as measured in Yeast 

Oestrogen Screen (YES) assay 

Table 4.4 shows the YES assay results (EEQ), these all were lower than the nominal 

concentrations for the two exposed tanks (HE2~100ng/l; LE2~10ng/l).  
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Table 4.3 Mean measured concentration of steroid estrogens and mean 

predicted YES EEQ from these measured concentrations for the three exposure 

tanks plus the river water pump inlet.  

 E1 E2 EE2 Predicted EEQ 

Low E2 Tank 4.16 ± 6.07 9.32 ± 11.11  0.76 ± 0.22 12.01 ± 14.06 

High E2 Tank 9.53 ± 11.93 60.81 ± 97.00  * 0.79 ± 0.46 66.20 ± 102.90 

River Water Tank 1.22 ± 0.46 3.34 ± 4.45 1.11 ± 0.94 4.84 ± 4.05 

River Pump inlet 1.13 ± 0.22 0.34 ± 0.07 1.70 ± 1.78 2.61 ± 1.97 

All concentrations measured in nano-grams per litre (ng/l), mean ± standard 

deviation. Water chemistry provided by Environment Agency’s National 

Laboratory Service, Nottingham. YES EEQ calculated by assuming 1ng/l E2 or 

EE2 were equal to 1ng/l EEQ (Segner et al. 2003a, Van den Belt et al. 2004) and 

that 1ng/l E1 was equal to 0.5ng/l EEQ (Van den Belt et al. 2004). Asterisk 

indicates significant difference from River water tank.  

 

Table 4.4 Measured EEQs for the three tanks (River water only, RW; Low 

concentration of 17β-estradiol, LE2; High concentration of 17β-estradiol, HE2) 

and the river water inlet (that fed all tanks) from the yeast oestrogen screen 

(YES).  

 Week 2 Week 6 Week 8 Week 10 Week 12 Week 16 Mean 

RW ns ns 0 1.67 0 1.75 0.86 ± 
0.99        

LE2 1.74 1.11 5.98 0.88 0 1.15 1.81 ± 
2.12      

HE2 6.78 0 14.72 3.66 1.71 6.14 5.5 ± 5.20                 

River inlet ns ns 2.01 0 0 0.95 0.74 ± 
0.96       

Water samples taken at weeks 8, 12 and 16 (highlighted in grey) were split 

between water chemistry analysis and yeast screen analysis, and are therefore 

directly comparable. No water sample was taken from the river inlet or RW tank 

on weeks 2 and 4. Mean ± standard deviation. All measured in ng/l. Not 

sampled; ns. 

 

Analysis of the YES assay results by One way ANOVA found no significant difference 

between the EEQs from each of the mesocsom tank samples and the river inlet sample (P= 

0.087).  

 

4.3.2.5 Comparison of the predicted E2 concentration and the measured EEQ 

The actual EEQ measured by YES (Table 4.4) in each tank was lower than predicted E2 

concentration from the dilution factor (Table 4.2). Indeed, statistical analysis found that the 

predicted E2 concentrations from the dilution factors were significantly higher than the 

measured EEQ in the YES assay (P<0.001, T-test). 
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4.3.2.6 Comparison of predicted EEQs from chemical analysis and actual 

measured EEQ from YES assay 

The mean EEQ predictions were higher than those actually measured in the YES assay. 

However, only water samples taken at weeks 8, 12 and 16 are directly comparable 

(chemistry and YES samples) as they were sampled at exactly the same time as each other. 

In general, the predicted EEQs (for weeks 8, 12 and 16) were higher than those actually 

measured in the YES assay, with the exceptions of week 8 from the river inlet sample 

(2.01ng/l EEQ) and week 16 from the HE2 tank (6.14ngl EEQ). Analysis by one way 

ANOVA found no significant differences (P<0.05) between the predicted EEQ (from the 

chemical analysis) and the actual EEQ measured in the YES assay. A significant positive 

correlation (Pearson’s correlation, 0.849, P<0.001) was also found between the predicted 

EEQ from the chemicals analysis and the actual EEQ measured in the YES, weeks 8, 12 

and 16, when all the treatments (i.e. RW, LE2, HE2 and inlet) were pooled (due to small 

sample size). 

 

4.3.2.7 Oestrogen equivalent measured by YES in the dosing reservoir water  

In an attempt to identify where or when the E2 had been lost from the test system, water 

samples were taken from the dosing reservoirs (prior to entering in mesocosm tank). The 

first sample was taken shortly after the dosing stock was mixed into the reservoir and a 

second sample was taken after 72hrs. These samples were then extracted and run in the 

YES assay.  

The mean EEQ values were reduced by around 30-50% 72 hours after dosing (two samples 

taken in July). For example, the mean initial (30 minutes after mixing stock with water) 

value from the HE2 mixing reservoir was 180.3 ± 77.8 µg/l EEQ, and after 72 hours it was 

49.0 ± 17.6 µg/l EEQ. The initial mean value in the LE2 mixing reservoir was 24.4 ± 7.8 

µg/l EEQ, and after 72 hours it was 12.9 ± 4.0 µg/l EEQ. The expected initial EEQs would 

have been 200µg/l (HE2) and 20µg/l (LE2) given that the stock concentration was diluted 

1000 time (1ml/l) in the dosing reservoir.  

 

 

4.3.3 Effects of 17β-oestradiol exposure on adult P. corneus 

4.3.3.1 Reproduction 

Rachel Benstead collected the adult reproductive output and survival data, ‘The adult P. 

corneus showed a complex response to 17β-oestradiol in terms of the numbers of eggs 

produced, with induction occurring at low concentrations (LE2) and inhibition at higher 

concentrations (HE2)’ (Benstead 2007) see Figure 4.3, below.  
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Figure 4.3  Mean number of eggs laid per adult P. corneus over the 16 week E2 

experiment  

Snails exposured to river water (RW), low concentration of 17β-oestradiol (LE2) 

or high concentration of 17β-oestradiol (HE2). Error bars show standard 

deviation. One star (*) indicates significant difference from RW tank (P<0.05), 

double star indicates significant difference from all other treatment 

 

The general trend seen with the RW tank snails was that initially egg laying was fairly 

constant, with a peak in egg laying around midsummer (week 6), after which egg laying 

steadily declined through mid to late summer. The LE2 exposed snails laid eggs at a fairly 

constant rate over the spring and summer, only declining in late summer (after week 14). 

The HE2 exposed snails consistently laid fewer eggs per snail compare to the RW and the 

LE2 exposed snails (Figure 4.3). Statistical analysis found significant differences in the 

number of eggs laid per snail from the different treatment groups for weeks 6 (P=0.044, 

ANOVA), 10 (P=0.029, ANOVA), 12 (P=0.024, ANOVA) and 14 (P=0.039, ANOVA). 

No significant differences were found at weeks 2 (P=0.514, ANOVA), 4 (P=0.275, 

ANOVA) or week 8 (P=0.061, K-W), at week 16 the effects were marginally significant at 

the 95% level (P=0.055, ANOVA). Analysis of the cumulative number of eggs laid per 

snail (Kruskal-Wallis) found no significant difference between the three treatment groups 

(P=0.066). Post hoc analysis found at week 6 the RW exposed snails had laid significantly 

more eggs per snail than HE2 exposed snails (P=0.016, LSD). At week 10 HE2 expose 

snails laid significantly less eggs per snails than both RW and LE2 exposed snails (P= 

0.033 and 0.013, respectively). Whereas at week 12 the RW and HE2 exposed snails laid 

significantly less eggs per snail than the LE2 snails (P= 0.026 and 0.011, respectively). 
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This trend continued at week 14; the LE2 snails laid significantly more eggs per snail 

than the RW or HE2 snails (P= 0.038 and 0.019, respectively) (see Figure 4.3).  

  

4.3.3.2 Survival 

 

Figure 4.4 The percentage of P. corneus adults surviving at each sampling 

period during the E2 experiment  

Snails exposed to River water only (RW), river water plus a low concentration of 

17β-oestradiol (LE2) or river water plus a high concentration of 17β-oestradiol 

(HE2) over 16 weeks. Error bars show standard deviation. Star (*) indicates 

significant difference from other treatments. 

 

Of the 27 (9 per cage) adult P. corneus placed each mesocosm tank at the start of the 

exposure, 21 (77.8%) survived until the end of the exposure from the RW treatment, 24 

(88.9%) survived from the LE2 treatment and 13 (48.1%) survived from the HE2 

treatment. The HE2 exposed snails survival dropped steeply between weeks 4 and 6 and 

then again after week 8 compare to that of snails from the RW or LE2 exposures (Figure 

4.4).  

Statistical analysis (K-W) found no significant differences in survival between the 

treatments at weeks 2, 4 and 6 (P=0.565, 0.565, 0.056, respectively) or at weeks 8 and 10 

(P=0.125 and 0.079, ANOVA). Analysis by one way ANOVA did find significant 

differences between the three treatment groups survival at weeks 12, 14 and 16 (P=0.011, 

0.014 and 0.024, respectively). 
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After week 16 of the exposure the dosing pumps administering the E2 to the tanks were 

switched off and the tanks were left to depurate in running river water over the weekend. 

After the weekend the adult snails were removed from the tanks for the final time. During 

this short depuration a further 6 adult snails from the HE2 exposure tank and 1 snail from 

the LE2 exposure tank had died; leaving a total of 21 snails from the RW tank, 23 from the 

LE2 tank and 7 from the HE2 tank. At this point the remaining snails were sampled; their 

size and weight were measured and the soft tissue was fixed for histology (see Section 

3.5.7), the data from these specimens are presented below.  

 

4.3.3.3 Size and Weight 

Morphometric data was collected to see whether E2 exposure had impacted the growth of 

the snails. Mean shell diameter, total weight and soft body weight were similar over all 

treatments (Table 4.5). No significant differences were found between the treatment groups 

in surviving adult shell diameter (P=0.816), total weight (P=0.811), or soft body weight 

(P=0.801). Spearman’s rank order was used to correlate shell diameter, total weight and 

soft body weight. Significant positive correlations were found between shell diameter and 

total weight (RW; 0.805 P= 0.017, LE2; 0.741 P= 0.008, HE2; 0.893 P= 0.007) and shell 

diameter and soft body weight (RW; 0.876 P= 0.007, LE2; 0.794 P<0.001, HE2; 0.893 P= 

0.007) for adults from all treatments. However, significant positive correlations between 

total weight and soft body weight were only found in RW (0.881 P= 0.002) and LE2 

(0.759 P= 0.003) exposed adults. HE2 exposed adults had a positive, but not significant, 

correlation (0.643 and P=0.119).  

 

Table 4.5 Shell diameter, total weight and soft body weight of surviving adult F0 

P. corneus from the E2 experiment 

 River Water 
exposed 

Low E2 exposed High E2 exposed 

Shell diameter mm 26.5 ±1.6 26.9 ± 2.4 26.2 ± 2.1 
Total weight g 2.9 ± 0.6 2.8 ± 0.8 2.7 ± 0.6 
Soft body weight g 1.3 ± 0.3 1.3 ± 0.5 1.2 ± 0.3 

Snails sampled after four months of exposure to river water (RW), low 

concentration of 17β-oestradiol (LE2) or high concentration of 17β-oestradiol 

(HE2). Mean ± standard deviation. 
  

4.3.4 Effects of 17β-oestradiol exposure on adult P. corneus gonad histopathology 

As stated in Section 4.3.3.2, a total of 51 adult snails (RW; 21, LE2; 23, HE2; 7) were 

sampled and fixed for histopathological analysis from this experiment. However, due to 

time constraints a maximum of 10 specimens were sectioned, stained and analysed from 

each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). Four sections of gonad were 

analysed per adult snail. As the main focus of this research was to be on the possible 
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effects of developmental exposure to E2, rather than on adult exposure, this low 

number of samples analysed was decided upon as a compromise between available time 

and quantity of data. However, it is my intention to complete the analysis for the remaining 

specimens when time/funding is available.  

 

Due to the complex nature of the P. corneus gonad, analysis was split between different 

areas or cell types within the gonad (Chapter 2, Section 3.2.1 for details).  

 

All adult P. corneus analysed (from all treatment groups) had sertoli cells attached to the 

acini walls. A dose-dependant decrease in normal vitellogenic area activity (maturing 

oocytes with follicle cells and/or sperm with sertoli cells) was found (Table 4.6). Analysis 

of the mean scores by One way ANOVA, however, found no significant difference 

between the three treatment groups (P = 0.060).  

 

All adult P. corneus analysed (from all treatments) had intact acini walls. Adult snails from 

the RW exposure had the highest amount of cell (developing oocytes, sperm and 

supporting cells) coverage along the acini walls. Adult snails from the LE2 treatment had 

the least (Table 4.7) cell cover. Analysis of the mean scores using One way ANOVA found 

a significant difference between the groups (P = 0.005); post hoc analysis of LSD found a 

significant difference between the RW and LE2 snails (P = 0.001) but not between the RW 

and HE2 (P = 0.111) or between the two E2 treatments (P = 0.115).  

 

Table 4.6 Percentage of adult P. corneus snails with varying level of active 

vitellogenic areas from the E2 experiment 

Percent of acini 
with active 
vitellogenic area 

Score Percentage of 
adult snails from 
the River Water 
exposure (RW) 

Percentage of 
adult snails from 
the Low E2 
exposure (LE2) 

Percentage of 
adult snails from 
the High E2 
exposure (HE2) 

<10% 1 0 0 14.5 
10-30% 2 0 20 0 
30-50% 3 10 30 14.5 
50-70% 4 50 30 71 
>70% 5 40 20 0 

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). 

Four sections of gonad were analysed per adult snail. 
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Table 4.7 Percentage of adult P. corneus snails with varying level of acini 

wall cell cover from the E2 experiment. 

Percent of acini 
wall covered by 
germ cells 
and/or 
supportive cells 

Score Percentage of 
adult snails from 
the River Water 
exposure (RW) 

Percentage of 
adult snails from 
the Low E2 
exposure (LE2) 

Percentage of 
adult snails from 
the High E2 
exposure (HE2) 

<10% 1 0 10 0 
10-30% 2 0 20 29 
30-50% 3 40 50 14 
50-70% 4 10 20 43 
>70% 5 50 0 14 

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). 

Four sections of gonad were analysed per adult snail. 

 

Sloughing of spermatogenic cells into the acini lumen 

Overall snails from the HE2 exposure had the highest percentage of affected snails for all 

four cell types (Sertoli cell, spermatogonium, spermatocyte and spermatids) sloughing in to 

the lumen (Table 4.8). 

 

Sertoli cells sloughing into lumen 

Adult snails from the RW treatment had the least number of sections of gonad with Sertoli 

cells sloughing into the acini lumen, whereas, snails from the HE2 treatment had the 

highest level (Table 4.8). Analysis of the mean number of sections affected by Kruskal-

Wallis Test found a significant difference between groups (P = 0.025). Post hoc analysis 

using Mann-Whitney Test found a significant difference between the RW and HE2 treated 

snails (P= 0.010), but not between the RW and LE2 (P= 0.133) or between the E2 

treatments (P= 0.105). 

 

Spermatogonium sloughing into lumen 

Spermatogonium cell sloughing into the lumen was most frequent in HE2 exposed snails 

and least frequent in RW exposed snails (Table 4.8). However, Kruskal-Wallis Test found 

no significant difference between the three treatments (P= 0.095).  

 

Spermatocyte sloughing into the lumen 

Snails from the HE2 treatment had the highest frequency of sections of gonad with 

spermatocytes sloughing into the acini lumen, snails from the LE2 and RW treatment had 

similar levels of spermatocyte sloughing (Table 4.8). One way ANOVA of the mean 
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number of sections affected found no significant difference between the three groups (P 

= 0.094).  

 

Spermatids sloughing into the lumen  

Spermatids were frequently found sloughed into the lumen in all treatments; however, 

snails from the HE2 exposure were more affected by spermatids sloughing into the lumen 

than those from the LE2 or RW (Table 4.8). Analysis of the mean number of sections 

affected by One way ANOVA found no significant difference between the three treatment 

groups (P= 0.226). 

 

Mature spermatogenic cells in the lumen 

A dose-dependant decrease in the number of sections with just mature spermatozoa in the 

acini lumen was found (Table 4.9). None of the sections analysed from any of the HE2 

exposed snails had only mature spermatogenic cells in the lumen. However, analysis of the 

mean number of sections with only spermatozoa in the lumen by Kruskal-Wallis Test 

found no significant difference between the three treatments (P= 0.197). 

 

Occurrence of acini with immature spermatogenic cells in lumen 

The percentage of acini (per section of gonad) affected by immature spermatogenic cells 

sloughing into the lumen increased in a dose dependent manner (Table 4.10). One way 

ANOVA of the mean scores found no significant difference between the three groups (P= 

0.124). 

 

Oogenesis stages present 

The percentage of different stages of oocytes present in the gonad was similar across all 

treatments. The HE2 exposed snails had a slightly higher percentage of younger stages of 

oocytes and slightly less mature stages compared to RW or low E2-exposed snails (Table 

4.11). One way ANOVA of the mean percentages found no significant difference between 

treatments for the stage 1, 2, 4 and the degenerating oocytes (P= 0.662, 0.806, 0.433 and 

0.593), and Kruskal-Wallis Test found no significant difference between the treatments of 

stage 3 and 5 oocytes (P= 0.768 and 0.347). 

 

 

 

 

 



 138 
Table 4.8 Percentage of adult P. corneus snails with varying level of 

immature spermatogenic cells sloughing into the acini lumen from the E2 

experiment 

Percentage of 
adults affected by 
Sertoli cell 
sloughed into 
lumen 

Percentage of 
adults affected by 
Spermatogonium 
sloughed into 
lumen 

Percentage of 
adults affected by 
Spermatocyte 
sloughed into 
lumen 

Percentage of 
adults affected by 
Spermatid 
sloughed into 
lumen 

N
u

m
b

e
r 

o
f 

s
e
c
ti

o
n

s
 

a
ff

e
c
te

d
 

RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 

N
o

n
e
 70 40 14 20 10 0 40 50 0 30 30 14.3 

1
 o

u
t 

o
f 

4
 20 30 29 10 10 0 10 20 29 20 30 0 

2
 o

u
t 

o
f 

4
 10 20 57 10 0 0 30 0 0 0 30 28.6 

3
 o

u
t 

o
f 

4
 0 10 0 10 20 0 10 0 14 30 0 28.6 

4
 o

u
t 

o
f 

4
 0 0 0 50 60 100 10 30 57 20 10 28.6 

 a a, b b 
(0.01) 

A a a a a a 
 

a a a 

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). 

Four sections of gonad were analysed per adult snail. Letters (a, b) denote 

statistical similarity between groups and the number in brackets = P value. 

 

Table 4.9 Percentage of adult P. corneus snails with varying numbers of 

sections of gonad with only mature spermatozoa in the acini lumen from the E2 

experiment. 

No. of sections 
with only mature 
spermatozoa in the 
acini lumen 

Percentage of adult 
snails from the River 
Water exposure 
(RW) 

Percentage of adult 
snails from the Low 
E2 exposure (LE2) 

Percentage of adult 
snails from the High 
E2 exposure (HE2) 

None 60 70 100 
1 out of 4 20 10 0 
2 out of 4 10 0 0 
3 out of 4 0 10 0 
4 out of 4 10 10 0 

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). 

Four sections of gonad were analysed per adult snail.  
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Parasitism 

No parasites were observed in any of the adult snails from the RW, LE2 or HE2 

mesocosms. 

 

Table 4.10 Percentage of adult P. corneus snails affected by varying percentage 

of acini with immature spermatogenic cells sloughing into the lumen from the 

E2 experiment 

Percentage of 
acini affected 
by immature 
spermatogenic 
cells sloughing 
into the lumen 

Score Percentage of 
adult snails from 
the River Water 
exposure (RW) 

Percentage of 
adult snails from 
the Low E2 
exposure (LE2) 

Percentage of 
adult snails from 
the High E2 
exposure (HE2) 

<10% 1 50 30 28.6 

10-30% 2 30 50 14.2 

30-50% 3 20 0 0 

50-70% 4 0 0 28.6 

>70% 5 0 
 

20 
 

28.6 
  

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2 n = 7). 

Four sections of gonad were analysed per adult snail. 

 

 

Table 4.11 The mean percentage of different stages of oogenesis in adult P. 

corneus from the E2 experiment 

Stage of oocyte 
maturation 

Mean percent of 
oogenesis stage 
after River Water 
exposure 

Mean percent of 
oogenesis stage 
after Low E2 
exposure 

Mean percent of 
oogenesis stage 
after High E2 
exposure 

Stage 1 33.5 ± 10.0 31.7 ± 5.7 35.7 ± 8.6 
Stage 2 21.7 ± 4.6 20.9 ± 3.2 20.6 ± 1.6 
Stage 3 20.8 ± 5.5 21.1 ± 2.3 23.0 ± 7.3 
Stage 4 11.0 ± 4.7 12.4 ± 5.5 9.0 ± 5.4 
Stage 5 0.8 ± 1.2 0.3 ± 0.4 0.9 ± 0.8 
Degenerating 12.1 ± 5.3 13.5 ± 6.5 10.8 ± 3.6 

P.corneus sacrificed after four months exposure to River water only (RW), river 

water plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2). Histological analysis was performed on a 

sub-sample of adults from each treatment (RW, n = 10; LE2, n = 10; HE2, n = 7). 

Four sections of gonad were analysed per adult snail. Stage 1 (oogonium) is the 

youngest stage of oogenesis, stage 5 is ready to be ovulated, oogenesis stages 

based on description by de Jong-Brink et al, (De Jong-Brink et al. 1976). 

 



 140 

4.3.5 Effects of 17β-oestradiol on developmentally exposed F1 P. corneus  

4.3.5.1 Survival and growth at end of exposure 

At the end of exposure, the total number of F1 P. corneus found in the mesocosm tanks 

increased dose-dependently; RW (164), LE2 (274), and HE2 (483). The percentage of 

snails above 10 mm shell diameter (normal minimum sexually active size) was highest in 

the RW tank (73%), whereas in the HE2 and LE2 tanks, 48 and 46% of the snails were 

above 10 mm shell diameter, respectively. Table 4.13 gives the number of F1s above and 

below 10mm shell diameter. 

 

Table 4.12 Total number and number per size class of P. corneus F1s from each 

mesocosm tank after dosing ended (September 2006).  

Shell Diameter River Water (RW) Low dose E2 (LE2) High dose E2 (HE2) 

<10 mm 45   (27%) 149 (54%) 250 (52%) 
>10 mm 119 (73%) 125 (46%) 233 (48%) 
Total 164 274 483 

Percentage of each size range given in brackets 

 

Size and weight at the end of exposure 

Approximately 40 F1s of above 10 mm shell diameter (presumed sexually mature) were 

removed from each treatment for further analysis in September 2006 (after the end of 

exposure). Of these, specimens the F1s from the high E2 dose tank were significantly 

smaller (shell diameter and aperture) and lighter (total weight and soft body weight) than 

those from the low E2 and River water treatments (P<0.001), see Figure 4.5. There was a 

significant (P<0.001) positive correlation between shell diameter and total weight, and 

shell diameter and soft body weight in all treatments. 
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Figure 4.5 Mean shell length and aperture (A) and mean total weight and soft 

body weight (B) of the F1 P. corneus sampled from the three treatment tanks in 

September 2006.  

Error bars indicate standard deviation around the mean. Star (*) indicates 

significant difference (P<0.05) from other treatments. 
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4.3.6 Histopathology of F1 P. corneus immediately after exposure  

As stated above, in September 2006 (after dosing finished) approximately 40 F1s from 

each treatment (river water; RW, low dose of 17β-oestradiol; LE2 and high dose 17β-

oestradiol; HE2) were taken from the tanks and fixed for histopathological analysis. 

However, due to time constraints only around half (~20 from each treatment) of these 

specimens were sectioned, stained and analysed; the data from these specimens is 

presented in the following sections. It is my intention to complete the analysis for the 

remaining specimens when time/funding is available. 

 

Due to the complex nature of the P. corneus gonad, analysis was split between different 

areas or cell types within the gonad. The majority of snails sampled from all treatments had 

all stages of oogenesis and spermatogenesis present. However, exposure to 17β-oestradiol 

did increase disruption to the gonad structure as described below. 

 

4.3.6.1 Effects of E2 exposure on the F1 hermaphrodite gonad 

One snail from the HE2 treatment had no sertoli cells attached to the acini walls in four out 

of five sections of gonad analysed. All other snails (from all three treatments) had sertoli 

cells attached to the acini walls in five out of five sections. A dose-dependant decrease in 

normal vitellogenic area activity (maturing oocytes with follicle cells and/or sperm with 

Sertoli cells) was found (Table 4.13 and Figure 4.6). When the mean scores were analysed 

(Mann-Whitney Test) significant differences were found between the RW and E2 exposed 

snails (LE2 P = 0.008 and HE2 P <0.001) and between E2 exposed snails (P = 0.002). 

 

Table 4.13 Percentage of F1 P. corneus snails with each of the different levels 

of acini vitellogenic area activity from the E2 experiment 

Percent of acini 
with active 
vitellogenic area 

Score Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the 
Low E2 exposure 
(LE2) 

Percentage of F1 
snails from the 
High E2 exposure 
(HE2) 

<10% 1 0 0 16 

10-30% 2 0 0 11 

30-50% 3 0 20 47 

50-70% 4 21 35 21 

>70% 5 79 45 5 

  a b C 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Letters (a, b, c) 

denote statistical similarity between groups. 
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The HE2 exposed snails had more frequent disruption to the acini wall than LE2 or RW 

exposed snails. The LE2 exposed snails had the least disruption (Table 4.14). Kruskal-

Wallis test of the number of sections affected found a significant difference between 

treatments (P= 0.009). Post hoc analysis using Mann-Whitney Test found a significant 

difference between the LE2 and HE2 treatments (P= 0.003) but not between HE2 and RW 

(P= 0.088) or between LE2 and RW treatments (P= 0.166).  

 

Table 4.14 Percentage of F1 P. corneus snails with varying level of acini wall 

disruption from the E2 experiment 

Number of sections 
affected by acini wall 
disruption 

Percentage of F1 
snails from the River 
Water exposure (RW) 

Percentage of F1 
snails from the Low 
E2 exposure (LE2) 

Percentage of F1 
snails from the High 
E2 exposure (HE2) 

None 73 90 47 

1 out of 5 11 5 19 

2 out of 5 0 5 0 

3 out of 5 3 0 10 

4 out of 5 11 0 14 

5 out of 5 0 0 10 

 a, b  a B 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Letters (a, b) 

denote statistical similarity between groups. 

 

 

Snails from the HE2 treatment had the least amount of cell (developing oocytes, sperm and 

supporting cells) cover of the acini walls, and those from the RW had less than those from 

the LE2 treatment (Table 4.15). When the scores were analysed using One way ANOVA a 

significant difference between groups was found (P<0.001) and a post hoc test of LSD 

found that the LE2 snails had a significantly higher score than the HE2 or RW snails (P 

<0.001 and <0.001) but no significant difference was found between the HE2 and RW 

exposed snails (P = 0.227). 
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Figure 4.6 Vitellogenic area activity in P. corneus from the E2 experiment  

Snails exposed to River water only (RW), river water plus a low concentration of 

17β-oestradiol (LE2) or river water plus a high concentration of 17β-oestradiol 

(HE2) as adults during reproductive period (A) or developmentally (B and C). 

Adult snails (A) sampled directly after exposure (end August 2006), F1s (B) 

sampled directly after developmental exposure (September 2006) or after one 

year of depuration in river water (early August 2007). Percentage of snails with 

varying level of vitellogenic area activity (Sperm/oocyte maturation and 

supportive cells); Score 1 (yellow) lowest level of activity <10% of acini contain 

active vitellogenic area, Score 5 (dark blue) highest level of activity >70% of 

acini contain active vitellogenic area. n= number of snails analysed.  
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Table 4.15 Percentage of F1 P. corneus snails with varying level of acini wall 

cell cover from the E2 experiment 

Percent of acini 
wall covered by 
germ cells 
and/or 
supportive cells 

Score Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the 
Low E2 
exposure (LE2) 

Percentage of F1 
snails from the 
High E2 
exposure (HE2) 

<10% 1 0 0 20 

10-30% 2 47 5 35 

30-50% 3 41 21 35 

50-70% 4 12 53 10 

>70% 5 0 21 0 

  a B a 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment RW n = 18, LE2 n = 20 

and HE2 n = 21, five sections of gonad were analysed per snail. Letters (a, b) 

denote statistical similarity between groups. 

 

Immature spermatogenic and supportive cells sloughing into the lumen 

Sertoli cells sloughing into the lumen 

The number of sections analysed with Sertoli cells sloughed into the lumen increased in the 

snails from the E2 treatments compare to those from RW (Table 4.16). No significant 

difference (P= 0.258) between treatments was found using Kruskal-Wallis Test. 

 

Spermatogonium sloughing into the lumen 

Spermatogonium sloughing was very common in snails from all three mesocosm tanks, 

and a dose-dependant increase in the mean percentage of snails with the highest level (five 

out of five sections affected) was observed (Table 4.16). One way ANOVA, however 

found no significant difference between treatments (P= 0.307). 

 

Spermatocytes sloughing into the lumen 

Spermatocyte sloughing into the lumen was less frequent than that of the spermatogonia, 

and the number of sections affected by spermatocyte sloughing was similar between the 

HE2 and the RW. In comparison, the LE2 treated snails had a higher frequency of affected 

sections (Table 4.16). One way ANOVA found no significant difference between 

treatments (P= 0.119). 

 

Spermatids sloughing into the lumen  

There was a dose-dependant increase in spermatids sloughing into the lumen (Table 4.16). 

A significant difference was found between treatments when analysed using One way 
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ANOVA (P= 0.009). Post hoc analysis using LSD found the RW exposed snails to 

have significantly less spermatids sloughing than the HE2 exposed snails (P= 0.002), no 

significant difference was found between the RW and the LE2 (P= 0.082) snails or 

between the two E2 dosed snails (P= 0.153). 

 

Table 4.16 Percentage of F1 P. corneus snails with varying levels of immature 

spermatogenic cells sloughed into the acini lumen from the E2 experiment 

Percentage of F1s 
with Sertoli cells 
sloughing into 
lumen 

Percentage of F1s 
with 
Spermatogonium 
sloughing into 
lumen 

Percentage of F1s 
with Spermatocyte 
sloughing into 
lumen 

Percentage of F1s 
with Spermatid 
sloughing into 
lumen 

N
u

m
b

e
r 

o
f 

s
e
c
ti

o
n

s
 

a
ff

e
c
te

d
 

RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 

N
o

n
e
 78.9 55 66.7 5.3 10 4.8 63.2 40 71.4 42.1 20 14.3 

1
 o

u
t 

o
f 

5
 15.8 25 9.5 5.3 0 0 21.1 25 14.35 21.1 25 

 
14.3 

2
 o

u
t 

o
f 

5
 5.3 10 0 10.5 0 0 10.5 25 9.5 21.1 15 14.3 

3
 o

u
t 

o
f 

5
 0 5 14.3 10.5 15 0 5.3 0 4.8 10.5 10 23.8 

4
 o

u
t 

o
f 

5
 0 5 4.8 15.8 15 23.8 0 5 0 5.3 30 4.8 

5
 o

u
t 

o
f 

5
 0 0 4.8 52.6 60 71.4 0 5 0 0 0 28.6 

 

a A a a a a a a a a a, b b 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Letters (a, b) 

denote statistical similarity between groups. 

 

Mature spermatogenic cells in the lumen 

Spermatozoa only 

Less than 50% of the snails from all of the treatments had only mature spermatogenic cells 

in the lumen. Snails from the HE2 dose had the highest percentage of sections affected by 

early spermatogenic stages sloughing into the acini lumen per snail (Table 4.17). Kruskal-

Wallis test found a significant difference between treatments (P= 0.016). Post hoc analysis 

using the Mann-Whitney test found HE2 to have significantly less sections of gonad with 
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only mature spermatozoa in the lumen compared to LE2 (P= 0.017) or RW (P= 0.005) 

exposed snails. However, there was no significant difference between the RW and LE2 

(P=0.608) exposed snails. 

 

Table 4.17 Percentage of F1 P.corneus snails with varying number of sections 

of gonad with only mature spermatozoa in the acini lumen from the E2 

experiment.  

No. of sections with 
just mature 
spermatozoa in the 
lumen 

Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the Low 
E2 exposure (LE2) 

Percentage of F1 
snails from the High 
E2 exposure (HE2) 

None 52.6 60 90.5 

1 out of 5 15.8 15 9.5 

2 out of 5 10.5 15 0 

3 out of 5 10.5 0 0 

4 out of 5 5.3 0 0 

5 out of 5 5.3 10 0 

 a a b 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2)Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Letters (a, b) 

denote statistical similarity between groups. 

 

Occurrence of acini with immature spermatogenic cells in lumen  

The number of acini affected by immature spermatogenic cells sloughing into the lumen 

increased dose dependently (Table 4.18). When these scores were analysed using Kruskal-

Wallis test a significant difference between groups was found (P= 0.003). Post hoc analysis 

using the Mann-Whitney Test found no significant difference between the two E2 exposed 

groups (P = 0.232). The RW exposed snails had significantly less than those from the LE2 

treatment (P = 0.011) and HE2 treatment (P = 0.002). 

 

Oogenesis stages present 

A dose dependant increase in the ratio of young to old oocytes was found in P. corneus 

developmentally dosed to E2. E2 exposed snails had a higher percentage of young oocytes 

compared to those from the RW exposure (Table 4.19). Kruskal-Wallis Test found 

significant differences between treatments in stage 1 (P <0.001) oocytes. Post hoc analysis 

using the Mann-Whitney Test found snails from the RW treatment had significantly less 

stage 1 oocytes compared to E2-exposed snails (LE2 P = 0.003, HE2 P <0.001), but no 

significant difference was found between the different E2 exposures (P = 0.109). One way 

ANOVA found significant differences between groups in stage 2 (P =0.001), 4 (P = 0.032) 

and degenerating oocytes (P = 0.011). Post hoc analysis using LSD found a similar trend as 
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in stage 2 oocytes where RW had significantly less than LE2 (P = 0.001) and HE2 (P = 

0.002), but E2 treatments were not significantly different from one another (P = 0.760). 

Post hoc analysis (LSD) of stage 4 oocytes found RW snails had significantly more stage 4 

oocytes than HE2 exposed snails (P = 0.010) but no significant difference between LE2 

and RW (P = 0.088), or LE2 and HE2 (P = 0.357). Post hoc analysis of the degenerating 

oocytes found RW to have significantly more than LE2 (P = 0.027) or HE2 (P = 0.004) but 

not between the two E2 treatments (P= 0.455).  

 

Table 4.18 Proportion of F1 P. corneus snails found with varying percentage of 

acini with immature spermatogenic cells sloughing into the lumen from the E2 

experiment 

Percentage of 
acini affected by 
immature 
spermatogenic 
cells sloughing 
into the lumen 

Score Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the 
Low E2 exposure 
(LE2) 

Percentage of F1 
snails from the 
High E2 exposure 
(HE2) 

<10% 1 100 60 42.9 

10-30% 2 0 35 38.0 

30-50% 3 0 5 9.5 

50-70% 4 0 0 4.8 

>70% 5 0 0 4.8 

  a b b 

P.corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Letters (a, b) 

denote statistical similarity between groups. 

 

Parasitism 

No parasites were observed in any of the sampled F1 P. corneus snails from the RW, LE2 

or HE2 mesocosms. 
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Table 4.19 Mean percentage of different stages of oogenesis in F1 P. 

corneus from the E2 experiment.  

Stage of oocyte 
maturation 

Mean percent of 
oogenesis stage 
after River Water 

exposure 

Mean percent of 
oogenesis stage 

after Low E2 
exposure 

Mean percent of 
oogenesis stage 

after High E2 
exposure 

Stage 1 8.3 ± 3.8      a 13.2 ± 4.1      b 18.3 ± 10.5     b 
Stage 2 13.7 ± 5.1    a 20.4 ± 7.5      b 19.9 ± 5.0       b 
Stage 3 22.3 ± 4.3    a 26.4 ± 7.6      a 23.4 ± 5.9       a 
Stage 4 27.7 ± 7.5    a 23.4 ± 7.1     ab 21.2 ± 8.3       b 
Stage 5 16.8 ± 9.5    a 10.2 ± 8.0      a 12.5 ± 9.6       a 
Degenerating 11.2 ± 7.6    a 6.3 ± 5.3        b 4.7 ± 7.3         b 

P. corneus sacrificed after developmental exposure to, River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on a sub-sample of F1s from each treatment (RW, n = 18; LE2, n = 20; 

HE2, n = 21). Five sections of gonad were analysed per snail. Stage 1 

(oogonium) are the youngest stage of oogenesis, stage 5 is ready to be 

ovulated, oogenesis stages based on description by de Jong-Brink et al, (De 

Jong-Brink et al. 1976). Letters (a, b) denote statistical similarity between 

groups. 

 

4.3.7  Effects of early developmental exposure to 17β-oestradiol and then 

depuration on F1 P. corneus   

4.3.7.1 Survival and growth during depuration in river water 

The percentage survival over-winter was higher in the two E2-exposed groups compared to 

RW. 19% of hatchlings survived in the RW, 28% from the LE2 and 25% from the HE2 

(Table 4.20). 

 

Table 4.20 F1 P. corneus were left to depurate in river water over winter 

following developmental exposure.  

F1 P.corneus River Water (RW) Low E2 (LE2) High E2 (HE2) 

Left to over-winter 
September 2006 

322 240 442 

Surviving March 
2007 

60 68 109 

Percent survival 19% 28% 25% 

Snails exposed to River water only (RW), river water plus a low concentration of 

17β-oestradiol (LE2) or river water plus a high concentration of 17β-oestradiol 

(HE2). Number left in each treatment tank, number surviving until March 2007 

and percentage over winter survival. 

 

However, between March and April 2007 a large percentage (49%) of the remaining HE2 

developmentally exposed snails died (compared to 29% of the LE2 and 20% of the RW 

developmentally exposed F1 snails).  
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Developmentally exposed F1 P. corneus snails were measured in April 2007 (after 

eight months of depuration); the HE2 developmentally exposed F1 snails were on average 

smaller than the LE2 or the RW F1s. In contrast, the LE2 F1s were large and had the 

highest percentage of snails in the largest size class (>20 mm shell diameter) (Table 4.21). 

 

Table 4.21 Total number and percentage (in brackets) of different shell size 

classes of all surviving F1 P. corneus after developmental exposure  

Percentage Shell 
Size class 

River Water 
developmentally 
exposed (n=48) 

Low E2 
developmentally 
exposed (n=28) 

High E2 
developmentally 
exposed n=(56) 

<10 mm shell 
diameter 

5 (10%) 3 (6%) 12 (21%) 

10-15 mm shell 
diameter 

15 (31%) 10 (21%) 28 (50%) 

15-20 mm shell 
diameter 

25 (52%) 27 (56%) 15 (27%) 

> 20 mm shell 
diameter 

3 (6%) 8 (17%) 1 (2%) 

Snails exposed to River water only (RW), river water plus a low concentration of 

17β-oestradiol (LE2) or river water plus a high concentration of 17β-oestradiol 

(HE2) followed by eight months depuration in river water over autumn/winter 

2006. F1 snails were measured April 2007. Total number of snails = n. 

 

4.3.7.2 Reproductive output 

After winter depuration, a total of 18 F1 developmentally exposed snails (>10mm in shell 

diameter) from each treatment were placed into three reproductive groups (six snails per 

group) housed in mesh cages in the same manner as the adults in the dosed study. These 

cages were all housed in one mesocosm tank that was fed with river water (see Section 

3.5.9 for details).    

 

Egg laying was delayed by up to six weeks in both the LE2 and the HE2 exposed snails 

compared to those from the RW exposure, despite the larger size of the LE2 exposed 

snails. The RW developmentally exposed F1s started laying egg masses by week 2 (first 

sampling point) whereas only one egg mass containing 10 eggs was laid by week 5 by the 

HE2 developmentally exposed F1s. Moreover, snails from this group (HE2) laid no further 

eggs until week 8, when the LE2 developmentally exposed snails also started to lay eggs 

(Figure 4.7 ). The mean numbers of eggs laid per snail were compared at each sampling 

point. Statistical analysis found significant differences between the three groups at weeks 2 

(P= 0.021, K-W) and 5 (P= 0.035, K-W), but not at weeks 6 (P= 1.000, K-W), 8 (P= 0.067, 

ANOVA), 10 (P= 0.162, ANOVA), 12 (P= 0.619, K-W) or 14 (P= 0.281, K-W). The RW 

developmentally exposed snails laid significantly more eggs per snail at weeks 2 and 5 

compare to the LE2 exposed snails (wk 2 P= 0.034 and wk 5 P= 0.037) and the HE2 
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exposed snails (wk 2 P= 0.034 and wk 5 P= 0.046). The mean cumulative number of 

eggs laid per snail was also reduced in both LE2 and HE2 developmentally exposed F1 

compared to RW; cumulatively over the 14 weeks of the F1 breeding study RW 

developmentally exposed snails laid 112 eggs per snail compared to 6 by the LE2 and 45 

by the HE2 developmentally exposed F1s. However, One way ANOVA found no 

significant difference in the cumulative number of eggs laid per snail (P= 0.197). 

 

 

Figure 4.7 Mean number of eggs per individual P. corneus from F1 E2 

experiment 

Snails developmentally exposed to River water only (RW), river water plus a low 

concentration of 17β-oestradiol (LE2) or river water plus a high concentration of 

17β-oestradiol (HE2) and then depurated in river water over autumn/winter 

2006. Mean number of eggs laid per snail over each time period during 

spring/summer 2007 and cumulatively over the entire 14 week study. Error bars 

give standard deviation, star (*) indicates significant difference from other 

treatments P<0.05. 

 

The number of egg masses laid per individual snail followed a similar trend to the number 

of eggs laid per snail, in that the RW developmentally exposed snails laid the most egg 

masses and the LE2 developmentally exposed snails laid the least. Statistical analysis 

found significant differences between the three treatments for the mean number of egg 

masses laid per snail at weeks 2 (P=0.001, ANOVA) and 8 (P=0.030, ANOVA) but not at 

weeks 5, 8, 10, 12 or 14 (no egg masses were laid at week 6). At weeks 2 and 8 the RW 
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developmentally exposed snails laid significantly more egg masses per snail compared 

to the LE2 developmentally exposed (P=0.001, 0.015) and the HE2 developmentally 

exposed (P=0.001, 0.029) snails (Figure 4.8).  

 

 

Figure 4.8 The mean number of egg masses laid per individual P. corneus from 

F1 E2 experiment. 

Snails developmentally exposed to River water only (RW), river water plus a low 

concentration of 17β-oestradiol (LE2) or river water plus a high concentration of 

17β-oestradiol (HE2) and then depurated in river water over autumn/winter 

2006. Mean number of egg masses laid per snail over each time period during 

spring/summer 2007 and cumulatively over the entire 14 week study. Error bars 

give standard deviation. Star (*) indicates significant difference from other 

treatments P<0.05. 

 

The mean number of eggs per egg mass for the RW developmentally exposed snails 

peaked at week 14 (24.8 ± 10.4 eggs per mass), the LE2 exposed snails laid their largest 

egg masses at week 8 (15.3 ± 3.8 eggs per mass) and the HE2 exposed snails their largest 

masses at week 12 (22.9 ± 8.7 eggs per mass). On average, the LE2 developmentally 

exposed snails laid the smallest egg masses and the HE2 developmentally exposed snails 

laid the largest egg masses (Table 4.22). 
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Table 4.22 Mean number of eggs per egg mass laid by P. corneus F1s 

developmentally exposed and then depurated in river water over autumn/winter 

2006. 

 Week 2 Week 5 Week 6 Week 8 Week 10 Week 12 Week 14 

RW 17.1 ± 6.5 12 ± 3.3 - 15.4 ± 4.8 15.6 ± 6.2 16.5 ± 5.6 24.8 ± 
10.4 

LE2 - - - 15.3 ± 3.8 6.5 ± 6.3 11.0 ± 0 - 

HE2 - 10 ± 0 - 20.1 ± 5.1 21.0 ± 8.2 22.9 ± 8.7 11.7 ± 4.0 

Snails developmentally exposed to River water only (RW), river water plus a low 

concentration of 17β-oestradiol (LE2) or river water plus a high concentration of 

17β-oestradiol (HE2). Mean number of eggs per mass laid over each time period 

during spring/summer 2007. Dash (-) indicates no egg-masses laid. 

 

4.3.7.3 Survival and growth 

Survival over the 14 week breeding study was lowest in the HE2 developmentally exposed 

snails (33%), and highest in the LE2 snails (94%) compared to 44% of RW F1s. 

Significant differences between LE2 and RW/HE2 were found from week 2 onwards 

(Figure 4.9). Over the whole breeding study (14 weeks), only one snail from the LE2 group 

died compared to 10 from the RW group and 12 from the HE2 group. 
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Figure 4.9 Survival of depurated snails over 14 weeks of reproductive study 

conducted Spring/Summer 2007. 

P.corneus F1s developmentally exposed to River water only (RW), river water 

plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2) and then depurated in river water over 

autumn/winter 2006. 

 

No significant differences were found in the F1 snail shell diameter or weight between 

treatment groups at the start (diameter P=0.566 and total weight P=0.265) or finish 
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(diameter P=0.475, total weight P=0.216 and soft body weight P=0.302) of the F1 

breeding study (Table 4.23). There were also no significant differences between the mean 

shell diameter (P= 0.903) or weight (P=0.644) of snails from each reproductive group 

(three groups per treatment). The mean shell diameter and total weight did increased in all 

treatments over the 14 week breeding study; shell diameter increased by 10.8% in the RW 

F1s, 10.9% in the LE2 F1s and 11.7% in the HE2 F1s, and total weight increased by 25.9% 

in RW F1s, 25.3% in LE2 F1s and 32.7% in HE2 F1s. Table 4.23, below, gives the mean 

shell diameter and total weight at the start and end of the F1 breeding study. 

Table 4.23 Shell diameter and total weight of P. corneus at the start and end of 

the un-dosed F1 breeding study 

 River Water (RW) Low E2 (LE2) High E2 (HE2) 

Start of study 
shell diameter (mm) 

 

14.6 ± 1.9 

 

15.1 ± 1.5 

 

14.9 ± 1.3 
End of study 
shell diameter (mm) 

 

16.3 ± 1.6 

 

17.0 ± 1.1 

 

16.8 ± 0.6 
Start of study 
total weight (g) 

 

0.7 ± 0.3 

 

0.8 ± 0.2 

 

0.7 ± 0.2 
End of study 
total weight (g) 

 

0.9 ± 0.2 

 

1.1 ± 0.2 

 

1.0 ± 0.1 

F1 P. corneus developmentally exposed to River water only (RW), river water 

plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2) and then depurated in river water for 

eight months. 

 

To assess growth Spearman’s rank order was used to correlate shell diameter and total 

weight at the start of the F1 breeding study, and shell diameter and total weight and soft 

body weight at the end. At the start of the breeding study, significant positive correlations 

were found between shell diameter and total weight (RW; 0.595 P<0.001, LE2; 0.936 

P<0.001, HE2; 0.898 P<0.001). At the end of the F1 breeding study significant positive 

correlations were also found for shell diameter and total weight (RW; 0.952 P<0.001, LE2; 

0.781 P<0.001, HE2; 0.829 P= 0.042). However, significant positive correlations for shell 

diameter and soft body weight and total weight and soft body weight were only found in 

the RW and LE2 developmentally exposed snails (RW diameter/soft body weight; 0.810 

P=0.015, RW total weight/soft body weight; 0.905 P=0.002 and LE2 diameter/soft body 

weight; 0.806 P<0.001, LE2 total weight/soft body weight; 0.634 P= 0.006). The HE2 

developmentally exposed and depurated F1s did not have significant correlations for shell 

diameter/soft body weight (0.429 P=0.397) or for soft body weight/total weight (0.086 

P=0.872).   
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4.3.8 Effect of developmental exposure to 17ββββestradiol and then depuration in 

river water on histopathology of the gonad 

All of the snails sampled at the end of the F1 breeding study were subject to 

histopathological analysis (RW, n = 8; LE2, n = 17; HE2, n = 6). Five sections of gonad 

were analysed per snail. 

 

All snails sampled (from all three treatments) had Sertoli cells attached to the acini walls in 

all of the sections of gonad analysed. A dose-dependant decrease in normal vitellogenic 

area activity (maturing oocytes with follicle cells and/or sperm with sertoli cells) was 

found in snails developmentally exposed to E2 and then depurated in river water for 

approximately one year (Table 4.24 and Figure 4.6). However, analysis of the average 

scores by One way ANOVA found no significant differences between the three treatment 

groups (P= 0.106).  

 

Table 4.24 Percentage of F1 P. corneus snails with each of the different levels 

of vitellogenic area activity from the depurated E2 expriment 

Percent of acini 
with active 
vitellogenic area 

Score Percentage of 
depurated F1 
snails from the 
River Water 
exposure (RW) 

Percentage of 
depurated F1 
snails from the 
Low E2 exposure 
(LE2) 

Percentage of 
depurated F1 
snails from the 
High E2 exposure 
(HE2) 

<10% 1 0 0 0 
10-30% 2 0 6 17 
30-50% 3 13 29 33 
50-70% 4 49 53 50 
>70% 5 38 12 0 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2) and then depuration for 

approximately one year in river water. Histological analysis was performed on 

all surviving snails from the F1 breeding study (RW n = 8, LE2 n = 17, HE2 n = 6). 

Five sections of gonad were analysed per snail. 

 

The majority of F1 snails (from all treatments) had intact acini walls in all sections of 

gonad analysed. One snail from the RW exposure had three out of five sections with intact 

acini walls and one snail from the LE2 exposure had two out of five sections with intact 

acini walls; the rest of the snails from the RW and the LE2 exposures had five out of five 

sections with intact acini walls. The remaining snails from the HE2 treatment had five out 

of five sections with intact acini walls. Analysis by One way ANOVA found no significant 

difference between the three treatments (P= 0.772). The HE2 F1 snails developmentally 

exposed and then depurated had the least amount of cell (developing oocytes, sperm and 

supporting cells) coverage around of the acini walls, whilst the LE2 F1 snails had the most 
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(Table 4.25). Analysis by One way ANOVA of the mean scores found no significant 

difference between the three treatments (P= 0.258). 

 

Table 4.25 Percentage of depurated F1 P. corneus snails with varying level of 

acini wall cell cover from the depurated E2 experiment  

Percent of acini 
wall covered by 
germ cells 
and/or 
supportive cells 

Score Percentage of 
depurated F1 
snails from the 
River Water 
exposure (RW) 

Percentage of 
depurated F1 
snails from the 
Low E2 
exposure (LE2) 

Percentage of 
depurated F1 
snails from the 
High E2 
exposure (HE2) 

<10% 1 0 0 0 
10-30% 2 0 0 0 
30-50% 3 13 6 33 
50-70% 4 25 24 17 
>70% 5 62 70 50 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on all surviving snails from the F1 breeding study (RW, n = 8; LE2, n = 

17; HE2, n = 6). Five sections of gonad were analysed per snail. 

 

Immature spermatogenic and supportive cells sloughed into lumen 

Sertoli cells sloughing into lumen 

The number of sections analysed with Sertoli cells sloughed into the lumen was highest in 

the snails from the RW developmental exposure and lowest in the HE2 developmental 

exposure (Table 4.26). However, analysis of the mean number of sections affected by 

sloughed Sertoli cells in the lumen by One way ANOVA found no significant difference 

between the groups (P= 0.313)  

Spermatogonium sloughing into lumen 

Spermatogonial sloughing into the acini lumen was most frequent in snails 

developmentally exposed to LE2 and least frequent in snails developmentally exposed to 

HE2 (Table 4.26). However, analysis of the mean number of sections affected by sloughed 

spermatogonium cells in the lumen by Kruskal-Wallis test found no significant difference 

between the groups (P= 0.817). 

Spermatocyte sloughing into the lumen 

The number of sections affected by spermatocytes sloughing into the acini lumen was 

highest in HE2 developmentally exposed snails and lowest in RW snails (Table 4.26). 

However, analysis of the mean number of sections affected by sloughed spermatocyte cells 

in the lumen by One way ANOVA found no significant difference between the groups (P= 

0.861). 
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Spermatids sloughing into the lumen 

The number of sections analysed with spermatids sloughed into the lumen was highest in 

the snails from the RW developmental exposure and lowest in the HE2 developmental 

exposure (Table 4.26). However, analysis of the mean number of sections affected by 

sloughed spermatids in the lumen by One way ANOVA found no significant difference 

between the groups (P= 0.910). 

  

Table 4.26 Percentage of depurated F1 P. corneus snails with varying level of 

immature spermatogenic cells sloughed into the acini lumen from the 

depurated E2 experiment 

Percentage of 
depurated F1s 
affected by Sertoli 
cell sloughed into 
lumen 

Percentage of 
depurated F1s 
affected by 
Spermatogonium 
sloughed into 
lumen 

Percentage of 
depurated F1s 
affected by 
Spermatocyte 
sloughed into 
lumen 

Percentage of 
depurated F1s 
affected by 
Spermatid 
sloughed into 
lumen 

N
u

m
b

e
r 

o
f 

s
e
c
ti

o
n

s
 a

ff
e
c
te

d
 

RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 RW LE2 HE2 

None 37.5 47 66.6 25 0 50 37.5 35.3 33.3 25 17.6 16.7 

1
 

o
u

t 
o

f 
5
 12.5 29 16.6 0 11.8 0 12.5 29.4 0 0 0 16.7 

2
 

o
u

t 
o

f 
5
 12.5 12 0 12.5 11.8 0 0 5.9 33.3 12.5 17.6 0 

3
 

o
u

t 
o

f 
5
 0 0 16.6 0 5.9 50 12.5 0 0 12.5 17.6 33.3 

4
 

o
u

t 
o

f 
5
 25 0 0 25 47.1 0 37.5 17.6 16.7 12.5 17.6 16.7 

5
 

o
u

t 
o

f 
5
 12.5 12 0 37.5 23.5 0 0 11.8 16.7 37.5 29.4 16.7 

Stats a A a a a a a a a a a a 

P.corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on all surviving snails from the F1 breeding study (RW, n = 8; LE2, n = 

17; HE2, n = 6). Five sections of gonad were analysed per snail. Letter (a) 

indicates statistical similarity.    

 

Mature spermatogenic cells in the lumen 

Spermatozoa only 

The percentage of snails with only mature spermatozoa free in the acini lumen was highest 

in the snails from the RW developmental exposure and decreased in a dose-dependant 
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manner (Table 4.27). However, analysis of the mean number of sections affected by 

One way ANOVA found no significant difference between the three groups (P= 0.983). 

 

Table 4.27 Percentage of depurated F1 P. corneus snails with varying numbers 

of sections of gonad with only mature spermatozoa in the acini lumen from the 

depurated E2 experiment 

No. of sections with 
just mature 
spermatozoa in the 
lumen 

Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the Low 
E2 exposure (LE2) 

Percentage of F1 
snails from the High 
E2 exposure (HE2) 

None 50 41.2 50 
1 out of 5 25 35.3 16.6 
2 out of 5 0 11.7 33.3 
3 out of 5 0 11.7 0 
4 out of 5 0 0 0 
5 out of 5 25 0 0 
 a a a 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on all surviving snails from the F1 breeding study (RW, n = 8; LE2, n = 

17; HE2, n = 6). Five sections of gonad were analysed per snail. Letter (a) 

indicated statistical similarity.  

 

Table 4.28 Percentage of depurated F1 P. corneus snails affected by varying 

percentage of acini with immature spermatogenic cells sloughing into the 

lumen from the depurated E2 experiment 

Percentage of 
acini affected by 
immature 
spermatogenic 
cells sloughing 
into the lumen 

Score Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of F1 
snails from the 
Low E2 
exposure (LE2) 

Percentage of F1 
snails from the 
High E2 
exposure (HE2) 

<10% 1 50 58.8 33.3 
10-30% 2 12.5 23.5 66.7 
30-50% 3 37.5 11.7 0 
50-70% 4 0 5.8 0 
>70% 5 0 0 0 
  a a a 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on all surviving snails from the F1 breeding study (RW, n = 8; LE2, n = 

17; HE2, n = 6). Five sections of gonad were analysed per snail. Letter (a) 

indicates statistical similarity.  

 

Occurrence of acini with immature spermatogenic cells in lumen  

Depurated snails from the LE2 exposure had the highest percentage of snails with both the 

least (<10% of acini) and most (>70% of acini) level of immature spermatogenic cells 
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sloughed into the lumen (Table 4.28). No apparent trend could be observed and 

analysis by One way ANOVA found no significant difference between the three groups 

(P= 0.755). 

 

Oogenesis stages present 

The percentages of oocytes at each stage of oogenesis were overall quite similar; 4% on 

average of oocytes were at Stage 5 (mature) from all three groups (Table 4.29). Larger 

differences were observed in Stage 2 and degenerating oocytes between the RW and the 

HE2 exposed snails. One way ANOVA found no significant differences between the 

groups for any oocyte stage. P values were large for Stage 1 (P= 0.367), Stage 3 (P= 

0.940), Stage 4 (P= 0.438), Stage 5 (P= 0.918), and degenerating oocytes (P= 0.198). 

Whereas P values were lower for Stage 2 (P= 0.060) oocytes.  

 

Table 4.29 Mean percentage of different stages of oogenesis in depurated F1 P. 

corneus from the E2 experiment 

Stage of oocyte 
maturation 

Mean percent of 
oogenesis stage 
after River Water 
exposure 

Mean percent of 
oogenesis stage 
after Low E2 
exposure 

Mean percent of 
oogenesis stage 
after High E2 
exposure 

Stage 1 19.9 ± 5.5 25.0 ± 8.2 22.4 ± 11.3 
Stage 2 21.8 ± 4.7  18.4 ± 4.3 16.4 ± 3.0 
Stage 3 20.0 ± 4.2 20.5 ± 8.3 19.4 ± 3.7 
Stage 4 19.9 ± 6.5 16.2 ± 7.2 16.6 ± 7.7 
Stage 5 3.6 ± 3.3 4.2 ± 4.2 3.7 ± 3.0 
Degenerating 14.8 ± 8.3 15.8 ± 8.5 22.1 ± 5.6 

P. corneus sacrificed after developmental exposure to River water only (RW), 

river water plus a low concentration of 17β-oestradiol (LE2) or river water plus 

a high concentration of 17β-oestradiol (HE2). Histological analysis was 

performed on all surviving snails from the F1 breeding study (RW, n = 8; LE2, n = 

17; HE2, n = 6). Five sections of gonad were analysed per snail. Stage 1 

(oogonium) are the youngest stage of oogenesis, and Stage 5 are ready to be 

ovulated (oogenesis stages based on description by de Jong-Brink et al., (De 

Jong-Brink et al. 1976). 

  

Parasitism 

No parasites were observed in any of the sampled F1 snails from the RW, LE2 or HE2 

mesocosms 

 

4.3.9 Effects of 17β-oestradiol exposure on adult V. viviparus reproduction and 

survival 

As with the P. corneus data, the adult V. viviparus reproduction and survival data were 

collected by Rachel Benstead. 
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4.3.9.1 Number of neonates released per snail over reproductive study 

On average, the cumulative number of neonates released per snail was highest in the HE2 

exposed snails; the RW exposed snails released an average of 16.6 neonates each, LE2 

released 16.2 and HE2 released 19.2. The numbers of neonates released per snail were 

similar across the three exposures until week 12 (RW = 15.4; LE2 = 15.3; HE2 = 15.9), 

after which snails from the HE2 exposure released a larger number of neonates. Analysis 

by One way ANOVA found significant differences between treatments at weeks 14 

(P=0.017) and 16 (P=0.013) (and an almost significant p value of 0.055 at week 8). At 

weeks 14 and 16, significant differences were found between the number of neonates 

released by the HE2 and the LE2 exposed snails (P= 0.009 and 0.006, weeks 14 and 16 

respectively) and between the HE2 and the RW (P=0.014 and 0.014, weeks 14 and 16 

respectively) snails, (Figure 4.10). 

 

 

Figure 4.10 Mean number of neonates released per adult snails in E2 

experiment over the 16 week exposure period.  

Adult V. viviparus exposed to River Water (RW), river water plus a low 

concentration of 17β-oestradiol (LE2) or river water plus a high concentration of 

17β-oestradiol (HE2). Error bars show standard deviation. Star (*) indicates 

significant difference from other treatments (P<0.05 LSD). Adult V. viviparus 

reproduction data collected by Rachel Benstead.  

 
 

4.3.9.2 Number of embryos harboured per female at the end of E2 exposure study 

The mean number of embryos harboured by adult females at the end of the exposure was 

highest from the LE2 group (33 embryos per female) and lowest from the HE2-exposed 

group (27 embryos per female); the RW snails had 31 embryos per female. Analysis by 

one way ANOVA found no significant difference between the three exposure groups (P= 
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0.237). However, when the number of embryos were split between shelled (most 

mature) and unshelled (least mature), there were significant differences found between the 

groups for the number of unshelled embryos per female (P<0.001), but no significant 

differences for the shelled embryos (P= 0.065; see Table 4.30). Post hoc analysis (LSD) 

showed significant differences between the number of unshelled embryos harboured by 

females exposed to LE2 compared to RW (P<0.001) and HE2 (P= 0.003).  

 

Table 4.30 Mean number of shelled (most mature) and unshelled (least mature) 

embryos harboured per surviving female after 16 week of exposure in the E2 

experiment.  

Embryos River Water (RW) Low E2 (LE2) High E2 (HE2) 

Shelled  22.8 ± 10.5  a 16.7 ± 7.4  a 17.5 ± 7.7  a 

Un-Shelled 
(developing) 

8.4 ± 5.1 a 16.4 ± 7.8 b 9.2 ± 6.5 a 

V. viviparus adult females exposed to River Water (RW), river water plus a low 

concentration of 17β-oestradiol (LE2) or river water plus a high concentration of 

17β-oestradiol (HE2). The number of females analysed for each groups were RW 

n = 21, LE2 n = 22, HE2 n = 13, mean ± Standard deviation. Letter (a, b) 

indicates statistical similarity. 

 

4.3.9.3 Survival of adult V. viviparus over E2 exposure study 

Adult survival was highest from the LE2 exposure and lowest from the HE2 exposure. On 

average 72.7% of the snails from the RW, 84.8% from the LE2 and 44.1% from the HE2 

exposure survived until week 16 of the study. The level of adult mortality from the HE2 

groups increased steeply towards the end of the exposure; between week 14 and week 16 

survival dropped by 31% (Figure 4.11). Analysis by Kruskal-Wallis found no significant 

difference in percentage survival during weeks 2 (P=0.102) and 4 (0.195), and one way 

ANOVA found no significant difference between the three groups at weeks 6 (P= 0.132) 

and 8 (P= 0.248). However significant differences were found at week 10 (P= 0.048 K-W) 

and at week 12 (P=0.028 ANOVA). Marginally significant differences at the 95% level 

were found at weeks 14 (P= 0.055 ANOVA) and 16 (P= 0.054 K-W). Post hoc analysis 

found a significant difference in survival between the RW and the LE2 exposed snails at 

week 10 (P= 0.034 M-W). However, no significant differences were found between the 

RW and the HE2 exposed snails (P= 0.121 M-W) or between the LE2 and the HE2 snails 

(P= 0.105 M-W) at this time. At week 12 significant differences were found between the 

RW and the LE2 (P= 0.021 LSD) exposed snails, and the LE2 and the HE2 snails (P= 

0.016 LSD), but not between the RW and the HE2 snails (P= 0.820 LSD).  
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After week 16 of the exposure the dosing pumps administering the E2 to the tanks were 

switched off and the tanks were left to depurate in running river water over the weekend. 

After the weekend the adult snails were removed from the tanks for the final time. During 

this short depuration time one adult V. viviparus snail from each exposure tank died; 

leaving a total of 23 snails from the RW tank, 27 snails from the LE2 and 14 snails from 

the HE2 tank. At this point the remaining snails were sampled; their size and weight were 

measured and the soft tissue was fixed for histology (see Section 3.5.7), the data from these 

specimens are presented below.  

 

 

 

Figure 4.11 percentage of adult V. viviparus surviving over 16 week E2 

exposure 

Snails exposed to River water only (RW), river water plus a low concentration of 

17β-oestradiol (LE2) or river water plus a high concentration of 17β-oestradiol 

(HE2) as adults during reproductive period. Error bars show standard deviation. 

Letters (a, b) indicated statistical similarity. 

 

4.3.9.4 Size and growth of adult V. viviaprus 

F0 Females size and weight at the end of the exposure period 

Mean values for shell length, soft body weight and soft body weight with embryos 

removed were similar across all treatments (Table 4.31). The total weight at the end of the 
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exposure period was lower in snails from the HE2 treatment (Mean total weight RW 

8.3 ± 2.1g, LE2 8.2 ± 1.4g, HE2 5.3 ± 3.0g). No significant differences were found 

between the treatment groups for soft body weight (P= 0.224, ANOVA) or soft body 

weight embryos removed (P= 0.679, K-W). However, significant differences were found 

for shell length (P= 0.041, K-W) and total weight (P= 0.010, K-W). Post hoc analysis 

found no significant differences between shell length or total weight between the LE2 and 

the RW-exposed snails (length P= 0.768, weight P= 0.781, M-W). However, significant 

differences were observed between the LE2 and the HE2 groups for both shell length and 

total weight (length P= 0.007, total weight P= 0.004, M-W), and for total weight between 

the RW and the HE2 exposed snails (P= 0.017, M-W) (but not for length P= 0.091 M-W). 

Significant positive correlations (Spearman’s rank order) were found for shell length and 

total weight, and shell length and soft body weight for the RW (shell length/total weight 

0.948 P<0.001, shell length/soft body 0.453 P= 0.039), the LE2 (shell length/total weight 

0.931 P<0.001 and soft body weight 0.817 P<0.001) and the HE2 (shell length/total weight 

0.588 P= 0.035, shell length/soft body weight 0.665 P= 0.013) exposed females. 

Significant positive correlations were also found between shell length and soft body weight 

after embryos had been removed for the RW (0.918 P<0.001) and the LE2 (0.773 

P<0.001), but not for the HE2-exposed females (0.489 P= 0.090). To assess whether the 

size of the adult female was related to the number of embryos harboured, Spearman’s rank 

order correlations were performed. A significant negative correlation was found between 

shell length and the number of shelled embryos a female harboured in RW exposed snails 

(-0.489 P= 0.024), whereas a significant positive correlation was found in LE2 exposed 

snails (0.451 P= 0.035), no significant correlation was found in HE2 snails. These 

correlations can be a useful tool when trying to assess whether females are recruiting a 

large number of small embryos, as apposed to a small number of larger embryos, and is 

discussed further in Section 4.4.3, later. No significant correlation was found between shell 

length and the number of unshelled embryos harboured by females from any treatment 

group. 

 

F0 Male size and weight at the end of the exposure period 

The mean shell length, total weight and soft body weight of males at the end of the 

exposure decreased in a dose-dependant manner (Table 4.32). However, due to the small 

sample size (RW, n=2; LE2, n=5; HE2, n=1) statistical analysis was not conducted. 
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Table 4.31 Mean shell length, total weight and soft body weight of surviving 

adult V. viviparus females after four months of exposure in the E2 experiment 

 River Water exposed Low E2 exposed High E2 exposed 

Shell length mm 33.0 ± 3.2  a, b 32.5 ± 3.2  a 32.5 ± 2.9  b 

Total weight g 8.3 ± 2.1  a 8.2 ± 1.4  a 5.3 ± 3.0  b 

Soft body weight g 3.1 ± 0.9  a 3.3 ± 0.7  a 3.1 ± 0.6  a 

Soft body weight 
embryos removed g 

1.8 ± 0.5  a 1.8 ± 0.2  a 1.9 ± 0.3  a 

Snails exposed to river water (RW), low concentration of 17β-oestradiol (LE2) or 

high concentration of 17β-oestradiol (HE2). RW n= 21, LE2 n=22, HE2 n= 13. 

Mean ± standard deviation, letter (a, b) indicate statistical similarity. 

 

Table 4.32 Mean shell length, total weight and soft body weight of surviving 

adult V. viviparus males after four months of exposure in the E2 experiment 

 River Water exposed Low E2 exposed High E2 exposed 

Shell length mm 31.4 ± 3.8 25.1 ± 2.7 21.01 

Total weight g 7.0 ± 2.4 4.1 ± 1.2 2.66 

Soft body weight g 2.7 ± 0.8 1.5 ± 0.3 1.00 

Snails exposed to river water, low concentration of 17β-oestradiol, or high 

concentration of 17β-oestradiol. RW n= 2, LE2 n=5, HE2 n=1. Mean ± standard 

deviation. 

 

4.3.10 Effects of 17β-oestradiol exposure on F0 adult V. viviparus gonad 

histopathology 

As stated in section 4.3.9.3, a total of 64 adult snails (RW; 23(♀=21, ♂=2), LE2; 27(♀=22, 

♂=5), HE2; 14(♀=13, ♂=1)) were sampled and fixed for histopathological analysis from 

this experiment. All the male specimens (RW, n= 2; LE2, n= 5; HE2, n= 1) were sectioned 

stained and analysed. However, due to time constraints a maximum of 11 female 

specimens were sectioned, stained and analysed from each treatment (RW, n= 11; LE2, n= 

11; HE2, n=10). Ten sections of gonad were analysed per adult snail. As the main focus of 

this research was to be on the possible effects of developmental exposure to E2, rather than 

on adult exposure, this low number of samples analysed was decided upon as a 

compromise between available time and quantity of data. However, it is my intention to 

complete the analysis for the remaining specimens when time/funding is available.  

 

Analysis of F0 Female V. viviparus 

The mean number of oocytes per section of gonad analysed for adult females increased in a 

dose-dependant manner (Table 4.33). The RW exposed females had a mean of 7.5 oocytes 

per section analysed whereas the LE2 exposed females had 9 oocytes per section and the 
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HE2 females had 10.6 oocytes per section. However, no statistically significant 

difference was found between the three treatments (P= 0.576, ANOVA).  

 

Table 4.33 Mean oocytes per section of gonad analysed From F0 V. viviparus 

females from the E2 experiment 

 River Water (RW) Low 17β-oestradiol 
(LE2) 

High 17β-oestradiol 
(HE2) 

Mean oocytes per 
section analysed 

7.5 ± 5.8  a 9.0 ± 4.5  a 10.6 ± 9.2  a 

Snails exposed to; River Water only (RW), river water plus Low 17β-oestradiol 

(LE2) or river water plus High 17β-oestradiol (HE2). Ten sections analysed per 

adult female. RW n= 11, LE2 n= 11, HE2 n=10 mean ± standard deviation. Letter 
(a) indicates statistical similarity. 

 

Correlations between female size or weight and reproductive potential 

To assess whether the size of female affects the mean number of oocytes per section 

counted, a number of correlations were conducted. Over the three treatments, significant 

positive correlations between the mean oocyte number and shell length (0.477 P<0.001), 

total weight (0.517 P<0.001) and soft body weight (0.528 P<0.001) were found, suggesting 

larger females would on average have a higher mean number of oocytes per section of 

tissue analysed. Therefore, analysis of covariance (ANCOVA) was used to see if the mean 

number of oocytes were significantly different between the groups when co-analysed with; 

shell length, total weight, or soft body weight. Once co-analysed for size or weight, 

significant differences were found between the treatment groups mean oocyte number (P= 

0.004, 0.007, 0.008, respectively). Post hoc analysis of this co-variant data (Bonferroni) 

showed HE2 and LE2 exposed F0 females to have significantly more oocytes per section 

than RW exposed snails when co-analysed for; shell length (HE2 P=0.008, LE2 P=0.017), 

total weight (HE2 P=0.025, LE2 P= 0.015), or soft body weight (HE2 P=0.034, LE2 

P=0.015). Whereas, no significant differences were found between the HE2 and LE2 

exposed snails. 

 

Analysis of F0 male V. viviparus 

The mean spermatogenic score (see Section 3.2.2) was marginally lower in the E2 exposed 

snails compared to the RW exposed snails (Table 4.34). The RW males scored an average 

of 10, the LE2 scored 9.8, and the HE2 scored 9.9 out of a maximum score of 10. 

However, due to the small sample size (RW, n=2; LE2, n=5; HE2, n=1) statistical analysis 

was not conducted. 
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Table 4.34 Mean spermatogenesis score per section of gonad analysed in F0 

V. viviparus males from the E2 experiment 

 River Water (RW) Low 17β-oestradiol 
(LE2) 

High 17β-oestradiol 
(HE2) 

Mean 
spermatogenesis 
score per section 
analysed 

10.0 ± 0.0 9.78 ± 0.2 9.9 ± 0.0 

Snails exposed to River Water only (RW), river water plus Low 17β-oestradiol 

(LE2) or river water plus High 17β-oestradiol (HE2). Ten sections analysed per 

adult male, Section 3.2.2 gives details of scoring method. RW n= 2, LE2 n= 5, 

HE2 n= 1, mean ± Standard deviation. 
 

Parasitism 

As with the adult V. viviparus from the ‘health check’ group (Chapter 2, Section 2.3.3.4), 

the majority of adult V. viviparus had some level of parasitism, either just encysted 

parasites (metacercaria) or infections in the digestive tissue (sporocyst stage). The 

experimental set up (use of wild caught snails and non-carbon-filtered river water) means 

that parasitism of snails has become a feature of this research (and this thesis). The 

possible effect (or interaction) these parasites may have on their snail hosts will be touched 

on briefly in this chapter (in terms of possible reproductive effects), but will be more fully 

explored in Chapters 5 and 6.  

 

Parasitism of F0 Females 

Only three adult female V. viviparus analysed had no parasitic infection (RW = 1; HE2 = 

2). Encysted parasites (metacercaria) found in the muscular tissue of the head and the foot 

were most frequent, but infections of the digestive tissue (sporocyst stage) were also found 

(Table 4.35). 

 

Table 4.35 Percentage of adult female F0 V. viviparus snails with different types 

of parasite infections from the E2 experiment 

 River Water (RW) Low 17β-oestradiol 
(LE2) 

High 17β-oestradiol 
(HE2) 

Encysted parasites 72.7% 100% 70% 

Infection of the 
digestive tissue 

18.2% 0 10% 

No infection 9.1% 0 20% 

Snails sacrificed after four months of exposure to River Water only (RW), river 

water plus Low 17β-oestradiol (LE2) or river water plus High 17β-oestradiol 

(HE2). RW, n = 11; LE2, n = 11; HE2, n = 10. Ten sections were analysed per 

snail. Encysted parasites (metacercaria) found in the muscular tissue of the 

head and the foot, infections of the digestive tissue (sporocyst stage). 
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The intensity of infection (number or area infected) for both encysted parasites and 

digestive tissue parasites were also recorded. The intensity of infection by encysted 

parasites in adult female V. viviparus was highest in the RW exposure and lowest in the 

HE2 exposure (Figure 4.12). The digestive tissue infection in the one HE2 female covered 

more than 70% of the tissue whereas the infections seen in the RW females were less 

severe with between 30-50% of the tissue affected. 

 

Parasitism of F0 Males 

Only two adult male V. viviparus had no parasitic infection (both LE2), none of the males 

had an infection of the digestive tissue. The majority had encysted parasites however 

(Table 4.36). The intensity of infection by encysted parasites in adult male V. viviparus 

was higher in the RW exposed snails whilst snails from the LE2 had a lower infection level 

(there was only one male form the HE2 exposure), see Figure 4.12.  

 

Table 4.36 Percentage of adult male F0 V. viviparus snails with different types 

of parasite infections from the E2 experiment 

 River Water (RW) Low 17β-oestradiol 
(LE2) 

High 17β-oestradiol 
(HE2) 

Encysted parasites 100% 60% 100% 

Infection of the 
digestive tissue 

0 0 0 

No infection 0 40% 0 

Snails sacrificed after four months of exposure to River Water only (RW), river 

water plus Low 17β-oestradiol (LE2) or river water plus High 17β-oestradiol 

(HE2). RW, n = 2; LE2, n = 5; HE2, n = 1. Ten sections were analysed per snail. 

Encysted parasites (metacercaria) found in the muscular tissue of the head and 

the foot, infections of the digestive tissue (sporocyst stage). 

 

Correlations between parasite infection and reproductive potential 

Many parasites can affect their hosts ability to reproduce successfully, either via some 

means of chemical castration or via possible reduced nutrition (See Chapter 5, Section 

5.5.4.1 for more details), therefore Spearman’s rank order correlations were performed on 

the RW-exposed adults (to avoid complications of chemical exposure) to see if parasite 

infection could be correlated with reproductive potential. No significant correlations were 

found between encysted parasite score and oocyte number (-0.091, P=0.790), un-shelled 

embryo number (-0.290, P= 0.386), or shelled embryo number (-0.191, P=0.574). The 

numbers of males from the RW exposure were too small to perform statistical correlations; 

both snails had the highest spermatogenic score of 10, which means full spermatogenesis 

was occurring in more than 70% of tubules. No digestive tissue infections were observed 
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in these males. The number of females with digestive tissue infections was too small to 

correlate. However, the mean numbers of embryos harboured by females (RW) with 

digestive tissue infections were much lower than those with just encysted parasites (Table 

4.37), indicating that this type of infection may affect reproductive output. 

 

 

 

Figure 4.12 Intensity of encysted parasite infections in adult V. viviparus after 

four months E2 exposure. 

Snails exposed to river water only (RW), river water plus low 17β-oestradiol 

(LE2), or river water plus high 17β-oestradiol (HE2). (A) Percentage of F0 

females with varying intensities of parasite infection. (B) Percentage of F0 

males with varying intensities of parasite infection. RW n= 21♀, 2♂; LE2 n= 22♀, 

5♂; HE2 n= 13♀, 1♂. 10 sections per adult snail were analysed. Pale yellow 

indicates no parasites found, yellow indicates less than 5 parasites per section, 

light orange indicates 6-15 parasites per section, dark orange indicates 16-30 

parasites per section, brown indicates more than 30 parasites per section. 
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Table 4.37 Mean number of embryos harboured by F0 female V. viviparus 

exposed to RW only split by parasite infection.  

 Non-infected 
females (RW) 

Infected females 
with encysted 
parasites only (RW) 

Infected females 
with digestive tissue 
parasites (RW) 

Mean embryos 
harboured per 
female 

25.0 ± 0 35.1 ± 12.1 15.5 ± 13.4 

Females had either; no infection, encysted parasites only or an infection of the 

digestive tissue, mean ± standard deviation. 
 

4.3.11 Effects of 17β-oestradiol exposure on F1 V. viviparus growth, survival and 

reproductive development 

4.3.11.1 Number and size of juveniles collected at the end of the exposure 

The total number of neonates released into the tanks by the adult V. viviparus was; 500 in 

the RW tank, 522 in the LE2 tank and 601 in the HE2 tank. The number of juveniles (F1s) 

held in the mesocosm tanks at the end of the 16 weeks also increased with E2 exposure. 

The RW tank had 119 neonates, LE2 tank had 175 and HE2 tank had 160. Therefore the 

percentage of neonates surviving until the end of dosing period was 23.8% in RW, 33.5% 

in LE2 and 26.6% in the HE2 tank. The percentage of snails above 10 mm shell length 

(normal minimum sexually active size) was, however, highest in the RW tank at 82%, 

whilst the LE2 tank and the HE2 tanks had 74% and 63%, respectively. Table 4.38 below 

lists the number of F1s above and below 10mm shell diameter. 

 

Table 4.38 Total number (and number per size class) of V. viviparus F1s from 

each mesocosm tank after dosing ended (September 2006).  

Shell Length River Water (RW) Low dose E2 (LE2) High dose E2 (HE2) 

<10 mm 22 (18%) 46 (26%) 60 (37%) 

>10 mm 97 (82%) 129 (74%) 100 (63%) 

Total 119 175 160 

 

In September 2006 (after dosing finished), approximately 50 F1s from each treatment 

(river water; RW, low dose of 17β-oestradiol; LE2 and high dose 17β-oestradiol; HE2) 

were taken from the tanks and fixed for histopathological analysis. Due to time constraints 

it was decided that 20 specimens of each sex from each treatment would be sectioned, 

stained and analysed. The F1s were sexed once back at the laboratory using their 

secondary sexual characteristics i.e. enlarged right tentacle equals a male. However, once 

these specimens were analysed histopathologically it became apparent that in some cases 

the initial observed sex (from morphology) was incorrect, therefore the actual numbers per 

sex were; RW, 20 males and 20 females; LE2, 16 females and 25 males; and HE2, 21 
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females and 20 males. Due to this misidentification of sex from morphology, only the 

data from those specimens of known sex (i.e. histopathologically analysed) are shown 

below. 

 

4.3.11.2 Size and weigh of F1 V. viviparus end the end of exposure 

F1 Female V. viviparus size and weight 

The shell length, shell aperture, total weight and soft body weight of F1 females were 

analysed (Figure 4.13). One way ANOVA found no significant difference between 

treatments for shell length (P= 0.405), shell aperture (P= 0.689) or total weight (P= 0.162). 

However, a significant difference was found between treatments for the soft body weight 

(P= 0.043). Post hoc analysis (LSD) found the F1 female V. viviparus from the HE2 

exposure to be significantly lighter than the RW exposed snails (P= 0.017), but not the LE2 

snails (P= 0.077), and the RW and LE2 were not significantly different (P= 0.580) from 

each other either. 

 

F1 Male V. viviparus size and weight 

The shell length, shell aperture, total weight and soft body weight of F1 males were 

analysed (Figure 4.14). Kruskal-Wallis Test found significant differences between 

developmental exposures for shell length (P= 0.027), shell aperture (P= 0.004), total 

weight (P= 0.002) and soft body weight (P= 0.002). Post hoc analysis using the Mann-

Whitney test found the HE2 exposed F1 male’s shell length, shell aperture, total weight 

and soft body weight to be significantly smaller/lighter than the RW (P=0.007, 0.002, 

<0.001, <0.001 respectively) or the LE2 (P=0.046, 0.008, 0.006, 0.005, respectively) 

exposed snails. No significant differences were found between LE2 and RW exposed 

snails for shell length, shell aperture, total weight or soft body weight (P= 0.802, 0.973, 

0.891, 0.604, respectively).  
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Figure 4.13 The size and weight of F1 V. viviparus female from E2 experiment. 

Snails developmentally exposed to River Water only (RW), river water plus Low 

17β-oestradiol (LE2) or river water plus High 17β-oestradiol (HE2). (A) Mean 

shell length and shell aperture. (B) Mean total weight and soft body weight. RW 

n= 20, LE2 n= 16 and HE2 n= 21. Error bars show standard deviation. Letter (a, 

b) indicate statistical similarity. 
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Figure 4.14 Size and weight of F1 V. viviparus males from E2 experiment. 

Snails developmentally exposed to River Water only (RW), river water plus Low 

17β-oestradiol (LE2) or river water plus High 17β-oestradiol (HE2). (A) Mean 

shell length and shell aperture. (B) Mean total weight and soft body weight. RW 

n= 20, LE2 n= 25 and HE2 n= 20. Error bars show standard deviation. Letter (a, 

b) indicate statistical similarity. 

 

4.3.12 Histopathology of F1 V. viviparus gonad immediately after exposure to 17β-

oestradiol  

As previously stated a sub-sample (approximately 20 of each sex) of the total number (~50 

per treatment) of F1s collected after developmental exposure were sectioned, stained and 

analysed histologically.  
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F1 female mean oocyte number 

The mean number of oocytes per section analysed decreased in a dose-dependant manner 

(Figure 4.15). The RW developmentally exposed females had an average of 5.7 oocytes 

per section, the LE2 exposed females had 2.8 and the HE2 exposed females had an average 

of 2 oocytes per section analysed. Kruskal-Wallis test showed a significant difference 

between the mean oocyte numbers in each treatment (P= 0.002), whilst post hoc analysis 

(M-W) found no significant difference between the high and low E2 treatments (P= 0.247), 

significant differences were found between the HE2 and the RW exposed snails (P= 0.001) 

and the LE2 and the RW exposed snails (P= 0.008).   

 

 

Figure 4.15 The mean number of oocytes recorded per section analysed of F1 V. 

viviparus females from E2 experiment.  

Snails developmentally exposed to either, River Water only (RW), river water 

plus Low 17β-oestradiol (LE2) or river water plus High 17β-oestradiol (HE2). 

Sampled in September 2006, RW n= 20, LE2 n= 16 and HE2 n= 21. Five sections 

analysed per female. Error bars show standard deviation. Letter (a, b) indicate 

statistical similarity. 

 

Correlation between F1 female size and sexual development 

To assess the impact of body size or weight on the number of oocytes counted per section, 

Spearman’s rank order correlations were conducted. Correlations found female F1 length 

to be significantly positively correlated to total weight (0.974, P< 0.001), soft body weight 

(0.949, P<0.001) and mean oocyte number (0.553, P<0.001). A significant positive 

correlation was also found between soft body weight and mean oocyte number (0.599, 

P<0.001), indicating that on average larger snails had a larger number of oocytes per 

section of tissue analysed. 
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To analyse whether the significant reduction in oocyte number with 17β-oestradiol 

exposure was actually due to the lower soft body weight found in E2 snails, mean oocyte 

number was co-analysed with soft body weight. A significant difference in oocyte number 

between the three treatments was still found (P= 0.008, ANCOVA). A significant 

difference was also found when mean oocyte number was analysed with shell length 

(P=0.004) or total weight (P=0.007) as a covariant. Post hoc analysis (Bonferroni) found 

RW exposed snails to have significantly high mean oocyte number compare to LE2 (soft 

body weight; P=0.015, shell length; P=0.017, total weight; P=0.015) or HE2 (soft body 

weight; P=0.034, shell length; P=0.008, total weight; P=0.025) exposed snails. However, 

no significant differences were found between the LE2 and HE2 exposed snails. 

 

F1 male spermatogenesis score  

The mean spermatogenesis score of F1 V. viviparus decreased in a dose-dependant manner 

(Figure 4.16). The RW exposed males had a mean score of 9 (full spermatogenesis in 50-

70% of tubules), the LE2 had a score of 8 (full spermatogenesis in 30-50% of tubules) and 

the HE2 exposed snails had a mean score of 6 (spermatids present). Kruskal-Wallis test 

found a significant difference between the treatments (P<0.001) and post-hoc analysis 

using the Mann-Whitney test found the HE2 snails to have a significantly lower score than 

the LE2 (P= 0.003) or the RW (P<0.001) exposed snails. The LE2 exposed snails also had 

significantly lower spermatogenesis scores compared to RW exposed snails (P= 0.016).   

 

Correlations between F1 male size and sexual development 

To assess if F1 male spermatogenesis score was linked to body size or weight, Spearman’s 

rank order correlations were used. Correlations found F1 male length to be significantly 

positively correlated to total weight (0.944, P<0.001), soft body weight (0.914, P<0.001) 

and to spermatogenic score (0.704, P<0.001). Significant positive correlations were also 

found between total weight and spermatogenic score (0.781, P<0.001) and between soft 

body weight and spermatogenic score (0.718, P<0.001), indicating that on average larger 

F1 males would have a higher spermatogenic score. 
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Figure 4.16 The mean spermatogenesis score of F1 V.viviparus males from E2 

experiment.  

Snails developmentally exposed to either, River Water only (RW), river water 

plus Low 17β-oestradiol (LE2) or river water plus High 17β-oestradiol (HE2). 

Sampled in September 2006, RW, n= 20; LE2, n= 25; HE2, n= 20. Score 1 - no 

germ cells present, Score 10 - full spermatogenesis in more than 70% of 

tubules. Five sections of gonad were analysed per male. Error bars show 

standard deviation. Letters (a, b, c) indicate statistical similarity. 

 

To analyse whether the significant reduction in spermatogenic score with increasing dose 

of 17β-oestradiol was due to the smaller size of E2 exposed snails, spermatogenesis score 

was co-analysed with shell length, total weight or soft body weight. In each case a 

significant difference in spermatogenic score was still found between the three treatment 

groups (P<0.001 for each, ANCOVA).  Post hoc analysis (Bonferroni) of the co-variant 

data showed the RW exposed males to have significantly higher spermatogenesis score 

compare to HE2 (shell length; P<0.001, total weight; P<0.001, soft body weight; P<0.001) 

or LE2 (shell length; P=0.016, total weight; P=0.009, soft weight; P=0.006) exposed snails. 

However, no significant differences were found between the LE2 and HE2 exposures 

(P=0.057, 0.335, 0.553, respectively). 

 

Parasitism 

No parasites were found in any of the F1 males or females examined from the three 

exposures. 
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4.3.13 Effects of 17β-oestradiol exposure and then depuration in river water on 

F1 V. viviparus reproduction, survival, and growth 

4.3.13.1 F1 V. viviparus Survival 

V. viviparus F1 over-winter survival 

The percentage survival over-winter was higher in the LE2-exposed group compare to the 

RW and the HE2 exposures. 53% of hatchlings survived in the RW, 94% from the LE2 and 

55% from the HE2 (Table 4.39). 

 

V. viviparus F1 survival during the breeding study 

Over the F1 breeding study, survival was high in all groups of snails and was highest in the 

LE2 developmental exposure group (LE2, 97%; HE2, 88%; RW, 85%). 

 

Table 4.39 Number of F1 V. viviparus left to depurate over winter after 

developmental exposure, and number surviving after depuration.  

F1 V.viviparus River Water  Low E2 High E2 

Left to over-winter 
September 2006 

520 125 108 

Surviving March 
2007 

273 117 59 

Percent survival 53% 94% 55% 

Number left in each treatment tank in September 2006, number surviving until 

March 2007 and percentage over winter survival. The RW tank was a pooling of 

RW exposed F1 from the E2 and Mixtures studies, hence the higher over-winter 

number when compare to initial September count. 

 

4.3.13.2 Effects of 17β-oestradiol exposure and then depuration in river water on F1 

V. viviparus reproductive output 

None of the F1 females from the three developmental exposures released any neonates 

during the 18-week breeding study. At the end of the study, the brood pouches of female 

snails were dissected to count the number of embryos harboured. The percentage of F1 

females harbouring embryos was highest from the LE2 developmental exposure; RW 

12.5%, LE2 36% and HE2 5%. The mean number of shelled and unshelled embryos was 

also highest in the LE2 developmentally exposed females (Table 4.40). Statistical analysis 

(Kruskal-Wallis test) found significant differences in the total number of embryos (P= 

0.009) as well as the number of shelled (P= 0.011) and unshelled (P= 0.013) embryos 

harboured by F1 females. Post hoc analysis (Mann-Whitney test) found the LE2 snails to 

have significant more embryos compared to the HE2 snails (total embryos P= 0.008, 

shelled P= 0.018, unshelled P= 0.009). The LE2 snails also had significantly more embryos 

than the RW exposed snails (total embryos P= 0.037, shelled P= 0.037). No significant 
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difference was found between HE2 and RW snails (total embryos P= 0.369, shelled P= 

0.361, unshelled P= 0.369), or between the RW and the LE2 in unshelled embryo number 

(P= 0.052). 

 

Table 4.40 The mean number of embryos (shelled, unshelled or total) harboured 

in the brood pouch per F1 female V. viviparus at the end of the 18 week F1 

breeding study.  

 Shelled embryos Un-Shelled 
embryos 

Total embryos 

River Water developmental 
exposed  

0.04 ± 0.2  a 0.33 ± 1.1  a 0.38 ± 1.3  a 

Low E2 developmental 
exposed 

0.56 ± 1.2  b 0.80 ± 1.2  a 1.36 ± 2.1  b 

High E2 developmental 
exposed 

0.00 ± 0.0  a 0.05 ± 0.2  b 0.05 ± 0.2  a 

V. viviparus had been developmentally exposed to river water (RW), river water 

plus a low concentration of 17β-oestradiol (LE2) or river water plus a high 

concentration of 17β-oestradiol (HE2) and then depurated in river water for 

eight months before being allocated into breeding groups. Mean ± standard 

deviation. Letter (a, b) indicates statistical similarity. 

 

4.3.13.3 Effects of 17β-oestradiol exposure and then depuration in river water on F1 

V. viviparus size, weight and growth 

At the beginning of the F1 breeding study, mean shell length (P= 0.929 ANOVA), aperture 

(P= 0.987, ANOVA) and total weights (P= 0.986 ANOVA) were similar between 

developmental dose groups. However, by the end of the 18-week breeding study, snails 

from the LE2 developmental exposure had grown larger and heavier than both the RW and 

the HE2 exposed snails. Statistically significant differences were found between the 

treatments shell length and aperture (P<0.001, ANOVA), total weight (P=0.001, ANOVA) 

and soft body weight (P<0.001, K-W). Post hoc analysis found the LE2 developmentally 

exposed snails to be significantly larger/heavier in shell length, shell aperture, total weight 

and soft body weight than both the RW (P<0.001) and the HE2 (P<0.001, 0.001 0.009, 

0.032, respectively) exposed snails. No significant differences were found between the RW 

and HE2 exposed snails. On average the LE2 snails had increased shell length by 24.7% 

compare to RW 16.6% and HE2 18.7%. Total weight had increased by 44.5% from the 

LE2 developmentally exposed snails compared to 30.6% from RW and 35.8% from the 

HE2 groups (Table 4.41).  
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Mean female size at end of the F1 breeding study 

At the end of the breeding study the F1 females from the LE2 developmental exposure had 

on average larger shell length, shell aperture, total weight and soft body weight, than those 

from the HE2 and RW. Using One way ANOVA significant differences were found 

between the three groups for shell length (P= 0.001), shell aperture (P= 0.004) and total 

weight (P= 0.021). Post hoc analysis (LSD) found the LE2 developmentally exposed snails 

to be significantly larger than both the HE2 and the RW exposed snails in shell length (RW 

P= 0.001, HE2 P= 0.004) and shell aperture (RW P= 0.005, HE2 P= 0.003), no significant 

differences were found between the RW and the HE2 exposed snails (shell length P=0.669, 

shell aperture P= 0.777). Post hoc analysis of the total weight found a significant difference 

between LE2 and RW (P= 0.007) but not between the LE2 and HE2 (P= 0.061) or between 

HE2 and RW (P=0.467) exposed snails. Analysis using Kruskal-Wallis found a significant 

difference between groups in soft body weight (P= 0.002), and post hoc analysis found a 

significant difference between the LE2 and RW developmentally exposed snails (P<0.001), 

but not between LE2 and HE2 (P= 0.068) or between HE2 and RW (P= 0.220) snails.    

 

Mean male size at end of the F1 breeding study 

At the end of the breeding study the F1 males from the LE2 developmental exposure had, 

on average, larger shell length, shell aperture, total weight and soft body weight, than those 

from the HE2 and the RW (Table 4.43). Analysis by One way ANOVA found significant 

differences between the groups in shell length (P= 0.029) and total weight (P= 0.036), and 

almost significant differences between shell aperture (P= 0.051) and soft body weight (P= 

0.058). Post hoc analysis of shell length found significant differences between the LE2 and 

both the RW and HE2 (P= 0.023, 0.021 respectively) snails, but no significant difference 

was found between the RW and the HE2 (P= 0.694) snails. Analysis of total weight 

followed the same pattern, significant differences were found between the LE2 and the RW 

(P=0.021) and the HE2 (P=0.036) snails, but no significant difference was found between 

the HE2 and the RW (P= 0.496) snails.  
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Table 4.41 The mean size, weight, and growth of V. viviparus F1 snails 

developmentally exposed in the E2 experiment and then depurated in river 

water 

Mean River Water (RW) 
developmentally 
exposed and then 
depurated 

Low E2 (LE2) 
developmentally 
exposed and then 
depurated 

High E2 (HE2) 
developmentally 
exposed and then 
depurated 

Shell length (mm) 
Start 

12.91 ± 1.14  a 12.89 ± 1.53  a 12.78 ± 1.68  a 

Shell length (mm) 
End 

15.48 ± 1.30  a 17.11 ± 1.28  b 15.72 ± 1.51  a 

Shell length 
percentage increase 

16.6% 24.7% 18.7% 

Shell aperture (mm) 
Start 

8.89 ± 0.71  a 8.86 ± 0.99  a 8.85 ± 0.91  a 

Shell aperture (mm) 
End 

10.45 ± 0.71  a 11.21 ± 0.64  b 10.50 ± 0.84  a 

Shell aperture 
percentage increase 

15% 20.9% 15.7% 

Total weight (g) Start 0.73 ± 0.17  a 0.73 ± 0.27   a 0.72 ± 0.26  a 

Total weight (g) End 1.05 ± 0.24  a 1.32  ± 0.28  b 1.12 ± 0.32  a 

Total weight 
percentage 
increased 

30.6% 44.5%  35.8% 

Snails exposed to river water (RW), low concentration of 17β-oestradiol (LE2) or 

high concentration of 17β-oestradiol (HE2). Mean shell length, shell aperture 

and total weight of snails at time of allocated to breeding study groups (March 

2007) and then at the termination of the 18-week study. Mean increase in size 

given a percentage. Males and females analysed together. Mean ± standard 

deviation. Letter (a, b) indicates statistical similarity. 

 

 

Table 4.42 The mean size and weight of female F1s at end of the 18 week un-

dosed breeding study. 

 River Water (RW) 
developmentally 
exposed and then 
depurated 

Low E2 (LE2) 
developmentally 
exposed and then 
depurated  

High E2 (HE2) 
developmentally 
exposed and then 
depurated 

Shell length mm 15.5 ± 1.3  a 16.9 ± 1.2  b 15.7 ± 1.8  a 
Shell aperture mm 10.5 ± 0.7  a 11.2 ± 0.6  b 10.4 ± 1.0  a 
Total weight g 1.0 ± 0.2  a 1.3 ± 0.3  b 1.1 ± 0.3  ab 
Soft body weight g 0.5 ± 0.1  a 0.6 ± 0.1  b 0.6 ± 0.2  ab 

Size and weight of V. viviparus female snails developmentally exposed to river 

water (RW), low concentration of 17β-oestradiol (LE2) or high concentration of 

17β-oestradiol (HE2) and then depurated in river water. Mean ± standard 

deviation. Letters (a, b) indicate statistical similarity.  
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Table 4.43 The mean size and weight of male F1s at end of the 18 week un-

dosed breeding study. 

 River Water (RW) 
developmentally 
exposed and then 
depurated 

Low E2 (LE2) 
developmentally 
exposed and then 
depurated  

High E2 (HE2) 
developmentally 
exposed and then 
depurated 

Shell length mm 15.5 ± 1.4  a 17.7 ±1.5   b 15.9 ± 1.3  a 
Shell aperture mm 10.1 ± 0.8  a 11.4 ± 0.8  a 10.6 ± 0.7  a 
Total weight g 1.0 ± 0.3   a 1.4 ± 0.3    b 1.2 ± 0.3    a 
Soft body weight g 0.5 ± 0.1    a 0.7 ± 0.2    a 0.6 ± 0.2    a 

Size and weight of V. viviparus F1 male snails developmentally exposed to river 

water (RW), low concentration of 17β-oestradiol (LE2) or high concentration of 

17β-oestradiol (HE2) and then depurated in river water. Mean ± standard 

deviation. Letters (a, b) indicate statistical similarity. 
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Figure 4.17 Size and weight of males and females from the F1 breeding study. 

F1 V. viviparus snails developmentally exposed to river water (RW), low 

concentration of 17β-oestradiol (LE2) or high concentration of 17β-oestradiol 

(HE2) and then depurated in river water. Error bars show standard deviation. 

 

Comparison of male and female size at end of the F1 breeding study 

It was observed that male F1 V. viviparus snails from the LE2 developmental exposure 

were larger (shell length, aperture, total weight and soft body weight) than F1 females 

(similarly exposed) at the end of the F1 breeding study, although not significantly so. 
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Males and Females from the RW and HE2 exposures were closer in size to one another 

(Figure 4.17 above) 

 

4.3.14 Gonad histopathology of F1 V.viviparus developmentally exposed to 17β-

oestradiol and then depurated in river water for a year 

All surviving F1s were sampled at the culmination of the F1 breeding study (after 

approximately one year of depuration). All F1s were analysed histologically. From the RW 

exposure, 4 males and 24 females were analysed, from the LE2 exposure 25 females and 7 

males were analysed and from the HE2 exposure 20 females and 8 males were analysed. 

Five sections of gonad were analysed per snail. 

 

Post F1 breeding study female oocyte number 

The mean oocyte number was highest in snails developmentally exposed to RW only. The 

HE2 and LE2-exposed snails had similar mean numbers of oocytes (Table 4.44 below). 

Analysis using the Kruskal-Wallis Test found a significant difference between treatments 

(P= 0.041). Post hoc analysis using the Mann-Whitney test found a significant difference 

between the RW and the LE2 (P= 0.018) developmentally exposed snails, but not between 

the RW and the HE2 (P= 0.247) snails, or between the LE2 and the HE2 (P= 0.117) snails.   

 

Table 4.44 The mean oocyte numbers of V. viviparus F1 female snails from the 

depurated E2 experiment 

 River Water (RW) Low E2 (LE2) High E2 (HE2) 

Mean oocyte number 4.0 ± 4.06  a 2.0 ± 2.70  b 1.7 ± 1.68  a, b 

Snails developmentally exposed to river water (RW), low concentration of 17β-

oestradiol (LE2) or high concentration of 17β-oestradiol (HE2) and then 

depurated in river water for approximately one year. Mean ± standard deviation. 

RW, n= 24; LE2, n= 25; HE2, n= 20. Letters (a, b) indicate statistical similarity 

 

Correlations between F1 female size and reproductive potential 

Correlations were used to assess the relationship between body size and mean oocyte 

number. A positive correlation between F1 females shell length and total weight was found 

for all three treatments (P<0.001 Spearman’s rank order), and between shell length and soft 

body weight (RW P<0.001, LE2 P<0.001 and HE2 P=0.002). A significant positive 

correlation was also found between the total weight and mean oocyte number for F1s from 

the RW exposure (0.481 P=0.020), but not for those from the LE2 (0.200 P=0.339) or HE2 

(-0.011 P=0.965). Positive correlations were also seen between shell length and mean 

oocyte number (0.369 P= 0.084) and soft body weight and mean oocyte number (0.343 
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P=0.109) for RW F1s. However, these correlations were not statistically significant and 

became less significant in the E2 exposed F1s.  

 

Throughout this study it has been found that there is a relationship between female V. 

viviparus size and mean number of oocytes; larger/heavier females tend to have more 

oocytes per section of tissue. Therefore the mean number of oocytes was analysed with 

shell length, total weight or soft body weight as co-variants. Analysis by ANCOVA found 

a significant difference between the treatments (P= 0.002, 0.004, 0.008, respectively 

ANCOVA). Post hoc analysis (Bonferroni) of this co-variant data was also conducted. 

Significant differences were found between the RW and the LE2 developmentally exposed 

females co-analysed for shell length (P=0.002), total weight (P=0.004) and soft body 

weight (P=0.010), and between RW and HE2 exposed females for total weight (P=0.049) 

and soft body weight (P=0.046), but not for shell length (P=0.052). However, no 

significant differences were found between the E2 treatments.  

 

Post F1 breeding study male spermatogenesis score  

The mean spermatogenesis score was highest from V. viviparus developmentally exposed 

to LE2 and then depurated for a year (Table 4.45). However, the difference between 

developmental exposure groups was small and analysis by Kruskal-Wallis showed no 

significant difference (P= 0.371). 

 

Table 4.45 The mean spermatogenesis score of V. viviparus F1 male snails from 

the depurated E2 experiment 

 River Water (RW) Low E2 (LE2) High E2 (HE2) 

Mean 
spermatogenesis 
score 

9.95 ± 0.1 10.0 ± 0 9.88 ± 0.2 

Snails developmentally exposed to river water (RW), low concentration of 17β-

oestradiol (LE2) or high concentration of 17β-oestradiol (HE2) and then 

depurated in river water for approximately one year. 1= least developed, 10 = 

most developed. Mean ± standard deviation RW, n= 4; LE2, n= 7; HE2, n= 8. 

 

Correlations between F1 male size and reproductive potential 

Significant positive correlations (Spearman’s rank order) were found for shell length and 

total weight for LE2 (0.821 P= 0.023) and HE2 (0.905 P= 0.002) developmentally exposed 

males. A significant positive correlation was also found for soft body weight and shell 

length in the LE2 exposed males (0.821 P= 0.023), but not for those from the HE2 (0.690 

P= 0.058). No significant correlations were found for the RW exposed males, possibly due 

to the small sample size (n=4). No significant correlations were found between mean 
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spermatogenesis score and shell length, total weight or soft body weight for any of the 

exposure groups, although this could be expected given that the highest scores (9-10, full 

spermatogenesis) was achieved by most individuals.   

 

Parasitism 

None of the F1 V. viviparus analysed from the F1 breeding study were parasitised. 

 

4.4 Discussion 

4.4.1 Physical parameters, water chemistry and YES assay 

The water temperature within the mesocosm tanks varied with weather and season, which 

was to be expected using this type of experimental set up. The fluctuating temperature and 

day length are important seasonal cues, which can stimulate or inhibit reproduction. They 

were important in the design of the experiment, as recent evidence suggests that gastropods 

may be especially sensitive to vertebrate EDCs during times of increasing or reducing 

reproduction (Oehlmann et al. 2006, Clarke et al. In Press, Benstead 2006). The flow rate 

of the water in to the mesocosm tanks fluctuated, as did the pump rates. These fluctuations 

were not statistically significant between the tanks. However, they may play an important 

role when considering the water chemistry (below), as any deviation from the desired 

dilution factor could have an impact of the overall tank concentrations of 17β-oestradiol. 

 

Chemical analysis of the mesocosm tank water found the average concentration of E1 and 

E2 to be highest in the HE2 exposure tank, followed by the LE2 tank. The lowest mean 

concentration of E1 and E2 was measured in the river water inlet, which fed all tanks. The 

RW tank had slightly higher mean concentrations (E1 and E2) than the inlet. Surprisingly, 

the highest mean concentration of EE2 was measured in the river water inlet, followed by 

the RW tank, with lower mean concentrations measured in the two dosed mesocosm tanks. 

In addition to the presence of EE2 (which will be discussed further below) in the RW tank, 

high E2 concentrations (10.1 and 5.71ng/l) were measured in the RW tank during the first 

two sampling occasions (weeks 0 and 4 respectively). The river water inlet was not 

sampled at these points, nor were water samples taken for the YES assay. This makes it 

difficult to confirm, or refute, the chemical analysis. It is always possible that 

contamination of the RW tank occurred. However, every attempt was made to prevent this. 

The RW tank was situated on a separate row of tanks to that of the dosed tanks and dosing 

reservoir stocks were prepared and housed at ground level (below tanks) to prevent any 

possible spills. When the tanks were sampled for adult reproductive output, the RW tank 

would be sampled first, and then the tanks would be sampled in order from low to high 
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concentrations. In addition, dosing stocks were always prepared at the end of the day, 

after other sampling had occurred. Whilst preparing the stocks, gloves were worn and then 

immediately discarded and all stock bottles, dosing reservoirs, pump tubing etc were 

colour coded to prevent cross contamination. As gastropods are known to produce E2 

(Janer and Porte 2007), it is possible that a certain amount was released by the gastropods 

themselves, however the concentrations measured for the rest of the exposure period 

(weeks 8, 12 and 16) were below the limit of detection (LOD, 0.3ng/l) for E2. 

 

Statistical analysis of the water chemistry (over the entire exposure) found no significant 

difference between each of the exposure tanks or the river water inlet, for any of the steroid 

oestrogens (E1, E2, EE2) measured. This is almost entirely due to the wide variation of 

measured concentrations within each tank rather than between them. Measured 

concentrations of E2 ranged from 1.25ng/l to 232ng/l in the HE2 tank. Therefore, the 

smaller range of (1.59ng/l to 28.6ng/l E2) measured in the LE2 tank resides within the 

range of concentrations measured in the HE2 tank, and no significant difference can be 

found. E1 concentrations also varied, with the maximum variation found in the HE2 tank. 

The maximum variation between measured concentrations of EE2 was found in the river 

water inlet. 

 

Analysis of the mesocosm tank water using the YES assay found the highest average EEQ 

was from the HE2 tank (5.5 ± 5.20 ng/l EEQ) samples, followed by the LE2 tank (1.81 ± 

2.12ng/l EEQ). The RW tank and the river inlet had lowest EEQ (0.86 ± 0.99ng/l EEQ and 

0.74 ± 0.96ng/l EEQ, respectively). All the EEQ from the two dosed tanks were well 

below the nominal concentrations strived for (HE2 ~ 100ng/l, LE2 ~ 10ng/l). The HE2 

tank water EEQ ranged from 1.71% to 14.72% of nominal and the LE2 tank water EEQ 

ranged from 8.8% to 59.8% of nominal. Statistic analysis found the predicted (from the 

dilution factor) EEQ were significantly higher than the measured EEQ in both tanks. 

 

 These differences between predicted/nominal and actual EEQ however, were not 

unexpected. The use of river water (complete with algae, bacteria, other biota and 

suspended sediments) was always going to be a confounding factor in terms of the stability 

of E2 in the water column. Firstly there were large volumes of suspended sediments 

accompanying the river water in each tank. At the culmination of the 16-week exposure 

period, approximately 50-70mm depth of sediment had been deposited on to the bottom of 

each tank. E2 has been reported to absorb to both bed and suspended sediments (Holthaus 

et al. 2002), with 80-90% of sorption occurring within 24 hours. Bacteria living in river 
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water have been reported to degrade E2 into E1, reducing its oestrogenic potency in 

both the YES assay and vertebrate models (Van den Belt et al. 2004). Jurgens et al 

(Jurgens et al. 2002) report E2 to have a half-life (t½) of 0.2-9 days (d) in a range of river 

waters from the UK, incubated at 20°C (E1 was degraded at a similar rate). Similarly 

Matsuoka et al (Matsuoka et al. 2005) reported E2 to be completely degraded within 5d in 

summer sampled Japanese river water. Both authors reported no significant reduction in E2 

if the river water samples had been autoclaved prior to spiking. E2 degradation has also 

been reported in anaerobic river sediments with t½ of 0.11-0.66d UK (Jurgens et al. 2002) 

and 0.24-1.5d New Zealand (Sarmah and Northcott 2008). Due to the wide spread nature 

of these bacteria, it is not impossible that sorption and biodegradation of oestrogens 

occurred within the mesocosm tanks, as it does in rivers. Furthermore, it is possible that by 

constantly providing E2 as a nutrient source, E2-consuming bacteria were encouraged to 

proliferate in the two dosed tanks. Moreover, with tank water temperatures reaching 26°C, 

rates of removal may well have been high. Another possible route of E2 removal from the 

water column may be via uptake by algae and biota. During the exposure study, an 

abundance of biological material was found in the mesocosm tank, ranging from 

filamentous algae, freshwater sponges and Bryozoa, to aquatic invertebrates such as small 

crustacean and leeches. A small number of fish fry were also in evident in all the tanks, in 

addition to the gastropods in the test system. Takahashi et al (Takahashi et al. 2003) 

reported periphytons can bioaccumulate E2 64-1200 times that of the exposure 

concentration and that the benthos tested could bioaccumulate E2 around 100-106 times. 

Indeed, sorption of E2 to suspended organic matter and uptake in algae may well have 

provided another route of exposure (via consumption) to both gastropod species tested in 

this system. 

 

When the EEQs were predicted (by the dilution factor), degradation of E2 was not 

accounted for. Some degradation of E2 to E1 is apparent from the water chemistry. E1 was 

not added to the tank and therefore must have come from the river water feeding the tanks, 

and/or from the degradation of E2 within the tank, and/or from animals within the tank. 

The same source of river water fed each of the tanks, so is unlikely to be the cause of 

differences in E1 seen between the tanks. The same can be said for the animals within the 

tanks. It is therefore likely that the E1 was, for the largest part, from the degradation of E2. 

This is especially evident when looking at the water chemistry reported for the HE2 tank at 

week 4, where an extremely high (232ng/l) concentration of E2 is reported along side a 

high concentration of E1 (30.6ng/l). However this does not follow for every sampling 

period.  
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In contrast to E1, EE2 cannot arise from the degradation of E2, and was not added to 

the tanks, and so must have come from the river water. It is possible that the river water 

contained higher than normal amount of EE2; the summer of 2006 was especially warm 

and dry. Therefore the normal dilution of TSE upstream of the river water inlet may have 

been much lower than average. However the markedly different concentration measured 

between the river inlet/RW tank and the two dosed tanks is still an issue. It has generally 

been reported that EE2 does not biodegrade as quickly as E2 in river water. Matsuoka et al 

(Matsuoka et al. 2005) report EE2 t½ as 14d and Jurgens et al (Jurgens et al. 2002) 

similarly report EE2 t½ at 17d compared to 1.2d for E2 under the same conditions. 

However, recent research reports that EE2 can be degraded by bacteria to E1, if co-

incubated with enough E2. Pauwel et al (Pauwels et al. 2008) cultured six species of E2 

degrading bacteria (sampled from a compost heap). After 21 days of incubating EE2 (1.0 ± 

0.1mg/l at 28°C) with the different bacteria, no significant degradation was observed (if it 

was the only source of carbon). However, co-incubating with 1-5mg/l of E2 gave t½ of 41 

± 14 h to 14 ± 3 h. Increasing the ratio of E2:EE2 increased degradation, so that at a ratio 

of 5:1, 95% of EE2 was removed in 5 days (Pauwels et al. 2008). The concentrations tested 

by Pauwel et al (Pauwels et al. 2008) are orders of magnitude higher than those 

encountered in my experimental work. There is evidence (for E2 degradation) however, 

that concentration is not important in determining degradation rates. Jurgens et al (Jurgens 

et al. 2002) tested a wide range of E2 concentrations (20ng/l to 500µg/l) in river water and 

found similar rates across the range. It could therefore be possible that the high E2 levels 

dosed to the HE2 and LE2 tanks facilitated the degradation of EE2. 

 

Although the predicted EEQs (from the chemical analysis) were generally higher than the 

actual measure EEQs, they were not found to be significantly different from those of the 

actual EEQ concentrations. 

 

Water samples (for YES analysis) were taken from the two dosing reservoirs to assess how 

stable the E2 was in the dosing water. Samples from both the LE2 and HE2 reservoirs were 

taken 30 minutes after the stocks were mixed with the tap water and then again after 72 

hours. The nominal concentrations of the dosing reservoirs were 200µg/l (HE2) and 20µg/l 

(LE2). The HE2 reservoir sample (taken after 30 minutes of mixing) had around 90% of 

the nominal EEQ (180 ± 77.8µg/l EEQ). However, after the same time in the LE2 

reservoir, the measured EEQ was around 122% of the nominal concentration (24.4 ± 

7.8µg/l EEQ). After 72 hours in the HE2 reservoir around 25% of nominal E2 

concentration was measured (49.0 ± 17.6µg/l EEQ), which was around 27% of the 30 
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minute EEQ. Whereas, in the LE2 reservoir 65% of the nominal concentration was 

measured (12.9 ± 4.0µg/l EEQ), around 53% of the 30 minute EEQ. It is possible that both 

sorption and bacterial action affected the dosing reservoirs. In the LE2 reservoir, it is 

possible that over the dosing period E2 had sorbed onto the inside of the plastic container. 

The process of sorption is somewhat fluid and it is therefore possible that by adding fresh 

dosing stock (of a low E2 concentration) to the reservoir some of the E2 (previously stuck 

to the plastic) was released into the reservoir water in an attempt to form a new 

equilibrium. It is of course also possible that the high EEQ measured in the reservoir was 

due to incomplete mixing of the stock solution. Although the water used to make the 

dosing reservoir stock was tap water, and not river water, it is still possible that bacteria 

were present in the dosing reservoirs. Indeed, a scummy film (assumed to be bacterial) was 

observed in all the dosing reservoirs by the end of the 16-week exposure. Attempts were 

made to rinse this out with tap water, but the reservoirs were never sterilised in any 

manner. Without chemical analysis of the reservoir stock samples, it is difficult to 

determine whether bacterial action was to blame for the reduced EEQs from the 30-minute 

sample to the 72-hour sample. However, it is highly probable that a certain amount of 

degradation occurred. 

 

Overall the variability in both the water chemistry and YES assay results make it difficult 

to give any definitive amounts of E2 in each of the mesocosm tanks. However, both 

indicate that the HE2 tank had on average higher concentrations of E2 than the LE2 or RW 

tanks. It is possible that both the chemical analysis and the YES assay result are not as 

accurate as would be desired. The river waters complex matrix of suspended organic mater 

may have hampered the chemical analysis. Moreover, it is possible that the volume of 

water extracted for the YES assay was insufficient to properly detect the E2 in the sample. 

There was a high level of suspended organics in the water samples taken from the 

mesocosm tanks. This prevented large volumes of water being easily extracted using the 

method stated in Chapter 3. In hindsight, other methods could have been tried; such as 

using multiple C18 cartridges per water sample (and then eluting all of them into a pooled 

sample), or to filter the water sample prior to extraction may have been more effective. It 

would certainly be prudent to assess some of these methods if the experiment was to be 

repeated. The fact that water samples were only taken in tandem (for YES and analytical 

chemistry) for the last three sampling periods is somewhat frustrating. Again this would be 

rectified if the experiments were repeated. 
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Many of the problems encountered with the water chemistry and YES assay are almost 

certainly related to the mesocosm set up its self. These systems are fundamentally different 

from the more easily controlled world of the indoor laboratory. The suspended organic 

material was actively encouraged in this system to provide a food source for the test 

species. It is part of the ‘almost real world’ aspect of using mesocosms. There are always 

costs and benefits in different types of experimental set ups. The benefit of using these 

large outdoor mesocosms is that one gets a better idea of how the animals behave under 

different seasonal conditions, which would be difficult to mimic within the laboratory. 

There are also ‘man hours’ to cost into any experiment, and many more would certainly 

have been needed if a similar experiment were to be run within a laboratory. For example, 

the offspring of the adult snails were more or less left to look after them-selves over 

winter, as the mesocosm environment provided all the food and shelter required. This 

allowed time for the histopathology to be conducted. However, the disadvantages of using 

the mesocosms are most evident in terms of the reliability of introducing chemicals into the 

water. 

 

4.4.2 Effect of 17ββββ-oestradiol exposure on survival and growth 

Throughout the experiment, the main trend observed with respect to survival was that 

snails (of both species) had the highest survival rate in the LE2 tank, with the lowest 

generally being from the HE2 tank. For both species adult percentage survival at the end of 

the 16-week exposure period were remarkably similar with 72.7% of V. viviparus adults 

and 77.8% of P. corneus adults surviving in the RW tank, 84.8% and 88.9% from the LE2 

tanks, and 44.1% and 48.1% from the HE2 tank respectively. It is somewhat surprising that 

in both species survival was so similar, as V. viviparus are known to be longer lived than P. 

corneus and could therefore be expected to be more robust.  

 

In contrast to the adults, at the end of the exposure period, the total number of surviving 

neonates (V. viviparus) was highest in the LE2 tank (175), followed by the HE2 tank (160), 

and the RW tank (119). The total number of neonates released by adult V. viviparus was 

highest in the HE2 (601), followed by LE2 (552) and RW (507). Therefore early 

percentage survival of neonates was higher in the LE2 tank (33.5%) compared to HE2 

(26.6%) or RW (23.5%). A similar trend of higher survival in the LE2 tank was also found 

for the over-wintering F1s. 94% of V. viviparus F1s survived the winter from the LE2 tank 

compare to 53% from the RW tank and 55% from the HE2 tank.  
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The survival pattern of the P. corneus F1s was somewhat different to V. viviparus: 28% 

from the LE2 tank survived the winter compare to 25% from the HE2 tank and 19% from 

the RW tank. However, during early spring, P. corneus from the HE2 tank suffered almost 

twice as many mortalities as those from the LE2 and RW tanks. The lower F1 survival of 

the P. corneus compared to the V. viviparus is likely to be due to differences in life 

strategies. As discussed in Chapters 2, V. viviparus has low fecundity compare to that of P. 

corneus. Instead of producing a large number of young, it invests its energy into producing 

a small number of larger, well-developed offspring. These offspring are therefore far better 

equipped to survive the winter. The trend of LE2 survival continued through the un-dosed 

F1 breeding study. 97% of the LE2 developmentally exposed V. viviparus F1s survived to 

the end of the F1 breeding study compare to 88% from the HE2 groups and 85% from the 

RW groups. For P. corneus 94% of the LE2 developmentally exposed snails survived 

compared to 44% from the RW and 33% from the HE2 exposures 

 

At the end of the 16-week exposure, adult female V. viviparus from the HE2 exposure 

were significantly lighter than those from the LE2 and RW exposures. V.viviparus RW 

exposed males were almost twice as heavy (once the shell was removed) than males from 

the LE2 or HE2 exposures. Whereas, there were no significant differences in size or weight 

of the adult P. corneus post-exposure. However, the normal highly significant positive 

correlation found between total weight (shell on) and soft body weight (shell removed) was 

lost in the HE2 exposed snails. Immediately after developmental exposure, F1 V. viviparus 

also showed optimal growth in the RW only treatment with 85% of the population above 

10mm in shell length compare to 75% from the LE2 exposure and 63% from the HE2 

exposure. It is possible, however, that the smaller percentage of 10mm+ offspring in the 

HE2 tank also relates to the significantly higher reproductive output exhibited by the V. 

viviparus adults towards the end of the exposure period (weeks 14-16) in this tank. F1 P. 

corneus showed a similar size/growth trend to the V. viviparus, with 73% of RW exposed 

snails measuring above 10mm in shell diameter, compared to 46% of HE2 and LE2 snails. 

When the sub-samples were taken of the F1s for histopathological analysis, it was found 

that F1 female V. viviparus from the HE2 exposure had significantly lower soft tissue 

weight compare to those from the RW, even though overall shell sizes were similar. F1 

male V. viviparus were affected to a greater extent, with HE2 exposed males significantly 

smaller (shell length and aperture, total and soft body weight) than those in the RW or LE2 

exposures. P. corneus developmentally exposed to the HE2 treatment were also 

significantly smaller (shell length and aperture, total and soft body weight) than those from 

the LE2 and RW exposures. During the un-dosed F1 breeding study the LE2 exposed and 
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then depurated V. viviparus grew larger and heavier than the RW or HE2 exposed 

snails.  The size and weight of depurated F1 P. corneus from the different developmental 

exposures were not significantly different from each other at the beginning or the end of 

the un-dosed F1 breeding study. However, in a striking similarity to their parents, the HE2 

developmentally exposed F1s had also lost their significant positive correlation between 

total weight (with shell) and soft body weight (without shell). In addition, they had also 

lost their normal significant positive correlation between shell diameter and soft body 

weight. It seems therefore that although exposure during adult hood or during early 

developmental stages to high concentrations of E2 can have toxic effects (increased 

mortality, retarded growth), that exposure during these times to low concentrations may 

prove beneficial in terms of survival. In the case of V. viviparus, F1s it also seems that 

developmental exposure to LE2 increased growth rates later, when the snails were 

depurated.  

 

4.4.3 Effect of 17ββββ -oestradiol exposures on reproduction and sexual development 

On average (over the whole 16 week exposure), HE2 V. viviparus snails released the most 

offspring per snail, with RW and LE2 releasing slightly lower numbers (Figure 4.10). 

From week 10 onwards, HE2 exposed snails released a higher number of neonates per 

adult V. viviparus, however significant differences between treatments were not observed 

until week 14 of the exposure study. This delayed trend could be expected: female V. 

viviparus harbour their offspring over winter (pre-exposure) for release in the spring, and 

therefore any impact of exposure on reproduction would not be seen until summer. The 

higher reproductive output seen in the HE2 exposed snails may, in part, be related to the 

higher mortality rate experienced in the HE2 tank (Figure 4.9). Females may have 

prematurely released their offspring due to increasing stress or threat of mortality (Ribi and 

Gebhardt 1986). Unfortunately the size of offspring released was not recorded: these data 

would have been beneficial in understanding whether the HE2 had somehow stimulated the 

growth of the offspring (thus facilitating earlier release) or if, on the other hand, they were 

prematurely released (aborted young). When the female’s brood-pouches were dissected at 

the end of the exposure, those from the HE2 tank had on average the lowest number of 

embryos per female (Table 4.30), indicating premature release was the likely explanation 

(rather than them having more embryos to release). Females from the LE2 exposure had 

the highest number of embryos. Interestingly, females from the LE2 treatment harboured 

significantly more un-shelled (youngest) embryos when compared to the RW or HE2 

females. These un-shelled embryos would likely represent eggs produced by the female 

during the exposure period, whereas the shelled embryos were perhaps the un-shelled 
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embryos present at the start of the exposure. The number of unshelled embryos 

produced by the prosobranch mollusc Potamopyrgus antipodarum has been used in recent 

research to evaluate the oestrogenic or androgenic effects of a number of EDCs and TSE 

(Duft et al. 2007, Duft et al. 2003, Jobling et al. 2004, Jobling et al. 2003). Jobling et al 

(Jobling et al. 2004) reported that exposure to EE2 induced a similar reproductive response 

in P. antipodarium as found in the fathead minnow (Pimephales promelas), a commonly 

used fish test species, with un-shelled embryo production (or egg laying) stimulated at low 

concentrations and inhibited at higher concentrations. This ‘inverted U-shaped’ response 

may also be evident in my research, although the limited number of concentrations tested 

is a hindrance to fully understanding the complete response. A number of different 

mechanisms may be at play here. When the adult female V. viviparus were analysed 

histologically, a trend was seen of increased oocyte number inline with increasing E2 dose, 

which could be evidence of E2 mediated stimulation on oogenesis. Accelerated oogenesis 

has been reported in grayling (Thymallus thymallus) exposed to concentrations of E2 as 

low as 1ng/l (Lahnsteiner et al. 2006). However, as discussed above, in the HE2 exposure 

tank there was also a higher level of mortality and altered/retarded growth when compared 

to the RW and the LE2 exposures: evidence of toxicity. The energy required to produce 

eggs with a large enough food reserve for many months of ‘gestation’ must be significant. 

Therefore, any evidence of E2 stimulation on embryo production may have been concealed 

by toxic stress to the females at higher E2 concentrations. It is also possible that toxicity 

and stress may also have affected the male’s ability to mate. Histopathological assessment 

of the adult male V. viviparus gonad, however, indicated full spermatogenesis was 

occurring in all treatment groups. It is however possible that E2 exposure negatively 

affected sperm quality parameters (e.g. motility) not measured in this research. There are 

reports of reduced sperm quality after E2 exposure in vertebrate species. Gill-Sharma et al 

(Gill-Sharma et al. 2001) reported significantly reduced sperm motility in adult rats 

exposed to E2 (<10µg/kg/day). In a fresh water fish (Grayling) sperm density, volume and 

motility were negatively affected by pre-spawning exposure to ≥ 1ng/l E2 (Lahnsteiner et 

al. 2006). In a species such as V. viviparus, which practices internal fertilisation, sperm 

quality may be vital to fertilisation success. 
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Table 4.46 Comparison of effects in the E2 experiment on V. viviparus  adults, 

F1s directly after developmentally exposed, and F1s after developmental 

exposure and then depuration in river water for one year  

 
Snails expoed to; river water plus a low concentration of 17β-oestradiol (LE2) or 

river water plus a high concentration of 17β-oestradiol (HE2) in comparison to 

snails exposed to river water only (RW). Key to symbols: dashed horizontal lines 

no difference in effect seen when compared to RW; dashed vertical lines show 

a trend but not a statistically significant one when compared to RW; solid 

vertical line shows a significant difference (P< 0.05) when compare to RW; 

arrow head indicates an increase or decrease compared to RW; N/A, Not 

applicable; E, survival during exposure; O, survival over winter. 

 

When the number of shelled (oldest) embryos harboured were correlated with their 

mother’s shell length, a significant negative correlation was found in the RW exposed 

snails, whereas a significant positive correlation was found in the LE2 exposed snails (no 

significant correlation was found in HE2 snails). It could be assumed that larger females 

should harbour more shelled offspring (causing a positive correlation). Research by 

Jakubik (Jakubik 2006, Jakubik 2007) on V. viviparus from the Zegrzynski Reservoir 

(Central Poland) found female fecundity (total embryo number) increased with shell size, 
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and that fecundity could double in areas with good water flow and food supplies. 

However, in contrast Ribi and Gebhart (Ribi and Gebhardt 1986) found that in a 

population of V. ater, which had little threat of early mortality, large females might 

alternatively produce fewer larger offspring (causing a negative correlation). This perhaps 

indicates that although the LE2 females may be harbouring a larger number of offspring 

they may be smaller in comparison to those from the RW exposure. However, the size of 

embryos was, unfortunately, not measured. No significant correlation was found between 

female shell length and the number unshelled embryos harboured in any treatment group.  

 

Reproductive output in the adult P. corneus was induced at the LE2 concentration but was 

inhibited at the HE2 concentration. The stimulation of egg production (LE2) was 

especially evident during the normal end of summer decline (after the summer solstice 

peak). Snails from the LE2 exposure laid significantly more eggs at weeks 12, 14 and 16 

than their RW counterparts, Figure 4.3 illustrates this, Figure 4.18A shows the mean 

number of eggs laid per snail in the eight weeks leading up to the summer solstice: when 

normally egg laying is at its peak, and Figure 4.18B shows the eight week period after the 

solstice: when normal egg laying is in decline. A similar response was also observed in the 

same species exposed to graded concentrations of TSE (Clarke et al. 2009). Inappropriate 

stimulation of reproduction has also been observed in fish. EE2 (5-6ng/l) exposed Fathead 

minnows continued to express VTG mRNA and protein after the normal end of the 

breeding season (Kidd et al. 2007). Egg laying by HE2 snails was reduced from week 6 of 

the exposure, which was shortly followed by a sharp drop in percentage survival. Again it 

seems that with this species at the higher concentration, any stimulating effects that might 

occur are masked by toxicity and stress.  
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Figure 4.18 Mean eggs laid per snail from the E2 experiment. 

Snails exposed to river water only (RW), river water plus a low concentration of 

17β-oestrodiol (LE2) and river water plus a high concentration of 17β-oestrodiol 

(HE2) split between the first eight weeks of the exposure period (A) and the last 

eight weeks of the exposure period (B). 

 

Histopathological analysis of the adult gonad of P. corneus found some interesting effects 

of exposure relating to the gametes supporting cells. The Sertoli cells, spermatogenic 

supportive cells, seemed to be especially sensitive. Significant increases in the numbers of 

Sertoli cells and spermatogonium sloughed into the acini lumen (where they were 

presumed no longer functional) were found in the adult HE2 exposed snails. The HE2 

exposed snails also suffered increased spermatocyte and spermatid sloughing into the 

lumen compared to that of RW and LE2 snails, albeit a non-significant one. Negative 

affects of E2 exposure on Sertoli cells have been reported in a number of vertebrates. 

Rasmussen et al (Rasmussen et al. 2005) reported E2 exposure (0.5µg/l E2, continuous 

flow through) to disrupt Sertoli cell structure and function in the eelpout (Zoarces 

viviparus), resulting in impairment of spermatogenesis and the lobular structure of the 

testis. Proliferation and degenerative changes of Sertoli cells were observed in adult 

fathead minnows (P. promelas) exposed to E2 (0.0625-1000nM) for 14 days (Miles-

Richardson et al. 1999a). Exposure of adult male rats to E2 (0.1mg/kg) for 10 days 

significantly reduced their sperm count and the number of litters sired (Aleem et al. 2006). 

At concentrations >10µg/kg/day E2, Sertoli cell function was disrupted in adult rats (Gill-

Sharma et al. 2001): this E2 induced disruption to Sertoli cells was prevented by co-

exposure to an anti-oestrogen, suggesting the effect was ER mediated (Gill-Sharma et al. 

2001). The developmentally exposed F1 P. corneus also showed spermatogenic disruption: 

the E2 developmentally exposed snails had a significantly higher percentage of acini 
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affected by Sertoli cell and immature spermatogenic cells sloughing into the lumen 

compared to the RW exposed snails. In addition to Sertoli cell disruption, a significant 

dose-dependent reduction in the percentage of active vitellogenic areas (maturing oocytes 

and sperm) was found (a similar but non-significant trend was also observed in the adult 

snails, Table 4.47). This suggests the follicle cells (oocyte supportive cells) may also be 

affected. There are several ways the follicle cells may have been affected to result in 

reduction of mature oocytes in the vitellogenic area. Firstly the ability of the follicle cells 

to transport the developing oocytes to the vitellogenic area may have been inhibited, and 

thus promoting empty vitellogenic areas. Secondly, the follicle cells may have been 

disrupted in their ability to support oocyte maturation (which normally occurs in the 

vitellogenic area). When the different stages of oocyte maturation were assessed, the E2 

developmentally exposed snails were found to have a significantly higher percentage of 

young oogenesis stages, and a lower percentage of mature stages when compare to the RW 

snails (a similar but non-significant trend was observed in the adult snails, Table 4.47). In 

vertebrates, there has been less research focused on the effects of E2 on female germs cells 

than on male germ cells. However, it has been reported that in sexually mature fathead 

minnows exposed to E2 (0.0625-1000nM), increased numbers of primary stage oocytes 

were recorded, with reduced numbers of later stages of development (Miles-Richardson et 

al. 1999a). Therefore, the reduced activity observed in the vitellogenic area could be due to 

the combined effects of Sertoli cell disruption (and sloughing) and a reduction in oocyte 

maturation. There has been little research on the possible toxicological effects on gonad 

histopathology of molluscs (especially hermaphrodites). Recent research has, however, 

also indicated Sertoli cell dysfunction (immature spermatogenic cells found in lumen) in P. 

corneus exposed either as adults or developmentally to TSE (Clarke et al. 2009). However, 

due to the staggered sampling of the F1 P. corneus, it is also important to consider the 

possibility of seasonal changes in gonad function. The HE2 exposed F1s were sampled 9 

days earlier than the LE2 and RW F1s. Therefore changes in water temperature and day 

length may also have affected the snails. From my own additional laboratory work on P. 

corneus (Appendix V), I found that reduced temperature (below 15oC) initially caused 

sertoli and immature spermatogenic cells to slough into the lumen. During the F1 sampling 

period (14-23 September), midday water temperatures were measured at 16-18oC. The 

level at which the spermatogenic and sertoli cell sloughing occurs under different natural 

conditions is unfortunately undocumented. 

 

Impacts on spermatogenesis and oogenesis were also found in the E2 developmentally 

exposed F1 V. viviparus. The F1 females from both E2 exposures had significantly less 
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oocytes per section (of gonad analysed) than the RW exposed snails. Male 

spermatogenesis score (sexual development) was significantly affected in a dose dependant 

manner. The HE2 exposed males had on average only spermatid present in the gonad 

compared to full spermatogenesis in 50-70% of tubules in RW exposed males. Although 

Sertoli cells were not seen to detach from the tubule basement membrane (as seen in P. 

corneus) this (retarded spermatogenesis) still might be evidence of Sertoli cell dysfunction. 

Developmental exposure to steroid oestrogens has been reported to disrupt normal 

spermatogenesis in vertebrates. For example, day old rats exposed to E2 (1µg) resulted in 

altered gonocyte migration, reduced cell proliferation and increased apoptosis (Vigueras-

Villasenor et al. 2006). Similar results were reported (reduced germ and Sertoli cell 

volume (per testis) in adults, increased apoptosis) when Atanassova et al (Atanassova et al. 

1999) exposed developing rats to 10µg/kg EE2.  

 

After a year of depuration in river water, female oocyte number still suffered a dose-

dependant decrease. Whereas, in depurated males, spermatogenesis had fully recovered. It 

seems therefore that although the effects on spermatogenesis were transient in developing 

V. viviparus, the effects on oocyte number were permanent. This may be especially 

important in such a long-lived species, as a short exposure at the developmental stage 

could have implications for recruitment for several years. For both the F1s and the adults 

of this species, it would have been very informative to continue the experiment for some 

time, to fully appreciate the long-term effects of exposure. In vertebrates, Kidd et al (Kidd 

et al. 2007) report that chronic exposure to the synthetic oestrogen EE2 (5-6ng/l) lead to 

near extinction of Fathead minnows (P. promelas) from one of Canada’s experimental 

lakes. Early signs of effects on these fish included retarded spermatogenesis in males and 

altered oogenesis in females (Kidd et al. 2007), similar findings as observed in V. viviparus 

exposed to E2 in my research. 
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Table 4.47 Summary of histolopathological effects seen in P. corneus adults 

directly after exposure, F1s developmentally exposed and F1s developmentally 

exposed and then depurated for one year from the E2 experiment 

 
Snails exposed to; river water plus a low concentration of 17β-oestradiol (LE2) 

or river water plus a high concentration of 17β-oestradiol (HE2) in comparison 

to snails exposed to river water only (RW). Key to symbols: dashed horizontal 

lines no difference in effect seen when compared to RW; dashed vertical lines 

show a trend but not a statistically significant one when compared to RW; solid 

vertical line shows a significant difference (P< 0.05) when compare to RW; 

arrow head indicates an increase or decrease compared to RW. 

 

Given the histopathological evidence (reduced oocyte number and lower spermatogenic 

score) of the V. viviparus directly after developmental exposure to E2, the F1 breeding 

study results were somewhat of a surprise: the LE2 developmentally exposed and then 

depurated females harboured significantly more embryos (total and shelled) than the RW 

(or HE2) exposed snails. A large proportion of the females from all treatment groups did 
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not harbour embryos. However, the lack of embryos in the majority of RW females 

was somewhat unexpected. Jakubik (Jakubik 2007) reports that female V. viviparus from 

the Zegrzynski Reservoir (Central Poland) had between 0.9-6.7 embryos per female at a 

shell length of 8.1-12mm and 1.1-9.6 embryos per female at a shell length of 12.1-25mm. 

At the end of the F1 breeding study the females were around 15-18mm in shell length. The 

lack of embryos harboured may therefore be a result of the experimental set up. From the 

RW developmentally exposure, 12.5% of V. viviparus female’s harboured embryos 

compared to 36% from LE2 exposed and only 5% from HE2 exposed. The lower embryo 

number and percentage of females harbouring embryos in the RW tank may have been 

density related. The initial over-wintering density of V. viviparus offspring in the RW tank 

was over four times that of the LE2 or HE2 tanks (the densities in these tanks were 

similar). Combined with the number of P. corneus housed in the same tanks to over winter, 

the densities of juvenile snails were 0.8 l/snail in the RW tank compare to 1.8 l/snail in the 

LE2 tank and 1.2 l/snail in the HE2 tank. V. viviparus are known to aggregate in extremely 

high densities under good conditions. Jakubik (Jakubik 2003) reported densities over 800 

individuals/m2 in the Zegrzynski Reservoir. However, Browne and Richardson (Browne 

1978) report these aggregations are not observed when food sources are limited. The 

percentage of F1 V. viviparus surviving the winter period from the RW tank was much 

lower than seen in the LE2 tank. During the over-wintering period, the river water pump 

had to be removed from the river and switched off (leaving all the tanks static), reducing 

the food and possibly dissolved oxygen (although the aeration pump was still active). The 

increased over-wintering density may therefore have caused increased competition for food 

and resources, hampering reproduction or the female’s ability to produce the nutrition 

needed for eggs, and therefore possibly reducing the number of embryos, the effects of 

density will be discussed further in Chapter 6. The reason the density was so much higher 

in the RW tank was due to the pooling of two RW tanks (due to a lack of availability of 

tanks). However, the significantly lower number of embryos harboured by females from 

the HE2 exposure compared to those from the LE2 tank is less likely to be an affect of 

density. The reduced oocyte number combined with lower spermatogenic score seen in 

HE2 V. viviparus F1s directly post exposure is likely to be key. Due to the long gestation 

period of these animals, mating must occur in their first autumn for females to release 

offspring the following spring-summer. In this experiment, males from the HE2 exposure 

(on average) were not producing any mature sperm in September, which would have 

prevented many of the snails from mating successfully. 
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Effects of E2 developmental exposure on depurated reproduction were also seen in F1 

P. corneus. Egg laying was delayed in the both the HE2 and LE2 developmentally exposed 

snails compared to those from the RW only. Indeed, LE2 developmentally exposed and 

then depurated snails did not start laying egg masses until eight weeks into the experiment 

(compared to from the beginning in RW snails). LE2 reproductive period was less than 

half that of the RW, only lasting for six weeks. During the short time they did lay eggs LE2 

snails also laid at a much lower rate. Over the 14 weeks of the study the mean number of 

eggs laid per snail was only 6 for LE2 exposed snails compare to 112 from the RW. The 

HE2 snails were affected in a similar manner but to a lesser extent than those from the LE2 

exposure. Snails from the two E2 treatments were not stunted and LE2 snails survived the 

F1 breeding study better than those from the RW exposure. Therefore toxicity does not 

seem to be a factor affecting the reproductive output of depurated snails. In P. corneus, as 

are other Basommatophora, egg laying is regulated by both biotic and a-biotic factors; the 

most prominent of these being day length, water temperature and nutritional state (Joosse 

1984, Bohlken and Joosse 1982, Costil and Daguzan 1995a, Costil 1997, Scheerboom 

1978). In experiments with another UK native pulmonate L. stagnalis, day length was 

found to be the overriding external factor in controlling reproductive output (Bohlken and 

Joosse 1982, Bohlken et al. 1986). P. corneus normally start laying egg in early spring and 

continue until late summer (Clarke et al. 2009, Costil and Daguzan 1995b). However, in 

the case of the E2 developmentally exposed groups they did not start laying eggs until 

around week 8 of the study. The summer solstice (longest day) fell between weeks 8 and 

10, when normally maximum reproductive output is achieved. 

  

As reported in Chapter 2, pulmonate gastropods have several types of neuro-secretory cells 

found in the cerebral ganglia, which control growth and reproduction. Growth is controlled 

by products produced by the light green cells (LGC), whereas egg laying is controlled by 

the lateral lobes (LL). The LL stimulates the caudodorsal cells (CDC) to produce 

caudodorsal cell hormone (CDCH), which controls ovulation and oviposition. The LL also 

stimulated the dorsal bodies (DB) to produce dorsal body hormone (DBH), which 

stimulates the growth and differentiation of the female accessory sex organs and stimulates 

vitellogenesis in the ovotestis (Chapter 2, Section 2.1.1 and Figure 2.3). However, the LL 

also suppresses the action of the LGC. So there is a balance between growth and 

reproduction. Day length has an important function with regard to egg laying, however the 

exact mechanism is unknown (Joosse 1984, Bohlken and Joosse 1982, Bohlken et al. 

1984). My results are suggestive that developmental exposure may have disrupted the 

normal response to increased day length that induces egg laying. In vertebrates, disruption 
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to the hypothalamic-pituitary-gonadal (HPG) axis during its development or ‘re-

programming’ by inappropriate exposure to steroid oestrogens (or other EDCs) has been 

reported to cause permanent alterations in adult reproductive behavior or function (Gore 

2008, Dickerson and Gore 2007, Ottinger et al. 2008, Ottinger and Abdelnabi 1997). It is 

therefore possible that similar disruption to the developing neuro-endocrine system of 

gastropods could occur. The neuro-endocrine control of the prosobranchs has not been 

investigated to the same level as pulmonates. However, the increased growth rate but 

reduced oocyte number observed in developmentally exposed V. viviparus may also be due 

to disruption of the growth-reproduction balance. 

 

When the gonads of the developmentally exposed P. corneus F1s were analysed after 

approximately one year of depuration, a dose-dependant decrease in active vitellogenic 

area was still in evidence. However, sloughing of Sertoli and immature spermatogenic cells 

was not significantly different between the three groups. This, combined with the data 

obtained from the V. viviparus, suggest that the effects of E2 on Sertoli cells and 

spermatogenesis are activational, rather than organisational. It is not known, however, how 

long some of these effects persist, as histological samples were not taken at the beginning 

of the F1 breeding study. 
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5 Effects of exposure to environmentally relevant 

estrogenic mixtures on reproduction of two UK 

native fresh water gastropod molluscs 
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5.1 Introduction 

The feminising effects of some treated sewage effluents to vertebrates, such as fish, have 

been well documented (Jobling et al. 2002, Rodgers-Gray et al. 2001, Jobling et al. 2003, 

Harries et al. 1996, Liney et al. 2005, Vajda et al. 2008). Domestic and industrial effluents, 

and therefore river water, contain thousands of chemicals. However, research has been 

conducted in the past to identify the oestrogenic components of these effluents, using 

methods such as toxicity identification and evaluation (TIE). Using these techniques, a 

number of chemicals have been implicated in the feminisation of fish, including the natural 

steroid oestrogen 17β-oestradiol (E2), the synthetic steroid oestrogen 17α-ethynylestradiol 

(EE2), the plastics component bisphenol A (BPA), and the alkylphenol ethoxylates; 

nonlyphenol (NP) and octylphenol (OP) (Desbrow et al. 1998, Jobling and Sumpter 1993, 

Routledge and Sumpter 1996, Tyler and Routledge 1998, White et al. 1994, Routledge and 

Sumpter 1997, Routledge et al. 1998). In 2004, when this research project was initiated, 

there were a small number of publications indicating that molluscs could also be sensitive 

to domestic and industrial effluents (Blaise et al. 2003, Gagne et al. 2004b, Jobling et al. 

2004). It is therefore suggested that these same chemicals identified from effluents to be 

oestrogenic to fish, may also be responsible for the feminising effects seen in molluscs. 

Indeed, as previously stated in Chapter 3, a small number of studies have assessed 

reproductive effects of single chemical exposures (BPA, EE2, NP, OP) to gastropod 

molluscs (Segner et al. 2003b, Oehlmann et al. 2000, Oehlmann et al. 2006, Duft et al. 

2007, Duft et al. 2003, Jobling et al. 2004). However, at the time this research was 

instigated, no published studies had investigated the reproductive and/or developmental 

effects of environmentally relevant mixtures of these EDCs on gastropod molluscs.    

 

5.1.1 Previous research of oestrogenic mixtures on the test species 

To my knowledge no previous research on the effects of oestrogenic mixtures has been 

conducted with the gastropod species V. viviparus or P. corneus. However, research has 

been conducted on these two species with graded concentrations of Treated Sewage 

Effluent (TSE) (Clarke et al. 2009). This produced evidence of disruption of the 

reproductive cycle of the adult gastropods and to the reproductive development of their 

developmentally-exposed offspring. However, as previously mentioned, TSE contains 

thousands of chemicals and compounds, which can affect animals in many different ways 

(nutrition, toxic, androgenic, anti-androgenic, oestrogenic, anti-oestrogenic, etc). This can 

make identifying oestrogenic effects troublesome. Therefore, the purpose of this 

experiment was to test a mixture of environmentally relevant oestrogenic chemicals, which 

are known to be endocrine disruptors to vertebrates such as fish, on native gastropod 
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molluscs. This experiment was devised to provide a more ‘real world’ exposure than 

that presented in Chapter 4 (high concentrations of a single chemical), but without the 

added complexities and confounding factors that a whole effluent study may present. As in 

the E2 experiment (Chapter 4), the effects of exposure on both the sexually mature adult 

animal, and the developing offspring were assessed. The same two species of native UK 

freshwater gastropods were chosen, as was the use of the mesocsom set up. The reasoning 

behind choosing these species and the mesocsom set up were the same as for the E2 study 

(Chapter 4). This replication of species and experimental design also provided the 

opportunity for comparisons to be made between the effects of a single oestrogenic 

chemical and an oestrogenic mixture. 

 

5.2 Aims 

The aim of this experiment was to assess the effects of exposure to environmentally 

relevant oestrogenic mixtures on adult reproduction and sexual development in two species 

of native gastropod mollusc, V. viviparus and P. corneus. 

 

5.3 Method 

Two species of freshwater gastropod (V. viviparus and P. corneus) were exposed to 

environmentally relevant estrogenic mixtures in a freshwater mesocosm experiment. The 

mesocosm tanks were housed at Essex and Suffolk water’s Langford water treatment 

works site. In the dosed experiment four 685 litre (1m3) purpose built tanks were fed with 

river water, which was abstracted from the River Chelmer via a submerged pump. Two 

tanks were dosed with either ‘high’ (nominal doses typical of treated sewage effluent) or 

‘low’ (nominal doses typical of river water) concentrations of a mixture of estrogenic 

chemicals namely the steroids Estrone (E1; high, 100ng/l; low, 20ng/l), 17β-oestradiol (E2; 

high, 10ng/l; low, 3ng/l) and 17α-Ethinlyestradiol (EE2; high, 1.5ng/l; low, 0.5ng/l) and 

the synthetic industrial chemicals Nonylphenol (NP; high, 6µg/l; low, 1.5µg/l) and its 

ethoxylates NP1EO (high, 5µg/l; low, 1µg/l) and NP2EO (high, 7µg/l; low, 2µg/l), 

Octylphenol (OP; high, 600ng/l; low, 150ng/l) and Bisphenol A (BPA; high, 100ng/l; low, 

50ng/l). A third tank contained river water and the carrier solvent ethanol (RW+S) and a 

fourth tank contained river water only (RW). See Chapter 3 Section 3.5, which states the 

full materials and methods. 

 

At the start of the experiment, each tank was furnished with twelve mesh cages of snails, 

six for each species, each containing either six adult P. corneus or eleven adult V. 

viviparus. Adult gastropods and their subsequent offspring were exposed over 16 weeks 
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from the beginning of May until the end of August 2006. The reproductive output of 

the adult snails was measured fortnightly either by counting the number of eggs laid (P. 

corneus) or neonates released (V. viviparus). The offspring (F1s) produced by the exposed 

adults were also developmentally exposed in the same mesocosm tank in which their 

parents were housed. Adult snail mortality was recorded fortnightly. Tank water samples 

were taken on weeks 0, 4, 8, 12 and 16 for chemical analysis (E1, E2, EE2, NP, OP, BPA). 

Water samples were also taken on weeks 2, 6, 8, 10, 12 and 16 from the two dosed tanks 

and on weeks 8, 10, 12 and 16 from the river water tank for Yeast Estrogen Screen (YES) 

analysis. The water samples taken at weeks 8, 12 and 16 were simultaneously sampled for 

the YES and water chemical analysis. When dosing culminated (end of August 2006) all 

the adults and a number of the F1s were sacrificed and fixed for histopathological analysis 

of reproductive health and sexual development (see Section 3.5.7). The remaining F1s 

from three of the treatments (river water only (RW); low concentration of the oestrogenic 

mixture (LM); high concentration of the oestrogenic mixture (HM)) were counted and then 

depurated in river water over autumn-winter 2006 (see Section 3.5.8). The surviving 

depurated F1s were then recounted and groups of snails were assessed for their 

reproductive output in two further un-dosed mesocosm (P. corneus over 14 weeks, V. 

viviparus over 18 weeks) experiments, conducted spring-summer 2007 (see Section 3.5.9 

for full materials and methods). At the end of the F1 breeding study (August 2007), these 

snails were sacrificed and fixed for histopathological analysis of reproductive health and 

development (see Chapter 3, Section 3.5.10). 

 

5.4 Results 

5.4.1 Physical tank parameters  

Temperature 

Water temperature fluctuated over the 16 weeks of exposure with a low of 14oC measured 

in May and a peaked of 26oC at the end of July (Figure 4.1).  

 

Flow Rate  

Over the entire experiment water flow into the tanks was kept to approximately 3l/min 

(RW 3.3 ± 0.6, RW+S 3.0 ± 0.6, LM 3.2 ± 0.6, HM 3.2 ± 0.7), flow rates did vary day to 

day and the flow meters needed frequent adjustment to keep flow rates equal. However, 

statistical analysis (ANOVA) found no significant difference between the four treatment 

tanks (P= 0.252). 
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Dosing Pump 

The dosing pump rate was kept at approximately 1.5ml/min (RW+S 1.6 ± 0.1, LM 1.5 ± 

0.2, HM 1.4 ± 0.2). Blockages, however, occurred occasionally (especially in hot weather) 

and tubing needed to be replaced periodically. Statistical analysis (Kruskal-Wallis) found a 

significant difference between the dosing pump rates (P<0.001). Post hoc analysis (Mann-

Whitney) found the RW+S to have significantly higher dosing rate compared to that of the 

HM pump rate (P<0.001). However, no significant difference was found between RW+S 

and LM (P= 0.097) rates, or between LM and HM (P= 0.075) rates. 

 

Concentration of solvent (Ethanol) in tanks 

The river water flow rate and dosing pump rate dictated the concentration of solvent 

(Ethanol) in the RW+S, the LM and the HM tanks. Due to a combination of higher dosing 

pump rate and lower water flow in the RW+S tank the average the concentration of ethanol 

in the RW+S tank was higher than in the LM or the HM tanks. Figure 5.1 illustrates 

average concentration of ethanol in the three tanks over the 16 week dosing period. 

 

 

Figure 5.1 Concentration of carrier solvent (Ethanol) in the mesocsom tanks 

during the adult and F1 exposure in the oestrogenic mixture experiment.  

River water plus solvent (RW+S), low oestrogenic mixture (LM) and high 

oestrogenic mixture (HM). The concentration of solvent was calculated from 

the measured dosing pump rate and water flow rate into each tank. 

Concentration of solvent measured in µl/l. 
 

5.4.2 Chemical and Biological (YES) analysis of mesocosm water samples 

Measured concentrations of steroid and non-steroid estrogens from the mesocosm tank 

water during adult and F1 exposure 
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5.4.2.1 Water chemistry results 

E1 

The maximum E1 concentration was measured at 155ng/l at week twelve from the HM 

tank. Mean E1 concentrations over the entire study were lowest in the river pump inlet at 

1.13 ± 0.22ng/l. The RW and RW+S tanks had similar mean E1 concentrations of 1.22 ± 

0.46ng/l and 1.37 ± 0.63ng/l. The LM tank had a mean concentration of 30.96 ± 48.04ng/l 

and the HM tank had the highest E1 mean concentration of 60.54 ± 61.01ng/l (Table 5.1).  

 

E2 

The highest E2 measured concentration was at week 0 from the LM tank; 27.4ng/l. The 

mean measured concentrations of E2 ranged from 0.34 ± 0.09ng/l in the river pump inlet to 

10.87 ± 7.84ng/l in the HM tank and 11.28 ± 11.46ng/l in the LM tank (Table 5.1).  

 

EE2 

The maximum measured concentration of EE2 (5.53ng/l) was found in the HM tank at 

week 12. Mean measured concentrations of EE2 ranged from 1.11 ± 0.94ng/l in the RW 

tank and 1.18 ± 0.91ng/l in the RW+S tank to 3.26 ± 2.39ng/l in the HM tank (Table 5.1). 

The mean measured concentrations of both the steroid and non-steroid oestrogens are 

given in Table 5.3. 

 

NP 

The NP limit of detection varied between sampling dates, the LOD was 0.1µg/l at weeks 0 

and 16, and 0.5µg/l at weeks 4, 8 and 12. NP was not measure above the LOD for either of 

the RW or RW+S tanks for any of the sampling times. The highest measured concentration 

was 3.82µg/l at week 12 from the HM tank. Mean concentrations of NP ranged from 0.34 

± 0.22µg/l for both the RW and RW+S tanks to 1.47 ± 1.67µg/l in the HM tank (Table 

5.2). 

 

OP 

The OP limit of detection varied between sampling dates. During weeks 0 and 16 LOD 

was 0.2µg/L and at weeks 4, 8 and 12 it was 1ug/l. None of the water samples taken from 

any of the tanks had measured concentrations of OP above the limit of detection (Table 

5.2) 
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Table 5.1 Measured concentration (ng/l) of steroid oestrogens from the four 

exposure tanks plus the river water pump inlet measured over the 16 week 

exposure.  

E1  
Week 0 4 8 12 16 

Low mixture 
tank 

2.92 21.1 116 5.73 9.05 

High mixture 
tank 

11.2 51.7 79.8 155 5.02 

River water 
tank 

2.03 <1 1.05 <1 <1 

River water 
plus solvent 
tank 

2.46 <1 <1 <1 <1 

River water 
inlet 

ns ns <1 <1 1.38 

E2  
Week 0 4 8 12 16 

Low mixture 
tank 

27.4 3.96 22.9 0.836 1.32 

High mixture 
tank 

5.94 11.6 10.5 24.8 1.49 

River water 
tank 

10.1 5.71 <0.3 <0.3 <0.3 

River water 
plus solvent 
tank 

7.01 0.624 <0.3 <0.3 <0.3 

River water 
inlet 

ns ns <0.3 <0.3 <0.3 

EE2  
Week 0 4 8 12 16 

Low mixture 
tank 

ns 4.4 4.11 1.21 1.76 

High mixture 
tank 

ns 5.11 1.18 5.53 1.21 

River water 
tank 

ns 0.375 0.37 1.37 2.34 

River water 
plus solvent 
tank 

ns 0.237 0.974 1.06 2.43 

River water 
inlet 

ns ns 0.375 0.997 3.73 

E1 and E2 were measured in the tank water on weeks 0, 4, 8, 12 and 16. EE2 

was measured in the tank water on weeks 4, 8, 12 and 16. E1, E2 and EE2 were 

measured in the river inlet water on weeks 8, 12 and 16. All concentrations 

measured in nano-grams per litre (ng/l). Not sampled; ns. Water chemistry 

provided by Environment Agency’s National Laboratory Service, Nottingham.    

 

BPA 

The BPA limit of detection varied throughout the exposure period and between water 

samples. The minimum limit of detection achieved for BPA was 0.04µg/l and the 

maximum was 1µg/L. The minimum detection limit (<0.04µg/l) was recorded for all tank 

water samples (RW, RW+S, LM and HM) taken at week 16. The minimum (<0.04µg/l) 

level was also recorded for RW and RW+S samples taken at week four, and for RW+S and 

LM water samples taken at week 0. The highest concentration of BPA actually measured 
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was 0.506µg/l from the HM tank at week 8. Mean measured concentrations of BPA 

ranged from 0.08 ± 0.08µg/l from the RW+S tank to 0.33 ± 0.32µg/l from the HM tank 

(Table 5.2). 

 

Table 5.2 Measured concentration (µg/l) of non-steroid oestrogens (Nonylphenol, 

Octylphenol and Bisphenol A) from the four exposure tanks measured over the 

16 week exposure.  

NP  
Week 0 4 8 12 16 

Low mixture 
tank 

0.128 0.822 <0.5 <0.5 0.147 

High mixture 
tank 

0.118 2.65 0.6 3.82 0.170 

River water 
tank 

<1 <0.5 <0.5 <0.5 <0.1 

River water 
plus solvent 
tank 

<1 <0.5 <0.5 <0.5 <0.1 

River water 
inlet 

ns ns ns ns ns 

OP  
Week 0 4 8 12 16 

Low mixture 
tank 

<0.2 <1 <1 <1 <0.2 

High mixture 
tank 

<0.2 <1 <1 <1 <0.2 

River water 
tank 

<0.2 <1 <1 <1 <0.2 

River water 
plus solvent 
tank 

<0.2 <1 <1 <1 <0.2 

River water 
inlet 

ns ns ns ns ns 

BPA  
Week 0 4 8 12 16 

Low mixture 
tank 

<0.04 0.046 <0.2 <0.1 <0.04 

High mixture 
tank 

<0.1 0.180 0.506 <0.8 <0.04 

River water 
tank 

<0.16 <0.04 <0.2 0.139 <0.04 

River water 
plus solvent 
tank 

<0.04 <0.04 0.223 0.076 <0.04 

River water 
inlet 

ns ns ns ns ns 

All concentrations measured in micro-grams per litre (µg/l). Not sampled; ns. 

Water chemistry provided by Environment Agency’s National Laboratory 

Service, Nottingham    

 

APEs 

In addition to the above results nonylphenol ethoxylates (NP1EO and NP2EO) and 

octylphenol ethoxylates (OP1EO and OP2EO) were also measured in tank water (RW, 

RW+S, LM and HM) at weeks 0, 4, 8, 12 and 16. However, none were measured above the 
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limit of detection (LOD). The LOD for all four ethoxylates were <1µg/l at weeks 0 and 

16, and <5µg/l at weeks 4, 8 and 12 with the exception of the HM tank at week 4 which 

had a LOD of <10µg/l for NP1EO and NP2EO. The nominal concentrations of NP1EO and 

NP2EO dosed to the low and high mixture tanks were 1µg/l and 5µg/l of NP1EO and 2µg/l 

and 7µg/l NP2EO, respectively.  

 

Table 5.3 Mean measured and nominal concentration of steroid and non-steroid 

oestrogens from the oestrogenic mixtures experiment.  

Tank E1 (ng/l) E2 (ng/l) EE2 (ng/l) NP (µµµµg/l) BPA (µµµµg/l) OP (µµµµg/l) 

RW 0.92 ± 0.7   
a 

3.25 ± 4.4  
a,c 

1.11 ± 0.9  
a 

0.17 ± 0.1  
a 

0.07 ± 0.05  
a 

0.34 ± 0.2  
a 

RW+S 1.07 ± 0.9  
a 

1.65 ± 2.7  
a 

1.18 ± 0.9  
a 

0.17 ± 0.1  
a 

0.07 ± 0.1  
a 

0.34 ± 0.2  
a 

LM 

nominal  

20 3 0.5 1.5 0.05 0.15 

LM 

actual 

30.96 ± 
48.0  b 

11.28 ± 
11.5 b,c 

2.87 ± 1.6  
a 

0.32 ± 0.3  
a 

0.12 ± 0.2  
a 

0.34 ± 0.2  
a 

HM 

nominal 

100 10 1.5 6.0 0.1 0.6 

HM 

actual 

60.54 ± 
61.0 b 

10.87 ± 7.8 
b 

3.26 ± 2.4  
a 

1.47 ± 1.7  
a 

0.23 ± 0.2  
a 

0.34 ± 0.2  
a 

Inlet 0.79 ± 0.5 0.24 ± 0.1 1.70 ± 1.8 not 
measured 

not 
measured 

not 
measured 

River Water only tank (RW), River Water plus Solvent tank (RW+S), Low 

estrogenic Mixture tank (LM), High estrogenic Mixture tank (HM) and river 

water pump inlet (river water fed all tanks) over 16 week dosing period. Mean 

steroid oestrogen (Estrone E1, 17β-oestradiol E2, Ethinylestradiol EE2) 

concentrations measured in nanograms per litre (ng/l). Mean non-steroid 

oestrogens (Nonylphenol NP, Bisphenol A BPA, Octylphenol OP) concentrations 

meansured in micro-grams per litre (µg/l). Half LOD was used to calculate the 

mean. Mean ± standard deviation. Letters (a, b, c) indicate statistical similarity. 

Water chemistry provided by Environment Agency’s National Laboratory 

Service, Nottingham. 

 

Due to the differences seen between the nominal concentrations dosed into the tanks and 

the actual measure concentrations of each chemical from the water chemistry, a number of 

predictions were made. These were an attempt to understand where these differences arose. 

Comparisons were made between the actual concentrations and the predicted 

concentrations from the dilution factor or between the predicted EEQ from the actual 

chemical analysis and EEQ from YES assay.     
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5.4.2.2 Predicted concentrations of steroid and non-steroid oestrogens for the 

two mixture exposure tanks 

Using the measured dosing pump rate and the river water flow rate into the two exposure 

tanks, actual dilution factor from each of the dosing reservoirs were calculated (Table 5.4 

and Table 5.5). 

 

Table 5.4 Predicted concentrations of steroid and non-steroid oestrogens (ng/l) 

in the low oestrogenic mixtures tank (LM).  

Week E1 (20) E2 (3) EE2 (0.5) NP (1500) BPA (50) OP (150) 

0 17.6 2.6 0.4 1318.7 44.0 131.9 
2 18.2 2.7 0.5 1368.1 45.6 136.8 
4 29.3 4.4 0.7 2200.0 73.3 220.0 
6 22.0 3.3 0.6 1650.0 55.0 165.0 
8 14.1 2.1 0.4 1054.9 35.2 105.5 
10 20.0 3.0 0.5 1500.0 50.0 150.0 
12 17.3 2.6 0.4 1297.3 43.2 129.7 
16 22.3 3.3 0.6 16.71.4 55.7 167.1 

The predictions were made using the predicted chemical concentrations in the 

mixing reservoir (from the amount added as stock) divided by the actual 

dilution factor into the tanks for each sampling point (Chemical and YES 

analysis). Numbers in brackets are nominal concentrations ng/l. 

 

Table 5.5 Predicted concentrations of steroid and non-steroid oestrogens (ng/l) 

in the high oestrogenic mixtures tank (HM).  

Week E1 (100) E2 (10) EE2 (1.5) NP (6000) BPA (100) OP (600) 

0 133.3 26.7 2.0 8000.0 133.3 800.0 
2 140.0 28.0 2.1 8400.0 140.0 840.0 
4 130.0 26.0 2.0 7800.0 130.0 780.0 
6 98.3 19.7 1.5 5897.6 98.3 589.8 
8 63.7 12.8 1.0 3824.2 63.7 382.4 
10 62.0 12.4 0.9 3720.0 62.0 372.0 
12 74.6 14.9 1.1 4478.1 74.6 447.8 
16 86.7 17.3 1.3 5200.0 86.7 520.0 

The predictions were made using the predicted chemical concentrations in the 

mixing reservoir (from the amount added as stock) divided by the actual 

dilution factor into the tanks for each water sampling point (Chemical and YES 

analysis). Numbers in brackets are nominal concentrations ng/l. 

 

5.4.2.3 Comparison of the predicted concentrations of each chemical dosed to the 

mesocosms and the actual measured concentrations from the chemical 

analysis 

Chemical analysis was taken on weeks 0, 4, 8, 12 and 16. The average measured 

concentrations of EE2 and BPA were higher than the predicted ones in both the LM and 

the HM tanks. The LOD of OP was higher than the predicted concentration of OP for both 

tanks. The average measured concentrations of NP were lower than the predicted 

concentration in both the LM and HM tanks. Average measured concentrations of E1 and 
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E2 were higher than predicted in the LM tank, whereas, they were below the predicted 

concentrations in the HM tank. Statistical analysis found no significant difference between 

the predicted concentration and the measured concentration for E1 (P=0.630, t-test), E2 

(P=0.753, M-W), OP (P=0.596, M-W) and BPA (P=0.341, M-W) from the LM tank. 

Significant differences were found between the measured and predicted concentrations for 

EE2 (P=0.013, M-W), and NP (P=0.001, t-test) from the LM tank. For the HM tank no 

significant difference was found between the predicted and the measured concentrations of 

E1 (P=0.265, T-test), E2 (P=0.112, t-test), EE2 (P=0.413, M-W), OP (P=0.096, t-test) and 

BPA (P=0.904, t-test). Only the measured concentration of NP from the HM tank was 

found to be significantly lower than the predicted concentration (P=0.005, t-test). 

 

5.4.2.4 Oestrogen equivalents (EEQ) of the mesocosm tank water, as measured in 

Yeast Oestrogen Screen (YES) 

Table 5.6 and Figure 5.2 show the measured YES EEQs for the mesocosm tanks and river 

inlet for each sampling period, and the mean for the entire 16 weeks. Statistical analysis 

found the EEQs from the YES assay to significantly differ between the tanks (P=0.007, K-

W). The EEQ were found to be significantly higher in the LM or HM tanks compared to 

the RW tank (P=0.032). Both the LM and HM tanks also had significantly higher EEQs 

when compared to the RW+S tank (P=0.009), and the HM tank had a significantly higher 

EEQ than the river inlet (P=0.032). No significant differences were found between the RW 

and the RW+S tanks (P=0.337), the RW tank and the river inlet (P=1.000), the RW+S tank 

and the river inlet (P=0.471), the LM tank and the river inlet (P=0.054) or between the two 

mixtures tanks (P=0.522).  

 

5.4.2.5 Predicted oestrogen equivalents (EEQ) of the two dosed mesocsom tanks 

using the predicted concentrations of each chemical from the dilution factor 

of the stocks 

The predicted chemical concentrations in Tables 6.3.2 and 6.3.3 were used to predict the 

EEQs in the YES assay (Table 5.7). To predict the oestrogen equivalent (EEQ) of the 

mesocosm tank water as measured in the yeast oestrogen screen 1ng/l E2 or EE2 were 

assumed to equal 1ng/l EEQ (Segner et al. 2003a, Van den Belt et al. 2004). Whereas, E1 

was assumed to be about half as potent as E2 in the yeast screen and therefore 1ng/l E1 

was equal to 0.5ng/l EEQ (Van den Belt et al. 2004). The NP was assumed to be 4000 

times less potent than E2 and the BPA 10000 times less potent (Beresford et al. 2000). The 

OP was assumed to be 2000 times less potent than E2 (Segner et al. 2003a). 
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Table 5.6 Measured EEQ ng/l for each mesocosm tank from the oestrogenic 

mixture experiment from the yeast oestrogen screen (YES) assay 

 Week 2 Week 6 Week 8 Week 10 Week 12 Week 16 mean 

RW - - 0 1.67 0 1.75 0.86 ± 
0.99  a 

RW+S 1.06 0 0 0 0 0.89 0.33 ± 
0.51  a 

LM 3.25 1.96 80.57 5.84 0.85 3.83 16.05 ± 
31.66 b,c 

HM 9.25 3.28 11.77 3.31 27.27 0.87 9.29 ± 
9.72  b 

Inlet - - 2.01 0 0 0.95 0.74 ± 
0.96  a,c 

River water only, RW; river water plus solvent, RW+S; low oestrogenic mixture, 

LM; high oestrogenic mixture, HM, and the river water inlet (which fed all 

tanks). Mean EEQ ± standard deviation. Letters (a,b,c) indicate statistical 
similarity. No water samples were taken for analysis from the RW tank or river 

inlet at weeks 2 and 6. Water samples taken at weeks 8, 12 and 16 were taken 

simultaneously for both YES assay and Chemical analysis (highlighted). 

 

 

 

 

Figure 5.2 EEQs as measured in the yeast oestrogen screen (YES) assay for 

each sampling period for each of the mesocosm tanks in the oestrogenic 

mixtures experiment. 

River water only, RW; river water plus solvent, RW+S; low oestrogenic mixture, 

LM; high oestrogenic mixture, HM and the river inlet (which fed all tanks). No 

water samples were taken from the RW tank and river inlet during weeks 2 and 

6.  
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Table 5.7 Predicted EEQs (ng/l) for the two dosed mesocosm tanks from the 

oestrogenic mixtures experiment 

 Week 2 Week 6 Week 8 Week 10 Week 12 Week 16 Predicted 
mean 

LM 12.7 15.4 9.8 14.0 12.1 15.5 13.2 ± 2.2 

HM 102.6 72.1 46.7 45.5 54.7 63.5 64.2 ± 
21.4 

Low oestrogenic mixture, LM; high oestrogenic mixture, HM. Predictions based 

on the predicted chemical concentrations in Tables 6.3.2 and 6.3.3. Mean ± 

standard deviation. 

 

5.4.2.6 Comparison of the predicted EEQ from the chemical predictions and the 

measured EEQ from the YES assay 

The average measured EEQ from the LM tank was slightly higher than the predicted EEQ 

from the predicted chemical concentrations. However, the average measured EEQ from the 

HM tank was much lower than the predicted EEQ. Statistical analysis (M-W) found the 

LM measured EEQ not to be significantly different from the predicted EEQ (P=0.055). 

Whereas, the predicted EEQs from the HM tank was significantly higher than the 

measured EEQ (P=0.002).  

 

5.4.2.7 Predicted oestrogen equivalents (EEQ) of the mesocosm tank water using the 

measured water chemistry results 

Table 5.8 gives the predicted EEQ for the mesocosm tank water samples from the 

measured water chemistry. To predict the oestrogen equivalent (EEQ) of the mesocosm 

tank water as measured in the yeast oestrogen screen the NP was assumed to be 4000 times 

less potent than E2 and the BPA 10000 times less potent (Beresford et al. 2000). The OP 

was assumed to be 2000 times less potent than E2 (Segner et al. 2003a). For measurements 

(OP, NP and BPA) below LOD the LOD was used in the calculations.  

 

5.4.2.8 Comparison of the predicted EEQ from the chemical analysis and the 

measured EEQ from the YES assay 

Only water samples taken at weeks 8, 12 and 16 were compared, as these were the only 

ones taken simultaneously for both chemical and YES analysis. The predicted and 

measured EEQs were compared for all the mesocsom tanks (RW, RW+S, LM, HM) and 

the river water inlet. On average, the predicted EEQs from the chemical analysis were 

higher than those actually measured in the YES assay, with the exception of the sample 

taken at week 8 from the river inlet (2.01ng/l EEQ).  
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5.4.2.9 Oestrogen equivalent (EEQ) measured by YES in the dosing reservoir 

water 

To assess whether the reduced concentration of dosed chemicals or EEQ (from the 

nominal) occurred before entering the tank (i.e. in the mixing reservoirs), water samples 

were taken from each reservoir (RW+S, LM and HM) shortly after a new stock had been 

prepared and then again after 72hrs (i.e. just before the stock would normally be renewed). 

These water samples were then analysed in the YES assay. The mean EEQ values were 

reduced by around 30-60% in the mixtures dosing reservoirs after 72hrs (two samples 

taken in July). For example the mean initial (30 minutes after mixing stock with water) 

value from the HM mixing reservoir was 192 ± 169 µg/l EEQ and after 72 hours it was 83 

± 33 µg/l EEQ. The initial mean value in the LM mixing reservoir was 114 ± 112 µg/l 

EEQ and after 72 hours it was 82 ± 35 µg/l EEQ. The expected initial EEQs would have 

been around 27.9µg/l in the LM reservoir and 146.6µg/l in the HM reservoir. Samples 

were also taken and analysed from the river water plus solvent (RW+S) mixing reservoir, 

no oestrogenic activity was detected in any of these samples.  

 

Table 5.8 Predicted EEQ in ng/l for the mesocsom tanks, in the oestrogenic 

mixtures experiment, from the measured chemical analysis.   

 Week 0 Week 4 Week 8 Week 12 Week 16 Predicted 
Mean  

RW 11.3 7.2 1.8 2.8 3.3 5.3 ± 3.9 

RW+S 8.4 2.0 2.4 2.5 3.5 3.8 ± 2.6 

LM 29.0 19.6 85.7 5.6 7.7 29.5 ± 32.8 

HM 11.7 43.7 52.3 109.4 5.5 44.5 ± 41.5 

Inlet -. - 1.2 1.8 4.85 2.6 ± 1.97 

River water, RW; river water plus solvent, RW+S; low oestrogenic mixture, LM; 

high oestrogenic mixture, HM, and the river water inlet (that fed all tanks) 

Water samples taken at weeks 8, 12 and 16 (highlighted) were taken 

simultaneously for water chemistry and YES analysis, and therefore can be 

compared directly. 

 

5.4.3 Effects of exposure to estrogenic mixtures on adult P. corneus reproduction 

and survival 

5.4.3.1 Survival 

Adult snail survival was lower in RW exposed snails compared to RW+S, LM and HM 

groups until week 10 (Figure 5.3), after which snails from the RW+S exposure suffered 

high mortalities. The RW, LM and HM groups each had 25 out of a total of 36 snails 

surviving at the end of the 16 week exposure. Only 5 out of 36 from the RW+S tank 

survived (Figure 5.3). Significant differences in the number of surviving snails were found 
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at week 4 (P= 0.015, K-W), 12 (P= 0.46, K-W), 14 (P< 0.001, ANOVA) and 16 

(P<0.001, ANOVA). At week 4 the RW exposed snails were found to have significantly 

lower survival than RW+S (P= 0.019, M-W) and HM (P= 0.019, M-W) but no significant 

difference was found between RW and LM (P= 0.093). At week 12, the RW+S snails 

survival was significantly lower than those from the LM tank (P= 0.017), but no significant 

differences (P> 0.05) in survival was found between the other treatment groups. At both 

weeks 14 and 16 RW+S had significantly lower survival than RW, LM or HM (P< 0.001, 

LSD) exposed snails (Figure 5.3).   

 

 

 

Figure 5.3 Total number of surviving adult P. corneus counted at each 

fortnightly sampling point from each treatment in the oestrogenic mixture 

experiment.  

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), Low 

oestrogenic Mixture (LM) or High oestrogenic Mixture (HM). A Total of 36 adult 

snails were allocated to each treatment group. Letters (a, b, c, d) indicate 

statistical similarity. 

 

After week 16 of the exposure the dosing pumps administering the oestrogenic mixture to 

the tanks were switched off and the tanks were left to depurate in running river water over 

the weekend. After the weekend the adult snails were removed from the tanks for the final 

time. During this short depuration a further 3 adult snails died. Two snails from the RW 

exposure tank and 1 snail from the LM exposure tank; leaving a total of 23 snails from the 

RW tank, 5 from the RW+S tank, 24 from the LM tank and 25 from the HM tank. At this 

point the remaining snails were sampled; their size and weight were measured and the soft 
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tissue was fixed for histology (Section 3.5.7), the data from these specimens are 

presented in section 5.4.3.3.  

 

5.4.3.2 Reproduction 

Mean eggs laid per adult snail 

The mean numbers of eggs laid per snail per fortnight were similar at each sampling point 

between the four exposure groups. Egg laying was well underway when the sampling 

period started in May. Peak egg laying occurred at week four (1st June 2006) for the RW+S 

exposed snails (355.1 eggs/snail/fortnight) and week six (15th June) for the snails in the 

three other exposure groups. At week 6 the LM exposed snails laid the highest number of 

eggs per snail (344.7), the RW exposed snails laid a maximum of 336.2 eggs per snail and 

the HM exposed snails laid 296.7 eggs per snail. After week 6 in all treatment groups egg 

laying declined, however LM snail continued to lay more eggs than the other exposure 

groups at week 16 (23rd August) (Figure 5.4). Statistical analysis found no significant 

differences between the mean numbers of eggs laid per snail per fortnight between the four 

treatment groups.  

 

Mean egg masses laid per snail 

The mean number of egg masses (EMs) laid per snail per fortnight was at its peak for the 

LM and HM exposed snails at week 2 (the first sampling point). The LM snails laid a mean 

of 8.9 EMs per snail and the HM exposed snails laid 7.9 EMs per snail over the two week 

period. Snails exposed to RW+S had their peak in egg mass laying at week 4 (8.9 EMs per 

snail). Snails from the RW exposure peaked later at week 6. The LM and HM exposed 

snails also had a second lower peak at week 6. Whereas, RW+S exposed snails had their 

second peak at week 10, just prior to the high mortality recorded in this group. After week 

6 the LM, HM and RW exposed snails steadily decreased the number of egg masses laid 

per snail. However, the LM exposed snails laid more egg masses than HM or RW exposed 

snails (Figure 5.5). Over the entire sixteen weeks of exposure LM exposed snails laid the 

most EM per snail (Table 5.9). No statistically significant differences were found between 

the four treatments groups mean egg masses laid per snail per fortnight.  
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Figure 5.4 Adult P. corneus reproductive output during oestrogenic mixtures 

experiment. 

Snails exposured to River water only (RW), River Water plus Solvent (RW+S), 

river water plus Low oestrogenic Mixture (LM) or river water plus High 

oestrogenic Mixture (HM). Mean number of eggs laid per adult snail per 

fortnight and cumulatively, error bar indicate standard deviation.  

 

 

Table 5.9 Total number of egg masses laid per snail over sixteen weeks of 

exposure by adult P. corneus in the oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM)  

High 
oestrogenic 
Mixture (HM) 

Total egg 
masses (EMs) 
laid per snail 

36.0 ± 2.99 38.9 ± 2.96 43.2 ± 2.67 36.4 ± 2.61 

Snails exposed to; River water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). Mean ± Standard deviation. 
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Figure 5.5 Number of egg masses and eggs per egg mass laid by P. corneus 

adults during oestrogenic mixtures experiment. 

Snails exposed to either River water only (RW), River Water plus Solvent 

(RW+S), river water plus Low oestrogenic Mixture (LM) or river water plus High 

oestrogenic Mixture (HM). (A) mean number of egg masses laid per adult snail 

per fortnight. (B) mean number of eggs in each egg mass. 

 

Mean eggs per egg mass 

At the first sampling point the average numbers of eggs per egg mass were similar across 

the four treatments group with between 30-32 eggs per mass (Figure 5.5). The RW+S 

exposed snails had a peak of 45.2 eggs per egg mass at week 6, after which a steep decline 

occurred (down to 23 eggs per mass at week 16). The LM and HM exposed snails both 

peaked at week 8 with the LM exposed snail having 44.4 eggs per mass and the HM 

exposed snails having 46.6 eggs per mass. After week 8 the HM exposed snail’s eggs per 

mass dropped more steeply than those from the LM exposure. The eggs per mass in the 

RW exposed snails increased slightly at week 4 (to 38.5 egg per mass) and then remained 

at between 37 and 38.3 eggs per mass for the rest of the exposure period, apart from a 
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slight drop at week 10 (32.3 eggs per mass). Over the whole exposure period the LM 

exposed snails laid the largest egg masses (i.e. with the most eggs per mass) with a mean 

of 36.8 eggs per mass. The RW+S snails laid the smallest with 34.2 eggs per mass. The 

HM and RW exposed snails laid similarly sized masses (35.6 and 35.9 eggs per mass, 

respectively). A significant difference was found for the number of eggs per egg mass laid 

at week 8 (P= 0.002, ANOVA). Post hoc analysis found the RW and RW+S exposed snails 

to have significantly less eggs per mass compared to the LM (P= 0.006, 0.048, LSD) and 

the HM (P= 0.001, 0.006, LSD) exposed snails; there were no significant differences 

between the RW and RW+S (P= 0.332, LSD) or between the LM and HM exposed snails 

egg mass sizes (P= 0.357, LSD). 

 

5.4.3.3 Size and weight 

At the start of the experiment the mean shell size (diameter and aperture) were similar 

across all treatment groups. The mean shell diameter ranged from 21.9 to 22.5 mm, and the 

mean shell aperture ranged from 9.5 to 9.9 mm. The mean total weight was also similar 

between groups ranging from 1.8 to 2.0 grams. One way ANOVA found no significant 

differences between the four treatment groups for shell diameter (P= 0.633), shell aperture 

(P= 0.505) or total weight (P= 0.575). 

 

After sixteen weeks of exposure mean shell diameters were smallest in the RW exposure 

(24.3mm) and largest in RW+S exposed snails (25.9mm). The mean total body weight 

(shell on) was also lowest in the RW exposed snails (24.0g) and largest in RW+S (25.9g) 

(however, only 5 snails from the RW+S exposure survived to the end of exposure). One 

way ANOVA found no significant differences between the four treatment groups after 16 

weeks of exposure. However, a low P value (P= 0.065) was found for mean shell diameter. 

 

Growth over the 16 weeks of exposure was highest from the RW+S exposed snails. 

However, an extremely high mortality was also observed in this group (see above). The 

next highest growth rate was found in snails exposed to the HM. These snails grew on 

average 14.8% in shell diameter and 30.7% in total weight (Table 5.10 below) compare to 

9.1% increase in shell diameter and 21.4% increase in total weight seen in the RW exposed 

snails. 

 

 

 

 



 220 
Table 5.10 Size weight and growth of adult P. corneus before and after 

exposure in the oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM)  

High 
oestrogenic 
Mixture (HM) 

START  
Shell diameter 
mm 

22.1 ± 2.2 21.9 ± 2.1 22.5 ± 2.7 22.0 ± 2.1 

FINISH 
Shell diameter 
mm 

24.3 ± 2.1 25.9 ± 2.2  25.4 ±1.6 25.8 ± 2.3 

Growth % 9.1% 15.7% 11.2% 14.8% 

START 
Total weight g 

1.9 ± 0.6  1.9 ± 0.5  2.0 ± 0.7  1.8 ± 0.5  

FINISH 
Total weight g 

2.4 ± 0.6  2.8 ± 0.9  2.5 ± 0.6  2.6 ± 0.7  

Growth % 21.4% 33.7% 20.2% 30.7% 

Snails expoed to River water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). The mean shell length and total weight given plus mean 

percentage growth over the 16 weeks. Mean ± standard deviation 

 

 

5.4.4 Effects of oestrogenic mixture exposure on adult P. corneus gonad 

histopathology  

As stated in section 5.4.3.1, a total of 77 adult snails (RW; 23, RW+S; 5, LM; 24, HM; 25) 

were sampled and fixed for histopathological analysis from this experiment. However, due 

to time constraints a maximum of 20 specimens were sectioned, stained and analysed from 

each treatment (RW; 20, RW+S; 5, LM; 18, HM; 18). Four sections of gonad were 

analysed per adult snail. As the main focus of this research was on the possible effects of 

developmental exposure to the oestrogenic mixture, rather than on adult exposure, this low 

number of samples analysed was decided upon as a compromise between available time 

and quantity of data. 

 

Due to the complex nature of the P. corneus gonad, analysis was split between different 

areas or cell types within the gonad. 

 

All snails from the RW and RW+S had four out of four sections with sertoli cells attached 

to the acini walls. One snail from the LM had one out of four sections with no sertoli cells 

attached to the acini walls. One snail from the HM exposure had all four sections of gonad 

with no sertoli cells attached; however, this was the parasitised individual and could to be 
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due to the infection. A dose-dependant decrease in normal vitellogenic area activity 

(maturing oocytes with follicle cells and/or sperm with sertoli cells) was found see Table 

5.11 and Figure 5.10. However, this reduction was not statistically significant P= 0.539 (K-

W). 

 

Adult snails from the RW+S exposure had the highest amount of cell cover (developing 

oocytes, sperm and supporting cells) of the acini walls. Adult snails from the HM treatment 

had the least ( 

Table 5.12). A significant difference was found between the four exposure groups for 

acini wall cover P= 0.010 (ANOVA). Post hoc analysis found HM exposed snails to have 

significantly less acini wall covered than RW (P= 0.003 LSD) or the RW+S (P= 0.011) 

exposed snails. No significant difference was found between the other treatment groups.  

 

Table 5.11 Percentage of Adult P. corneus snails with varying levels of active 

vitellogenic areas from the oestrogenic mixtures experiment 

Percent of 
acini with 
active 
vitellogenic 
area 

Score Percentage 
of adult 
snails from 
the River 
Water 
exposure 
(RW) 

Percentage 
of adult 
snails from 
the River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of adult 
snails from 
the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of adult 
snails from 
the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 0  0 7% 0 
10-30% 2 5 % 0 0 0 
30-50% 3 0 0 0 18% 
50-70% 4 45% 40% 50% 53% 
>70% 5 50% 60% 43% 29% 

  a a a a 

Snails sacrificed after four months exposure to River water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM n = 18, (one parasitised individual was omitted)). Four 

sections of gonad were analysed per adult snail. Letter (a) indicates statistical 

similarity. 

 

Only one snail, the heavily parasitised individual from the HM exposure, had any acini 

wall disruption, which was probably due to the infestation. All the other adult P. corneus 

analysed (from all treatments) had intact acini walls. 
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Table 5.12 Percentage of Adult P. corneus snails with varying level of acini wall 

cell cover from the oestrogenic mixtures experiment 

Percent of 
acini wall 
covered by 
germ cells 
and/or 
supportive 
cells 

Score Percentage 
of adult 
snails from 
the River 
Water 
exposure 
(RW) 

Percentage 
of adult 
snails from 
the River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of adult 
snails from 
the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of adult 
snails from 
the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 0 0 0 6% 

10-30% 2 5% 0 29% 12% 

30-50% 3 20% 0 0 35% 

50-70% 4 15% 20% 29% 35% 

>70% 5 60% 80% 42% 12% 

  a a a,b B 

Snails sacrificed after four months exposure to either River water only (RW), 

River Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) 

or river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM, n = 18 (one parasitised individual was omitted)). Four 

sections of gonad were analysed per adult snail. Letters (a, b) indicate 

statistical similarity. 

 

Sertoli cells sloughing into lumen 

The adult snails from the RW+S treatment had the least number of sections of gonad with 

Sertoli cells sloughing into the acini lumen, whilst snails from the HM treatment had the 

highest level (Table 5.13). A significant difference was found between the four treatment 

groups P= 0.015 (K-W). Post hoc analysis found the RW exposed snails to have 

significantly less Sertoli cell sloughing compare to the LM (P= 0.050 M-W) and HM (P= 

0.004) exposed snails but not the RW+S (P= 0.617) exposed snails. However, no 

significant differences were found between the RW+S exposed snails and the LM (P= 

0.194) or HM (P= 0.079) exposed snails or between LM and HM (P= 0.335) exposed 

snails. 

 

Spermatogonium sloughing into lumen 

Spermatogonium cell sloughing into the acini lumen was found most frequently in the LM 

exposed snails and least frequent in RW+S exposed snails (Table 5.13). However, no 

significant difference was found between the four treatment groups (P= 0.477, K-W). 

 

Spermatocytes sloughing into the lumen 
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Spermatocyte sloughing into the lumen was found most frequently in the HM exposed 

snails and least frequent in RW+S exposed snails (Table 5.13). No significant difference 

was found between the four treatment groups P= 0.063 (K-W).  

Table 5.13 The percentage of adult P. corneus snails with varying level of 

immature spermatogenic cells sloughing into the acini lumen from the 

oestrogenic mixtures experiment 

Percentage of 
Adults with Sertoli 
cells sloughing 
into lumen 

Percentage of 
Adults with 
Spermatogonium 
sloughing into 
lumen 

Percentage of 
Adults with 
Spermatocyte 
sloughing into 
lumen 

Percentage of 
Adults with 
Spermatid 
sloughing into 
lumen 
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None 95 100 71.4 52.9 30 20 7.1 23.5 85 80 50 41.2 35 40 21 29.4 

1 out 
of 4 

5 0 7.1 17.6 10 20 0 11.8 0 20 0 11.8 20 20 0 17.6 

2 out 
of 4 

0 0 14.3 5.9 5 40 21.4 11.8 0 0 0 11.8 5 20 36 5.9 

3 out 
of 4 

0 0 7.1 17.6 10 0 21.4 5.9 0 0 21 5.9 10 20 7.1 29.4 

4 out 
of 4 

0 0 0 5.9 45 20 50 47.1 15 0 29 29.4 30 0 36 17.6 

 
A ab b b a a a a a a A a a a A a 

Snails sacrificed after four months exposure to River Water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM, n = 18 (one parasitised individual omitted)). Four sections 

of gonad were analysed per adult snail. Letters (a, b) indicate statistical 

similarity.    

 

Spermatids sloughing into the lumen  

Spermatid sloughing into the lumen was found most frequently in the LM exposed snails 

and least frequently in RW+S exposed snails (Table 5.13). No significant difference was 

found between the four treatments (P= 0.531, ANOVA) for spermatids sloughing into the 

lumen. 

 

Mature spermatogenic cells in the lumen 

Spermatozoa only 

The adult snails exposed to the RW+S had the highest frequency of sections of gonad with 

just mature spermatogenic cells in the acini lumen, snails exposed to the LM had the 

lowest (Table 5.14). No significant difference was found between the four treatment 

groups (P= 0.120 K-W).  
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Table 5.14 The percentage of adult P. corneus snails with varying numbers 

of sections of gonad with only mature spermatozoa in the acini lumen from the 

oestrogenic mixtures experiment 

No. of sections 
with only 
mature 
spermatozoa in 
the acini lumen 

Percentage of 
adult snails 
from the River 
Water exposure 
(RW) 

Percentage of 
adult snails 
from the River 
pus Solvent 
Water exposure 
(RW+S) 

Percentage of 
adult snails 
from the Low 
oestrogenic 
mixture 
exposure (LM) 

Percentage of 
adult snails 
from the High 
oestrogenic 
Mixture 
exposure (HM) 

0 out of 4 45% 20% 64% 64.7% 
1 out of 4 10% 0 29% 5.9% 
2 out of 4 5% 40% 0 0 
3 out of 4 15% 20% 0 23.5% 
4 out of 4 25% 20% 7% 5.9% 
 A a a a 

Snails sacrificed after four months exposure to River Water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM, n = 18 (one parasitised individual omitted)). Four sections 

of gonad were analysed per adult snail. Letters (a) indicate statistical 

similarity.    

 

Occurrence of acini with immature spermatogenic cells in lumen  

The percentage of acini (per section of gonad) affected by immature spermatogenic cells 

sloughing into the lumen was lowest in snails exposed to the RW+S and highest in those 

exposed to the LM (Table 5.15). No significant difference was found between the four 

treatment groups P= 0.581 (ANOVA). 

 

Oogenesis stages present 

The percentage of different stages of oocytes present in the gonad was similar across all 

treatments (Table 5.16). The mean percentage of early oocyte stages (one and two) was 

highest in LM exposed snails. The mean percentage of mature oocytes (stage five) was 

highest in RW+S exposed snails. One way ANOVA found significant differences between 

the groups for stage 2 (P= 0.005) and 3 (P= 0.015) oocytes. No significant difference was 

found for stage 1 (P= 0.140), 4 (P= 0.168), 5 (P=0.487) oocytes or degenerating oocytes 

(P= 0.057). Post hoc analysis found snails from the HM exposure to have a significantly 

lower percentage of stage 2 oocytes compare to those snails exposed to the RW (P= 0.024 

LSD) or the LM (P<0.001). No significant difference was found in the percentage of stage 

2 oocytes between the other treatment groups. The LM exposed snails were found to have 

a significantly lower percentage of stage 3 oocytes than the RW (P= 0.001 LSD) or the 

HM (P= 0.026) exposed snails. No significant difference in the percentage of stage 3 

oocytes was found between the other treatment groups. 
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Table 5.15 The percentage of adult P. corneus snails affected by varying 

percentage of acini with immature spermatogenic cells sloughing into the 

lumen from the oestrogenic mixtures experiment 
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Score Percentage 
of adult 
snails from 
the River 
Water 
exposure 
(RW) 

Percentage 
of adult 
snails from 
the River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of adult 
snails from 
the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of adult 
snails from 
the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 55% 80% 36% 41.2% 
10-30% 2 20% 0 43% 17.6% 
30-50% 3 15% 20% 0 23.5% 
50-70% 4 10% 0 0 5.9% 
>70% 5 0 0 21% 11.8% 
  a a a a 

Snails sacrificed after four months exposure to River Water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM, n = 18 (one parasitised individual was omitted)). Four 

sections of gonad were analysed per adult snail. Letter (a) indicates statistical 

similarity.    

 

 

Table 5.16 The mean percentage of different stages of oogenesis in adult P. 

corneus from the oestrogenic mixture experiment 

Stage of oocyte 
maturation 

Mean percent of 
oogenesis 
stage after 
River Water 
exposure 

Mean percent of 
oogenesis 
stage after 
River Water 
plus Solvent 
exposure 

Mean percent of 
oogenesis 
stage after Low 
oestrogenic 
Mixture 
exposure 

Mean percent of 
oogenesis 
stage after High 
oestrogenic 
Mixture 
exposure 

Stage 1 22.4 ± 9.1   a 17.2 ± 3.5   a 26.7 ± 6.5   a 22.6 ± 8.7   a 
Stage 2 24.9 ± 4.3   a 24.1 ± 3.8   ab 27.3 ± 3.6   a 21.8 ± 4.2   b 
Stage 3 25.8 ± 5.0   a 23.5 ± 2.6   ab 20.4 ± 4.2   b 24.2 ± 4.9   a 
Stage 4 12.4 ± 5.1   a 17.7 ± 3.4   a 12.3 ± 4.2   a 13.8 ± 5.7   a 
Stage 5 1.5 ± 1.4     a 2.4  ± 3.2    a 1.5  ± 1.6    a 1.1  ± 1.4    a 
Degenerating 13.0 ± 5.2   a 15.2  ± 3.1  a 11.9  ± 4.5  a 16.5 ± 5.3   a 

Snails sacrificed after four months exposure to either River Water only (RW), 

River Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) 

or river water plus High oestrogenic Mixture (HM). Histological analysis was 

performed on a sub-sample of adults from each treatment (RW, n = 20; RW+S, n 

= 5; LM, n = 18; HM, n = 18 (one parasitised individual was omitted)). Four 

sections of gonad were analysed per adult snail. Stage 1 (oogonium) is the 

youngest stage of oogenesis, stage 5 is ready to be ovulated. Oogenesis stages 

based on description by de Jong-Brink et al (De Jong-Brink et al. 1976).  Letters 

(a, b) indicate statistical similarity.    
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Parasitism 

Histological analysis was performed on a sub-sample of adults from each treatment (RW, n 

= 20; RW+S, n = 5; LM, n = 14; HM, n = 18). Of all these snails, only one showed 

parasitic infection. The one case of infection was extremely heavy and had eliminated the 

whole gonad. The infected snail came from the HM exposure. 

 

5.4.5 Effects of oestrogenic mixtures on developmentally exposed F1 P. corneus  

5.4.5.1 Survival and growth at end of exposure 

At the end of the exposure the total numbers of F1 P. corneus found in the mesocosm tanks 

were highest in the oestrogenic mixture exposed tanks. A total of 2129 F1s were collected 

from the LM tank. 461 F1 were collected from the HM tank, 239 from the RW tank and 

213 from the RW+S tank (Table 5.17). However, the vast majority of F1s collected from 

the LM tank were very small (young hatchlings). The percentages of F1 snails above 10 

mm shell diameter (normal minimum sexually active size) were highest from the RW 

(44%) and the RW+S tanks (39%). The percentages of F1s above 10 mm from the 

oestrogenic mixture tanks were low (HM, 5% and LM, 6%).  

 

Table 5.17 The total number and number per size class of P. corneus F1s from 

each mesocosm tank after dosing ended (September 2006).  

Shell Diameter River Water 
(RW) exposed 

River Water 
plus Solvent 
(RW+S) 
exposed 

Low 
oestrogenic 
Mixture (LM) 
exposed 

High 
oestrogenic 
Mixture (HM) 
exposed 

<10 mm 134 (56%) 129 (60%) 2000 (94%) 440 (95%) 
>10 mm 105 (44%) 84 (40%) 129 (6%) 21 (5%) 
Total 239 213 2129 461 

Percentage of each size range given in brackets 

 

5.4.5.2 Size and weight 

Approximately 40 (only 20 from HM) F1s of above 10 mm shell diameter (presumed 

sexually mature) were removed from each treatment for further analysis in September 2006 

(after the end of exposure). A sub-sample of 20 F1s from each treatment were analysed 

histologically. The F1s developmentally exposed to the HM were significantly smaller 

(shell diameter; mean 12.4 ± 2.14 mm) and lighter (total weight; mean 0.39 ± 0.2 g and 

soft body weight; mean 0.17 ± 0.08 g) than those from the LM (diameter; mean 14.0 ± 1.5 

mm (P= 0.005), total weight; mean 0.6 ± 0.19 g (P= 0.002), soft body weight; 0.25 ± 0.08 

g (P= 0.004)), the RW+S (diameter; 14.2 ± 2.0 mm (P= 0.002), total weight; 0.60 ± 0.23 g 

(P= 0.001), soft body weight; 0.24 ± 0.08 g (P= 0.004)) or the RW (diameter; 14.9 ± 1.4 
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mm (P< 0.001), total weight; 0.68 ± 0.17 g (P< 0.001), soft body weight; 0.26 ± 0.08 g 

(P< 0.001)) exposed snails (Figure 5.6). 
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Figure 5.6 Size and weight of the F1 P. corneus sampled from the four treatment 

tanks in September 2006.  

Mean shell length and aperture (A) and mean total weight and soft body weight 

(B). Error bars indicate standard deviation around the mean. Star (*) indicates 

significant difference (P<0.05) from other treatments (ANOVA). 

  

5.4.6 Histopathology of P. corneus F1 immediately after exposure to oestrogenic 

mixtures 

As stated above, in September 2006 (after dosing finished) approximately 40 F1s from 

each treatment (river water; RW, river water plus solvent; RW+S, low dose oestrogenic 

mixture; LM and high dose oestrogenic mixture; HM) were taken from the tanks and fixed 

for histopathological analysis. However, due to time constraints only around half (RW 

n=20, RW+S n=21, LM n=21, HM n=20) of these specimens were sectioned, stained and 

analysed; the data from these specimens is presented in the following sections.  

Due to the complex nature of the P. corneus gonad analysis was split between different 

areas or cell types within the gonad. The majority of snails sampled from all treatments had 

all stages of oogenesis and spermatogenesis present. 
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5.4.6.1 Effects on the hermaphrodite gonad 

One snail from the HM and the RW treatments had no Sertoli cells attached to the acini 

walls in one out of five sections of the gonad analysed. One snail from the RW+S exposure 

also had no Sertoli cells attached to the acini walls in one out of five sections of gonad 

analysed, another RW+S exposed snail had no Sertoli cells attached to the acini wall in two 

out of five sections analysed. All other snails (from all four treatments) had Sertoli cells 

attached to the acini walls in five out of five sections. Analysis using Kruskal-Wallis Test 

found no significant difference between the four exposure groups (P= 0.546). 

 

A dose dependant decrease in normal vitellogenic area activity (maturing oocytes with 

follicle cells and/or sperm with Sertoli cells) was found (Table 5.18 and Figure 5.10). 

Analysis using One way ANOVA found a significant difference between the four exposure 

groups (P= 0.015). Post hoc analysis (LSD) found the HM exposed F1 have significantly 

less active vitellogenic areas compared to those from the LM (P= 0.020), the RW+S 

(P=0.008) and the RW (P= 0.004) exposures. No significant differences in vitellogenic 

area activity were found between the other treatment groups.  

 

Table 5.18 The percentage of F1 P. corneus snails with varying level of acini 

vitellogenic area activity from the oestrogenic mixtures experiment 

Percent of 
acini with 
active 
vitellogenic 
area 

Score Percentage 
of F1 snails 
from the 
River Water 
exposure 
(RW) 

Percentage 
of F1 snails 
from the 
River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of F1 snails 
from the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of F1 snails 
from the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 10% 0 0 6% 

10-30% 2 10% 5% 5% 24% 

30-50% 3 0 30% 37% 29% 

50-70% 4 45% 50% 47% 41% 

>70% 5 35% 15% 11% 0 

  a a a b 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), 

River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Letters (a, b) indicate statistical 

similarity. 

 

F1 P. corneus from the LM developmental exposure had the least acini wall disruption 

(Table 5.19). Those from the RW+S had the most. Analysis using Kruskal-Wallis Test 

found no significant difference between the four different exposure groups (P= 0.114).  



 229 
Table 5.19 The percentage of F1 P. corneus snails with varying level of acini 

wall disruption from the oestrogenic mixtures experiment 

Number of 
sections 
affected by acini 
wall disruption 

Percentage of 
F1 snails from 
the River Water 
exposure (RW) 

Percentage of 
F1 snails from 
the River pus 
Solvent Water 
exposure 
(RW+S) 

Percentage of 
F1 snails from 
the Low 
oestrogenic 
mixture 
exposure (LM) 

Percentage of 
F1 snails from 
the High 
oestrogenic 
Mixture 
exposure (HM) 

0 out of 5 55% 35% 68% 65% 
1 out of 5 0 10% 16% 5% 
2 out of 5 0 15% 0 10% 
3 out of 5 20% 15% 5% 10% 
4 out of 5 10% 15% 0 10% 
5 out of 5 15% 10% 11% 0 
 a a a a 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), 

River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Letter (a) indicates statistical 

similarity. 

 

The amount of cell (developing oocytes, sperm and supporting cells) cover of the acini 

walls was highest in F1 P. corneus from the LM exposure and lowest in RW+S exposed 

snails (Table 5.20). Analysis using Kruskal-Wallis test found a significant difference 

between groups (P<0.001). Post hoc analysis (M-W) found no significant differences 

between the HM and the LM exposed snails (P= 0.246) or between RW and RW+S 

exposed snails (P= 0.355). However, the RW and RW+S exposed snails had significantly 

less acini wall cover when compared to the HM (P= 0.037 and 0.004 respectively) or the 

LM (P< 0.001 and <0.001, respectively) exposed snails.  

Table 5.20 The percentage of F1 P. corneus snails with varying level of acini 

wall cell cover from the oestrogenic mixtures experiment 

Percent of 
acini wall 
covered by 
germ cells 
and/or 
supportive 
cells 

Score Percentage 
of F1 snails 
from the 
River Water 
exposure 
(RW) 

Percentage 
of F1 snails 
from the 
River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of F1 snails 
from the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of F1 snails 
from the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 10% 25% 0 5% 
10-30% 2 45% 55% 5% 30% 
30-50% 3 30% 20% 30% 10% 
50-70% 4 5% 0 35% 25% 
>70% 5 10% 0 30% 30% 
  a a b b 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), 

River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Letters (a, b) indicate statistical 

similarity. 
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5.4.6.2 Immature spermatogenic and supportive cells sloughing into the lumen 

Sertoli cells sloughing into the lumen 

F1s from the RW+S had the least number of sections of gonad with Sertoli cells sloughing 

into the acini lumen, whilst the LM exposed snails had the most (Table 5.21). No 

significant difference was found between the four exposure groups (P= 0.664, ANOVA). 

Spermatogonium sloughing into the lumen 

F1s from the LM exposure had the least number of sections of gonad with spermatogonium 

sloughing into the acini lumen, whilst the HM exposed snails had the most (Table 5.21). 

No significant difference was found between the four exposure groups (P= 0.308, 

ANOVA). 

Spermatocyte sloughing into the lumen 

F1s from the RW+S exposure had the least number of sections of gonad with 

spermatocytes sloughing into the acini lumen, whilst the RW exposed snails had the most 

(Table 5.21). No significant difference was found between the four exposure groups (P= 

0.157, K-W).  

Spermatids sloughing into the lumen  

F1s from the RW exposure had the least number of sections of gonad with spermatids 

sloughing into the acini lumen, the HM exposed snails had the most (Table 5.21). One way 

ANOVA found a significant difference between exposure groups (P= 0.002). Post hoc 

analysis found the RW and RW+S exposed snails to have significantly less spermatids 

sloughing in to the lumen compared to the LM (P=0.004 and 0.013, respectively, LSD) and 

HM (P= 0.002 and 0.008, respectively) exposed snails. No significant difference was found 

between the RW and the RW+S (P= 0.662) exposed snails or between the LM and the HM 

(P= 0.861) exposed snails. 

 

Mature spermatogenic cells in the lumen 

Spermatozoa only 

F1s from the RW had the highest number of sections of gonad with only spermatozoa free 

in the acini lumen, whilst HM exposed snails had the least (Table 5.22). However no 

significant difference was found between the exposure groups (P= 0.279, K-W). 

 

Occurrence of acini with immature spermatogenic cells in lumen 

The percentage of acini (per section of gonad) affected by immature spermatogenic cells 

sloughing into the lumen was highest in snails exposed to RW and lowest from those 

exposed to RW+S (Table 5.23). No significant difference was found between the four 

exposure groups (P= 0.801, ANOVA).  
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Table 5.21 The percentage of F1 P. corneus snails with varying level of 

immature or supportive spermatogenic cells sloughing into the acini lumen from 

the oestrogenic mixtures experiment 

Percentage of F1s 
with Sertoli cell 
sloughing into 
lumen 

Percentage of F1s 
with 
Spermatogonium 
sloughing into 
lumen 

Percentage of F1s 
with Spermatocyte 
sloughing into 
lumen 

Percentage of F1s 
with Spermatids 
sloughing into 
lumen 
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None 
65 60 50 55 10 5 0 0 45 65 50 40 55 35 10 5 

1 out 
of 5 

0 15 10 10 5 0 10 0 20 30 5 10 0 15 10 10 

2 out 
of 5 

10 20 15 10 0 0 10 0 5 0 15 10 10 15 10 15 

3 out 
of 5 

15 0 10 15 10 5 5 15 0 0 5 25 10 15 15 20 

4 out 
of 5 

10 0 5 5 10 20 30 15 5 0 10 0 15 5 20 10 

5 out 
of 5 

0 5 10 5 65 70 45 70 25 5 15 15 10 15 35 40 

 
A A a a a a a a a a a a a a b b 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), River 

Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic Mixture (LM, n=21) or 

river water plus High oestrogenic Mixture (HM, n=20). Five sections of gonad were 

analysed per F1 snail. Letters (a, b) indicate statistical similarity. 

 

Table 5.22 The percentage of F1 P. corneus snails with varying numbers of 

sections of gonad with only mature spermatozoa in the acini lumen from the 

oestrogenic mixtures experiment 

No. of sections 
with only 
mature 
spermatozoa in 
the acini lumen 

Percentage of 
F1 snails from 
the River Water 
exposure (RW) 

Percentage of 
F1 snails from 
the River pus 
Solvent Water 
exposure 
(RW+S) 

Percentage of 
F1 snails from 
the Low 
oestrogenic 
mixture 
exposure (LM) 

Percentage of 
F1 snails from 
the High 
oestrogenic 
Mixture 
exposure (HM) 

0 out of 5 70 70 55 85 
1 out of 5 5 25 35 10 
2 out of 5 10 0 5 5 
3 out of 5 0 0 0 0 
4 out of 5 5 0 5 0 
5 out of 5 10 5 0 0 
 a a a a 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), 

River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Letter (a) indicates statistical 

similarity. 

 

Oogenesis stages present 

The mean percentage of oogenesis stages present was most similar between RW and 

RW+S exposed F1s (Table 5.24). LM developmentally exposed snails had the highest 
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percentage of young oocytes (stage 1 and 2) and also had the highest percentage of 

mature oocytes (stage 5). Statistical analysis (ANOVA) found significant differences 

between the percentage of stage 1 (P= 0.003) and 2 (P= 0.043) oocytes between the four 

treatments but not stage 3 (P= 0.237), stage 4 (P= 0.144) or stage 5 oocytes (P= 0.680). 

Post hoc analysis (LSD) found RW and RW+S exposed snails to have a significantly lower 

percentage of stage 1 oocytes compare to snails from the LM (P= 0.019, 0.021) and the 

HM (P= 0.003, 0.003). No significant difference was found in the percentage of stage 1 

oocytes between the RW+S and the RW (P=0.974) exposed snails or between the LM and 

the HM (P=0.469) exposed snails. Post hoc analysis found LM developmentally exposed 

snails to have a significantly higher percentage of stage 2 oocytes compare to HM (P= 

0.005) exposed snails. No statistical differences were found for the percentage of stage 2 

oocytes between the other treatment groups.  

 

Table 5.23 Proportion of F1 P. corneus snails found with varying percentage of 

acini with immature spermatogenic cells sloughing into the lumen from the 

oestrogenic mixtures experiment 
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Score Percentage 
of F1 snails 
from the 
River Water 
exposure 
(RW) 

Percentage 
of F1 snails 
from the 
River pus 
Solvent 
Water 
exposure 
(RW+S) 

Percentage 
of F1 snails 
from the Low 
oestrogenic 
mixture 
exposure 
(LM) 

Percentage 
of F1 snails 
from the High 
oestrogenic 
Mixture 
exposure 
(HM) 

<10% 1 50 65 60 50 
10-30% 2 25 15 15 15 
30-50% 3 0 10 10 25 
50-70% 4 5 5 10 5 
>70% 5 20 5 5 5 

  a a a a 

Snails sacrificed after developmental exposure to River Water only (RW, n=20), 

River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Letter (a) indicates statistical 

similarity. 

 

Parasitism 

Histological analysis was performed on a sub-sample of 20 F1s from each treatment. Five 

sections of gonad were analysed per F1 snail. None of the F1 P. corneus analysed had a 

parasitic infection. 
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Table 5.24 The mean percentage of different stages of oogenesis in F1 P. 

corneus from the oestrogenic mixtures experiment 

Stage of oocyte 
maturation 

Mean percent of 
oogenesis 
stage after 
River Water 
exposure 

Mean percent of 
oogenesis 
stage after 
River Water 
plus Solvent 
exposure 

Mean percent of 
oogenesis 
stage after Low 
oestrogenic 
Mixture 
exposure 

Mean percent of 
oogenesis 
stage after High 
oestrogenic 
Mixture 
exposure 

Stage 1 10.7 ± 7.9    a 10.7 ± 9.8    a 16.5 ± 7.7    b 18.3 ± 5.2   b 
Stage 2 15.8 ± 4.9    ab 14.9 ± 7.0    ab 18.0 ± 5.0    a 13.0 ± 4.6   b 
Stage 3 24.3 ± 6.5    a 20.3 ± 6.6     a 22.2 ± 5.2    a 12.6 ± 6.5   a 
Stage 4 23.9 ± 11.4  a 23.7 ± 13.4   a 22.2 ± 7.2    a 29.5 ± 9.3   a 
Stage 5 10.1 ± 6.4    a 10.7 ± 9.8     a 12.8 ± 6.9    a 11.6 ± 6.3   a 
Degenerating 15.3 ± 12.1  a 19.7 ± 12.6   a 8.3 ± 7.4      a 5.9 ± 7.9     a 

Snails sacrificed after developmental exposure to either River Water only (RW, 

n=20), River Water plus Solvent (RW+S, n=21), river water plus Low oestrogenic 

Mixture (LM, n=21) or river water plus High oestrogenic Mixture (HM, n=20). Five 

sections of gonad were analysed per F1 snail. Stage 1 (oogonium) is the 

youngest stage of oogenesis, stage 5 is ready to be ovulated. Oogenesis stages 

based on description by de Jong-Brink et al (De Jong-Brink et al. 1976). Letters 

(a, b) indicate statistical similarity.    

 

5.4.7 Effects of developmental exposure to estrogenic mixtures and then depuration 

in river water on F1 P. corneus  

5.4.7.1 Survival and growth during depuration in river water 

The percentage of F1 over-winter survival was highest in P. corneus from the RW 

developmental exposure (19%) compared to the much lower percentage survival of those 

from the LM (6%) or HM (2%), (Table 5.25). 

 

Table 5.25 Survival of F1 P. corneus left to depurate over winter after  

oestrogenic mixtures developmental exposure  

F1 P. corneus River Water Low Mixture High Mixture 

Left to over-winter 
September 2006 

322 2090 440 

Surviving March 
2007 

60 123 8 

Percent survival 19% 6% 2% 

Snails exposed to River water only (RW), river water plus Low oestrogenic 

Mixture (LM) or river water plus High oestrogenic Mixture (HM). Number of F1s 

left in each treatment tank to over winter, number of F1s surviving until March 

2007 and percentage over winter survival. 

 

Between March and April 2007 the percentage survival of the RW (80%) and the LM 

(85.4%) developmentally exposed snails were similar. However, the HM developmentally 

exposed snails continued to have a lower percentage survival (62.5%). 
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Developmentally exposed F1 P. corneus snails were measured in April 2007 (after 

eight months of depuration). The exposed snails were on average smaller than those from 

the RW exposure. None of the HM or the LM developmentally exposed snails reached a 

shell diameter above 20 mm (Table 5.26). 

 

Table 5.26 The percentage of different shell size classes of F1 P. corneus after 

developmental exposure to River water (RW), river water plus Low oestrogenic 

Mixture (LM) or river water plus High oestrogenic Mixture (HM) followed by 

eight months depuration in river water during autumn/winter 2006.  

Percentage Shell 
Size class 

River Water 
developmentally 
exposed  

Low Mixture 
developmentally 
exposed 

High Mixture 
developmentally 
exposed 

<10 mm shell 
diameter 

10% 38% 40% 

10-15 mm shell 
diameter 

31% 60% 60% 

15-20 mm shell 
diameter 

52% 2% 0 

> 20 mm shell 
diameter 

6% 0 0 

F1 snails measured April 2007. 

 

5.4.7.2 Reproductive output 

Reproductive output was severely impacted in the HM developmentally exposed P. 

corneus compared to those exposed to RW or LM (Table 5.27). Over the entire 14 weeks 

of the un-dosed F1 breeding study, the HM exposed snails laid the least number of eggs 

and egg masses (EMs) (4 EMs containing a total of 17 eggs). The LM exposed snails laid 

the most (141 EMs containing 2329 eggs). However due to differences in snail numbers 

and mortality (see survival below), reproductive output per snail is a better comparison of 

reproductive output. 

 

Table 5.27 Total number of eggs and egg masses laid by F1 P. corneus over 14 

week un-dosed F1 breeding study  

 River Water (RW) Low oestrogenic 
Mixture (LM) 

High oestrogenic 
Mixture (HM) 

Total egg masses 
laid 

79 141 4 

Total eggs laid 1255 2329 17 

Snails developmentally exposed to River Water (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depuration over winter in river water.    

 

Egg laying in the RW and the LM developmentally exposed snails was underway when the 

sampling period started in May. Peak egg laying occurred at week 8 (19th June 2007) for 

the RW and the LM exposed snails. However, LM developmentally exposed snails laid 
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almost twice as many eggs per snail at this point (RW 39.4 eggs/snail, LM 68.7 

eggs/snail). The HM developmentally exposed snails only laid eggs between weeks 8 and 

10, laying a mean of 4.3 eggs per snail. After week 8 all the RW and the LM 

developmentally exposed snails egg laying declined. The mean number of eggs laid per 

snail was similar for the LM and the RW groups from week 10 until the end of the 

breeding study (Figure 5.7). Statistical analysis (t-test) found RW developmentally 

exposed snails had laid significantly more eggs per snail at week 2 (P= 0.001) but not at 

weeks 5 (P=0.655), 6 (P=0.205), 10 (P=0.995), 12 (P=0.507, M-W) or 14 (P=0.876). The 

cumulative number of eggs laid per snail was not found to be significantly different 

between the RW and the LM exposed snails (P=0.755). The HM egg laying could not be 

analysed as it only had one replicate group. 
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Figure 5.7 Mean egg laid per snail during the F1 breeding study by P. corneus 

from the oestrogenic mixtures experiment.  

F1s previously developmentally exposed to River Water (RW), Low oestrogenic 

Mixture (LM) or High oestrogenic Mixture (HM) and then depurated over 

autumn/winter in river water. Error bars show standard deviation. Star (*) 

indicates significant difference from LM. 

 

Overall, the mean numbers of egg masses laid per snail were similar between the RW and 

the LM developmentally-exposed groups. However, at week 8 (during the peak in egg 

mass laying) the LM developmentally exposed snails laid a larger amount (3.9 ± 1.1) of 

egg masses per snail compared to the RW (2.6 ± 1.4) exposed snails. The HM 

developmentally exposed snails laid a maximum of 1 egg mass per snail at week 10 

(Figure 5.8A). After week 8, the number of egg masses laid per snail declined in both the 

RW and the LM developmentally-exposed snails. No significant (t-test) differences were 

found between the mean number of egg masses laid by snails developmentally-exposed to 



 236 
RW or LM at weeks 2 (P= 0.060), 5 (P=0.725), 6 (P=0.132), 8 (P=0.286), 10 

(P=0.960), 12 (P= 0.983) or 14 (P=0.695) or between the cumulative numbers of egg 

masses laid per snail (P= 0.729). The HM developmentally exposed snails could not be 

analysed, due to it only having one replicate group. 

 

At the first sampling point (week 2) the average numbers of eggs per egg mass were 18.0 ± 

4.1 for the RW exposed snails, 12.0 ± 2.0 for the LM, and 0 (no egg masses laid) for the 

HM snails. The highest mean number of eggs per egg mass were recorded at week 14 for 

both RW (23.8 ± 2.6) and LM (19.6 ± 8.0) snails. The HM developmentally-exposed snails 

only laid egg masses at week 10 (4.3 eggs per egg mass). The LM and the RW 

developmentally exposed snails laid similarly sized egg masses at weeks 5, 8, 10 and 12 

(neither RW nor HM snails laid egg masses at week 6, Figure 5.8B). However, over the 

14-week breeding study the RW developmentally exposed snails (16.2 eggs per egg mass) 

laid on average larger egg masses than those from the LM (14.8 eggs per egg mass) 

exposure. However, statistical analysis (t-Test) found no significant difference between the 

number of eggs per egg mass from the LM and RW developmentally-exposed snails for 

weeks 2 (P= 0.084), 5 (P= 0.783), 8 (P= 0.350), 10 (0.694), 12 (P=0.977) or 14 (P= 0.539).  

No significant difference was found between the mean number of eggs per egg mass laid 

over the entire breeding study (P= 0.513) by the RW and the LM developmentally-exposed 

snails. The HM group could not be compared as it only had one replicate, and only laid egg 

masses at one sampling period. 
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Figure 5.8 A, Mean number of egg masses laid per snail and B, mean number of 

eggs per egg mass laid by F1 P. corneus during the F1 breeding study.  

Snails developmentally exposed to River Water only (RW), Low oestrogenic 

Mixture (LM) or High oestrogenic Mixture (HM) and then depurated over 

autumn/winter in river water only. Error bar gives standard deviation.  

 

5.4.7.3 Survival and growth 

Due to the high level of over-winter mortality suffered by the HM developmentally 

exposed snails, only one replicate breeding group of four snails was used. The RW and LM 

exposure groups had three replicates; each containing six snails. Over the 14 weeks of 

breeding study, the RW exposed snails suffered the highest percentage mortality (44% 

surviving). The HM developmentally exposed snails had 50% (2 snails) by the end of the 

study and the LM developmentally exposed snails had 88.9% surviving (Figure 5.9). 
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Statistical analysis (Mann-Whitney) of the percentage of surviving snails was found to 

be significantly higher in the LM developmentally-exposed snails compared to the RW 

exposed snails at weeks 2, 5, 6 and 8 (P= 0.034). The LM developmentally-exposed snails 

also had a significantly higher percentage survival compared to the RW snails at weeks 10 

(P= 0.013), 12 (P= 0.047) and 14 (P= 0.047, t-test). 

 

 

Figure 5.9 Survival of depurated snails over 14 week un-dosed F1 reproductive 

study conducted Spring/Summer 2007. 

P. corneus F1s developmentally exposed to River Water only (RW), Low 

oestrogenic Mixture (LM) or High oestrogenic Mixture (HM) and then depurated 

over autumn/winter in river water only. A Total of 18 (LM and RW) or 4 (HM) 

snails were allocated to each group at week 0. Star (*) indicates significant 

difference from RW. Statistical analysis of HM not conducted due to low 

numbers. 

 

At the start of the F1 breeding study, the F1s from the RW developmental exposure were 

larger and heavier then those from the LM or HM exposures (Table 5.28). The RW snails 

had a mean shell diameter of 14.6 ± 1.9 mm, compared to 13.9 ± 0.6 mm (LM snails) and 

11.8 ± 1.6 mm (HM snails). Significant differences were found between the groups for 

shell length (P= 0.018 K-W), shell aperture (P= 0.015) but not for total weight (P= 0.059). 

Post-hoc analysis found RW snails to be significantly larger than HM exposed snails for 

shell diameter (P= 0.027) and shell aperture (P= 0.014). The LM developmentally-exposed 

snails were also significantly larger than the HM snails in shell diameter (P= 0.006) and 

shell aperture (P= 0.017). No significant difference was found between the RW and the 

LM developmentally exposed snail’s shell diameter (P= 0.200) or shell aperture (P= 

0.137). At the end of the 14-week reproductive study the RW developmentally exposed 

snails were still larger than the LM or the HM snails. However, statistical analysis 
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(ANOVA) found no significant differences between the developmental exposure 

groups in shell diameter (P= 0.725), shell aperture (P= 0.162), total weight (P= 0.667) or 

soft body weight (P= 0.654). The percentage growth over the breeding study was highest in 

the HM group at 25.5% for shell diameter and 56.6% for total weight. The percentage 

growth was 12.3% for shell length in the LM snails and 10.8% for the RW snails. The 

percentage increase in total weight was 27.5% for the LM snails and 25.9% for the RW 

snails. 

 

Table 5.28 Size and weight of F1 P.corneus before and after un-dosed F1 

breeding study.  

 River Water (RW) Low oestrogenic 
Mixture (LM) 

High oestrogenic 
Mixture (HM) 

Start of study 
Shell diameter mm 

14.6 ± 1.9  a 13.9 ± 0.9  a 11.8 ± 1.6  b 

End of study 
Shell d mm 

16.3 ± 1.6  a 15.8 ± 1.3  a 15.8 ± 2.1  a 

Start of study 
Total weight g 

0.7 ± 0.3  a  0.6 ± 0.1  a  0.35 ± 0.2  b 

End of study 
Total weight g 

0.9 ± 0.23  a 0.8 ± 0.2  a 0.8 ± 0.3  a 

Snails developmentally exposed to river water (RW), low oestrogenic mixture 

(LM) or high oestrogenic mixture (HM) and then depurated in river water for 

eight months. Shell diameter and total weight at the start and end of the 14 

week un-dosed F1 breeding study. Mean ± standard deviation, letters (a, b) 

indicate statistical similarity. 

 

Spearman’s rank order was used to correlate the shell diameter and total weight at the start 

of the F1 breeding study, and the shell diameter, total weight and soft body weight at the 

end. Significant positive correlations were found for both the RW and the LM 

developmentally-exposed snails between shell diameter and weight at the start of the 

breeding study (P<0.001). After the breeding study, significant positive correlations were 

also found for the RW and LM snails shell diameter and weight (P<0.001, <0.001, 

respectively), shell diameter and soft body weight (P= 0.015, <0.001, respectively), and 

total weight and soft body weight (P= 0.002, <0.001, respectively). Correlations could not 

be performed on snails from the HM due to low numbers. 

 

5.4.8 Effect of developmental exposure to oestrogenic mixtures and then depuration 

in river water on histopathology of the gonad 

Histological analysis was performed on all surviving snails from the F1 breeding study 

(RW, n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per snail. 
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All the snails samples (from all three treatments) had Sertoli cells attached to the acini 

walls in all of the sections of gonad analysed. 

A dose dependant decrease in normal vitellogenic area activity (maturing oocytes with 

follicle cells and/or sperm with Sertoli cells) was found in snails developmentally exposed 

and then depurated in river water for approximately one year (Table 5.29 and Figure 5.10). 

However, no significant difference was found between the three groups (P= 0.133, 

ANOVA).  

 

Table 5.29 The percentage of F1 P. corneus snails with varying level of acini 

vitellogenic area activity from the oestrogenic mixtures experiment 

Percent of acini 
with active 
vitellogenic area 

Score Percentage of 
depurated F1 
snails from the 
River Water 
exposure (RW) 

Percentage of 
depurated F1 
snails from the 
Low Mixture 
exposure (LM) 

Percentage of 
depurated F1 
snails from the 
High Mixture 
exposure (HM) 

<10% 1 0 0 0 
10-30% 2 0 12% 50% 
30-50% 3 13% 47% 50% 
50-70% 4 49% 35% 0 
>70% 5 38% 6% 0 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW, n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per 

snail. 

 

The majority of F1 snails (from all treatments) had intact acini walls in all the sections of 

gonad analysed. One snail from the RW exposure had three out of five sections with intact 

acini walls. Three of the LM snails showed disruption to the acini wall, one had four out of 

five sections intact, one had three out of five intact and one had no sections intact. One of 

the two HM snails had disruption in two out of five sections analysed. No significant 

difference was found between the exposure groups (P= 0.708, ANOVA). The HM 

developmentally exposed and then depurated snails had the highest amount of cell 

(developing oocytes, sperm and supporting cells) cover of the acini walls. However, only 

two snails were sampled due to the high mortality suffered in this group. The RW exposed 

snails had a higher amount of cell cover than the LM exposed snails (Table 5.30). No 

significant difference was found between the exposure groups (P= 0.142, Kruskal-Wallis). 
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Figure 5.10 Percentage of snails with varying level of vitellogenic area activity 

(Sperm/oocyte maturation and supportive cells). 

 P. corneus either exposed to either River Water only (RW), River Water plus 

Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or river water 

plus High oestrogenic Mixture (HM) as adults during reproductive period 

(Histogram A) or developmentally (Histograms B and C). (A) Adult snails 

sampled directly after exposure (end August 2006). (B) F1s sampled directly 

after developmental exposure (September 2006). (C) F1s sampled after one year 

of depuration in river water (early August 2007). Score 1 (yellow) lowest level of 

activity <10% of acini contain active vitellogenic area, Score 5 (dark blue) 

highest level of activity >70% of acini contain active vitellogenic area, n= 

number of snails analysed. 
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Table 5.30 The percentage of depurated F1 P. corneus snails with varying 

level of acini wall cell cover from the oestrogenic mixtures experiment 

Percent of acini 
wall covered by 
germ cells 
and/or 
supportive cells 

Score Percentage of 
depurated F1 
snails from the 
River Water 
exposure (RW) 

Percentage of 
depurated F1 
snails from the 
Low Mixture 
exposure (LM) 

Percentage of 
depurated F1 
snails from the 
High Mixture 
exposure (HM) 

<10% 1 0 0 0 
10-30% 2 0 12.5 0 
30-50% 3 13 31.25 0 
50-70% 4 25 12.5 0 
>70% 5 62 43.75 100 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per 

snail. 

 

Immature spermatogenic and supportive cells sloughed into lumen 

Sertoli cells sloughing into lumen 

The number of sections analysed with Sertoli cells sloughed into the lumen were similar 

between the LM and the RW exposed snails (Table 5.31). The HM had the lowest 

percentage of sections with Sertoli cell sloughing. No significant difference was found 

between the exposure groups (P= 0.988, ANOVA). 

Spermatogonium sloughing into lumen 

Spermatogonium sloughing into the acini lumen was most frequent in snails 

developmentally exposed to HM (Table 5.31). No significant difference was found 

between the exposure groups (P= 0.416, ANOVA). 

Spermatocytes sloughing into the lumen 

Spermatocytes sloughing into the lumen was most frequent in snails developmentally 

exposed to the HM, and lowest in those exposed to RW only (Table 5.31). Statistical 

analysis found no significant difference was found between the exposure groups (P= 0.134 

K-W).  

Spermatids sloughing into the lumen 

Spermatids sloughing into the lumen were most frequent in snails developmentally 

exposed to the RW, the LM snails showed a similar trend (Table 5.31). No significant 

difference was found between the exposure groups (P= 0.997, ANOVA) 

Mature spermatogenic cells in the lumen 

Spermatozoa only 

The percentage of snails with only mature spermatozoa free in the acini lumen was highest 

in the snails from the RW developmental exposure and decreased in a dose dependant 
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manner (Table 5.32). No significant difference was found between the exposure groups 

(P= 0.589, ANOVA). 

 

Table 5.31 The percentage of depurated F1 P. corneus snails with varying level 

of immature spermatogenic cells sloughed into the acini lumen from the 

oestrogenic mixtures experiment 

Percentage of 
depurated F1s 
with Sertoli cell 
sloughing into 
lumen 

Percentage of 
depurated F1s 
with 
Spermatogonium 
sloughing into 
lumen 

Percentage of 
depurated F1s 
with 
Spermatocyte 
sloughing into 
lumen 

Percentage of 
depurated F1s 
with Spermatid 
sloughing into 
lumen 

N
u

m
b

e
r 

o
f 

s
e
c
ti

o
n

s
 

a
ff

e
c
te

d
 

RW LM HM RW LM HM RW LM HM RW LM HM 
None 37.5 37.5 0 25 12.5 0 37.5 37.5 0 25 12.5 0 

1 out of 5 12.5 18.75 50 0 0 0 12.5 6.25 0 0 25 0 

2 out of 5 12.5 6.25 0 12.5 18.75 0 0 18.75 0 12.5 0 50 

3 out of 5 0 6.25 50 0 18.75 0 12.5 6.25 0 12.5 12.5 0 

4 out of 5 25 18.75 0 25 18.75 0 37.5 6.25 0 12.5 18.75 50 

5 out of 5 12.5 12.5 0 37.5 31.25 100 0 25 100 37.5 31.25 0 

 A A a a a a a a a A a a 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW, n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per 

snail. Letters (a) indicate statistical similarity. 

 

Table 5.32 The percentage of depurated F1 P. corneus snails with varying 

numbers of sections of gonad with only mature spermatozoa in the acini lumen 

from the oestrogenic mixtures experiment 

Number of sections 
with just mature 
spermatozoa in the 
lumen 

Percentage of F1 
snails from the River 
Water exposure 
(RW) 

Percentage of 
depurated F1 snails 
from the Low 
Mixture exposure 
(LM) 

Percentage of 
depurated F1 snails 
from the High 
Mixture exposure 
(HM) 

0 out of 5 50 56.25 100 
1 out of 5 25 12.5 0 
2 out of 5 0 6.25 0 
3 out of 5 0 12.5 0 
4 out of 5 0 6.25 0 
5 out of 5 25 6.25 0 
 a a A 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW n = 8; LM, n = 16; HM. n = 2). Five sections of gonad were analysed per 

snail. Letter (a) indicates statistical similarity. 
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Occurrence of acini with immature spermatogenic cells in lumen 

The depurated snails from the LM exposure had the highest percentage of snails with the 

most (>70% of acini) level of immature spermatogenic cells sloughed into the lumen. 

However, no trend was apparent between treatments (Table 5.33). No significant 

difference was found between the exposure groups (P= 0.944, ANOVA). 

 

Table 5.33 The percentage of depurated F1 P. corneus snails affected by 

varying percentage of acini with immature spermatogenic cells sloughing into 

the lumen from the oestrogenic mixtures experiment 

Percentage of 
acini affected by 
immature 
spermatogenic 
cells sloughing 
into the lumen 

Score Percentage of F1 
snails from the 
River Water 
exposure (RW) 

Percentage of 
depurated F1 
snails from the 
Low Mixture 
exposure (LM) 

Percentage of 
depurated F1 
snails from the 
High Mixture 
exposure (HM) 

<10% 1 50 50 0 
10-30% 2 12.5 25 100 
30-50% 3 37.5 18.75 0 
50-70% 4 0 0 0 
>70% 5 0 6.25 0 
  a a A 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW, n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per 

snail. Letter (a) indicates statistical similarity. 

 

Table 5.34 The mean percentage of different stages of oogenesis in depurated 

F1 P. corneus from the oestrogenic mixtures experiment 

Stage of oocyte 
maturation 

Mean percent of 
oogenesis stage 
after River Water 
exposure 

Mean percent of 
oogenesis stage 
after LM exposure 

Mean percent of 
oogenesis stage 
after HM exposure 

Stage 1 19.9 ± 5.5      a 22.7 ± 7.5      a 34.2 ± 11.2      a 
Stage 2 21.8 ± 4.7      a 20.4 ± 3.5      a 16.8 ± 0.1        a 
Stage 3 20.0 ± 4.2      a 19.6 ± 6.5      a 16.0 ± 2.2        a 
Stage 4 19.9 ± 6.5      a 15.8  ± 5.3     a 24.9 ± 5.4        a 
Stage 5 3.6  ± 3.3       a 1.9 ± 2.4        a 3.1 ± 1.9          a 
Degenerating 14.8  ± 8.3     a 19.6  ± 10.1   a  5.1 ± 6.0          a 

Snails sacrificed after developmental exposure to River water only (RW), river 

water plus low oestrogenic mixture (LM) or river water plus high oestrogenic 

mixture (HM) and then depuration for approximately one year in river water. 

Histological analysis was performed on all snails from the F1 breeding study 

(RW, n = 8; LM, n = 16; HM, n = 2). Five sections of gonad were analysed per 

snail. Stage 1 (oogonium) are the youngest stage of oogenesis, stage 5 is ready 

to be ovulated, oogenesis stages based on description by de Jong-Brink et al 

(De Jong-Brink et al. 1976). Letters (a) indicate statistical similarity. 
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Oogenesis stages present 

The HM developmentally exposed snails had the highest percentage of young oocytes 

(Stage 1 and 2). The RW exposed snails had the highest percentage of mature (stage 5) 

oocytes (Table 5.34, above). No significant differences were found between the exposure 

groups for stage 1 (P= 0.059, ANOVA), stage 2 (P=0.264), stage 3 (P=0.666), stage 4 

(0.061), stage 5 (P= 0.333) or degenerating oocytes (P= 0.111).  

 

Parasitism 

No parasites were found in any of the F1 snails analysed (from any of the exposure 

groups). 

  

5.4.9 Effects of estrogenic mixtures exposure on adult V. viviparus reproduction and 

survival 

5.4.9.1 Number of neonates released per snail over reproductive study 

On average, the cumulative number of neonates released per snail was highest in the RW 

exposed snails; RW exposed snails released 14.7 neonates each, RW+S 13.2 neonates 

each, LM released 12.4 and HM 13.6. However, no significant difference was found 

between the four treatment groups (P= 0.451, ANOVA). Neonate release was at its peak at 

week 2 (first sampling period), after which the number of neonates released declined 

rapidly (Figure 5.12). The mean number of neonates released per snail per fortnight was 

similar over all exposures until week 8. Statistical analysis (ANOVA) found significant 

differences between the groups at weeks 8 (P= 0.002) and 10 (P= 0.042). Post hoc analysis 

(LSD) found at week 8 the RW exposed snails released a significantly greater number of 

neonates compared to the RW+S (P= 0.002), LM (P.0.001) and the HM (P= 0.012) 

exposed snails. No significant differences were seen between the numbers of neonates 

released by the other treatment groups. At week 10, post hoc analysis found the LM 

exposed snails released significantly less neonates compared to the RW (P= 0.009) and 

RW+S (P=0.048) exposed snails. At the same time point, the HM exposed snails released 

an almost significantly lower number of neonates compare to the RW (P=0.057) snails. No 

significant differences were found between the numbers of neonates released by the other 

treatment groups.  

 

Number of embryos harboured per female at the end of exposure 

The mean numbers of embryos harboured by adult females at the end of the exposure were 

highest from the RW exposure (30.5 embryos per female) and lowest from the HM 
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exposure (27.5 embryos per female). However no significant difference was found 

between the treatment groups (P=0.630, ANOVA). Embryos were designated into two 

groups shelled (most mature) and un-shelled (least mature). The RW exposed females 

harboured the highest number of shelled embryos but the lowest number of un-shelled 

embryos. Conversely, the LM exposed females harboured the least number of shelled 

embryos and the highest number of un-shelled embryos (Table 5.35 below). No significant 

difference was found between the numbers of shelled (P= 0.128, ANOVA) or unshelled 

(P=0.416, Kruskal-Wallis) embryos harboured per female at the end of exposure.  

 

Figure 5.11 Mean number of neonates released per adult snails over 16 week 

exposure period by adult V. viviparus in the oestrogenic mixtures experiment. 

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). Error bars show standard deviation. Letter (a,b) indicates 

statistical similarity. 

 

Table 5.35 Mean number of shelled (most mature) and unshelled (least mature) 

embryos harboured per female V. viviparus after 16 week of exposure in the 

oestrogenic mixtures experiment.  

Embryos River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Shelled 26.5 ± 11.1 23 ± 11.5 18.6 ± 9.7 23.25 ± 9.6 
Un-Shelled 4.0 ± 3.5 5.7 ± 5.1 8.3 ± 6.8 4.25 ± 4.3 
Total 30.5 ± 12.2 28.7 ± 12.5 26.9 ± 10.7 27.5 ± 9.8 

V. viviparus snails exposed to River Water only (RW), River Water plus Solvent 

(RW+S), river water plus Low oestrogenic Mixture (LM) or river water plus High 

oestrogenic Mixture (HM). The number of females analysed for each groups 

were RW n = 33, RW+S n = 27, LM n = 36, HM n = 28. Mean ± standard deviation. 
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5.4.9.2 Survival 

Survival of adults during the dosed reproductive study was highest from the LM exposure 

and lowest from the RW+S exposure (Figure 5.12). On average, 60.6% of the snails from 

the RW, 54.5% from the RW+S, 65.2% from the LM, and 56.6% from the HM exposure 

survived until week 16 of the study. Up until week 10, the RW+S snails were surviving at 

the same level as the LM exposed snails. However, after week 10, the RW+S snail survival 

dropped steeply. No significant differences were found between the four treatment groups 

for the number of adults surviving at each of the fortnightly sampling periods.  
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Figure 5.12 V. viviparus adults survival during dosed reproductive study.  

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM) as adults during reproductive period. Percentage of adults (males 

and females) surviving over exposure period from each exposure. Error bars 

indicate standard deviation. 

 

After week 16 of the exposure, the dosing pumps administering the oestrogenic mixture to 

the tanks were switched off and the tanks were left to depurate in running river water over 

the weekend. After the weekend the adult snails were removed from the tanks for the final 

time. During this short depuration time several (RW; n=3, RW+S; n=3, LM; n=2, HM; 

n=5) adult V. viviparus snails from each exposure tank died. This left a total of 37 snails 
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from the RW tank, 33 snails from the RW+S tank, 41 snails from the LM and 30 snails 

from the HM tank. At this point the remaining snails were sampled; their size and weight 

were measured and the soft tissue was fixed for histology (see Section 3.5.7), the data from 

these specimens are presented below.  

 

5.4.9.3 Size and weight pre exposure 

The mean values for shell length, shell aperture and total weight pre exposure were similar 

across the exposure groups. On average snails from the RW+S group were slightly larger 

in both shell size and weight (Table 5.36). No significant differences were found between 

pre exposure groups in shell length (P=0.793, ANOVA), shell aperture (P=0.776, 

ANOVA), or total weight (P=0.448, ANOVA). 

 

Table 5.36 Size and weight ofV. viviparus adults pre exposure from the 

oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Shell length mm 32.7 ± 3.8 33.0 ± 4.1 32.4 ± 3.1 32.4 ± 3.8 

Shell aperture 
mm 

26.6 ± 2.6 26.9 ± 2.9 26.5 ± 2.6 26.4 ± 2.6 

Total weight g 8.8 ± 2.3 8.9 ± 2.5 8.3 ± 2.0  8.6 ± 2.3 

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). Mean shell length, shell aperture and total weight. Mean ± 
standard deviation. 

 

5.4.9.4 Adult V. viviparus Size, Weight and Growth post exposure 

Female V. viviparus size and weight post exposure 

The mean values for shell length, shell aperture, total weight, soft body weight and soft 

body weight embryos removed were similar over all treatments (Table 5.37). Females from 

the RW exposure were on average the largest and heaviest, whilst those from the HM 

exposure were smallest and lightest. However, statistical analysis (ANOVA) found no 

significant differences between the exposure groups for shell length (P=0.607), shell 

aperture (P=0.721), total weight (P=0.566), soft body weight (P=0.574) or soft body 

weight after embryos were removed (P=0.521). 

 

Male V. viviparus size and weight post exposure 

The male V. viviparus from the LM exposure were on average larger and heavier than 

those from other exposure groups, males from the HM were smallest (Table 5.38). No 
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significant differences were found between the four exposure groups in shell length 

(P=0.372), shell aperture (P= 0.377), total weight (P= 0.414), or soft body weight (P= 

0.281). 

 

Table 5.37 Shell length, shell aperture, total weight, soft body weight and soft 

body weight embryos removed of adult V. viviparus females from the 

oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Shell length mm 33.3 ± 2.2  32.8 ± 4.2 32.4 ± 2.7 32.1 ± 3.0 

Shell aperture 
mm 
 

17.6 ± 1.2 17.4 ± 1.7 17.3 ± 1.3 17.0 ± 1.3 

Total weight g 8.5 ± 1.4 8.3 ± 2.2  8.0 ± 1.6 7.8 ± 1.6 

Soft body 
weight g 

3.2 ± 0.6 3.2 ± 0.9 3.0 ± 0.7 3.0 ± 0.6 

Soft body 
weight embryos 
removed g 

1.9 ± 0.4 2.0 ± 0.6 1.9 ± 0.5 1.8 ± 0.3 

Snails sampled after four months of exposure. Snails exposed to River Water 

only (RW), River Water plus Solvent (RW+S), river water plus Low oestrogenic 

Mixture (LM) or river water plus High oestrogenic Mixture (HM). The number of 

females analysed for each groups were RW n = 33, RW+S n = 27, LM n = 36, HM 

n = 28. Mean ± standard deviation. 
 

 

Table 5.38 Size and weight ofV. viviparus males after four months of exposure 

in the oestrogenic mixtures experiment.  

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Shell length mm 26.3 ± 4.1 28.5 ± 3.7 29.6 ± 1.5 25.6 ± 4.0 

Shell aperture 
mm 

14.9 ± 1.2 15.5 ± 1.6 16.2 ± 0.7 14.8 ± 1.0 

Total weight g 4.9 ± 1.7  5.6 ± 1.6 6.3 ± 0.6 4.5 ± 1.6 

Soft body 
weight g 

1.6 ± 0.5 1.9 ± 0.6 2.2 ± 0.5 1.4 ± 0.7 

Snails expoed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). Shell length, shell aperture, total weight, soft body weight of 

surviving adult males. The number of males analysed for each group were RW 

n=4, RW+S n=6, LM n=5, HM n=2. Mean ± standard deviation. 
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5.4.10 Effects of exposure to estrogenic mixtures on adult gonad histopathology 

As stated in section 5.4.3.1 a total of 141 adult snails (RW; 37(♀=33, ♂=4), RW+S; 

33(♀=27, ♂=6), LM; 41(♀=36, ♂=5) HM; 30(♀=28, ♂=2)) were sampled and fixed for 

histopathological analysis from this experiment. All the male specimens (RW, n= 4; 

RW+S, n= 6; LM, n=5 HM, n= 2) were sectioned stained and analysed. However, due to 

time constraints a maximum of 23 female specimens were sectioned, stained and analysed 

from each treatment (RW, n= 23; RW+S, n=22; LM, n= 21; HM, n=21). Ten sections of 

gonad were analysed per adult snail. As the main focus of this research was on the possible 

effects of developmental exposure to oestrogenic, rather than on adult exposure, this low 

number of samples analysed was decided upon as a compromise between available time 

and quantity of data. 

 

F0 Female V. viviparus  

The female V. viviparus from the RW exposure had the highest mean number of oocytes 

per section of gonad analysed (11.0 oocytes per section). The females from the LM 

exposure had around half as many oocytes per section (4.2 oocytes per section) (Figure 

5.13). A significant difference was found between the four exposure groups (P= 0.001, 

ANOVA). Post hoc analysis (LSD) found RW females to have significantly more oocytes 

per section compare to the LM (P< 0.001), HM (P= 0.001) and RW+S (P= 0.049) exposed 

snails.  

 

Correlations between F0 female size/weight and reproductive potential (mean 

oocytes) 

Over the four treatments significant positive correlations between the mean oocyte number 

and shell length (0.459 P<0.001), total weight (0.348 P=0.007) and soft body weight 

(0.520 P<0.001) where found, suggesting larger females would on average have higher 

mean number of oocytes per section of tissue analysed. Analysis of covariance 

(ANCOVA) was used to see if the mean number of oocytes was significantly different 

between the groups when co-analysed for shell length, total weight or soft body weight. 

Once co-analysed no significant differences were found between the treatment groups 

mean oocyte number (shell length; P=0.763, total weight; 0.755, soft body weight; 0.673). 

Indicating that although no significant differences were found between the sizes of the 

snails from the different treatment groups, the smaller snail size and weight seen in the 

mixture exposed snails did significantly affect the mean oocyte number, leading to 

significant differences to be seen between the groups. 
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Figure 5.13 Mean number of oocytes per section of gonad analysed for female 

V. viviparus after four months of exposure in the oestrogenic mixtures 

experiment.  

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). A sub sample of females from each group were sectioned and 

analysed histologically (RW, n = 23; RW+S, n = 22; LM, n = 21; HM, n = 21). Ten 

section of gonad were analysed per snail. Mean number ± standard deviation. 

Letters (a,b) indicate statistical similarity. 

 

F0 Male V. viviparus  

The mean spermatogenesis score was lowest in males from the RW+S exposure. Mean 

scores from the other three exposures were similar (Table 5.39). Although the number of 

snails was low in some treatments, statistical analysis was conducted. No significant 

difference was found between the four exposure groups (P= 0.396 K-W). 

 

Table 5.39 Mean spermatogenesis score of male V. viviparus after four months 

of exposure in the oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 

(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Mean 
spermatogenesis 
score 

10.0 ± 0.1 7.9 ± 3.6 9.9 ± 0.2 10.0 ± 0.0 

Snails exposed to River Water only (RW), River Water plus Solvent (RW+S), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM). All males were analysed histologically (RW, n= 4; RW+S, n= 6; LM, 

n= 5; HM, n =2). Ten sections of gonad were analysed per snail. Mean score ± 
standard deviation. 

 

Parasitism 

As with the ‘health check group’ (Section 2.3.3.4), the majority of adult V. viviparus had 

some level of parasitism.  
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F0 Females 

Only four of the female snails analysed had no parasite infection (2 RW and 2 RW+S). 

Encysted parasites (metacercaria) found in the muscular tissue of the head and the foot 

were most frequent, but infections of the digestive tissue (sporocyst stage) were also found 

(Table 5.40).  

 

Table 5.40 Percentage of adult female V. viviparus snails with different types of 

parasite infections from the oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 
(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Encysted 
parasites 

82.6% 77.3% 90.5% 85.7% 

Infection of the 
digestive tissue 

8.7% 13.6% 9.5% 14.3% 

No infection 8.7% 9.1% 0.0 0.0 

Snails sacrificed after four months of exposure to River Water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). A sub sample of females from 

each group were sectioned and analysed histologically (RW, n = 23; RW+S, n = 

22; LM, n = 21; HM, n = 21). Ten section of tissue were analysed per snail. 

Encysted parasites (metacercaria) found in the muscular tissue of the head and 

the foot, infections of the digestive tissue (sporocyst stage). 

 

The intensity of infection (number or area infected) for both encysted parasites and 

digestive tissue parasites were also recorded. The intensity of infection by encysted 

parasites in adult female V. viviparus was highest in the HM exposure and lowest in the 

RW only exposure (Figure 5.14). Of the females with digestive tissue parasites all three 

from the RW+S had the highest level of infection (>70% of digestive tissue infected). One 

female from the RW, LM and HM also had the highest level of infection (>70% of 

digestive tissue infected), with the remaining infected snails having between 30-50% of the 

digestive tissue infected. 

 

Males 

Only one male was found to have no parasite infection and this was from the RW 

exposure. The majority of males had encysted parasites (metacercaria) found in the 

muscular tissue of the head and the foot, one had an infection of the digestive tissue (Table 

5.41). The intensity of infection by encysted parasites in adult male V. viviparus was 

highest in the LM exposure and lowest in the RW only exposure (Figure 5.14). Only one 
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male (RW+S) had digestive tissue parasites. This individual was highly infested with 

more than 70% of the digestive tissue infected. 

Table 5.41 Percentage of adult male V. viviparus snails with different types of 

parasite infections from the oestrogenic mixtures experiment 

 River Water 
(RW) 

River Water 
plus Solvent 

(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

Encysted 
parasites 

75% 
 

83.3% 100% 100% 

Infection of the 
digestive tissue 

0 16.7% 0 0 

No infection 25% 0 0 0 

Snails sacrificed after four months of exposure to River Water only (RW), River 

Water plus Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or 

river water plus High oestrogenic Mixture (HM). All adult males were analysed 

histologically (RW, n= 4; RW+S, n= 6; LM, n= 5; HM n =2). Ten sections of tissue 

were analysed per snail. Encysted parasites (metacercaria) found in the 

muscular tissue of the head and the foot, infections of the digestive tissue 

(sporocyst stage). 

 

Correlations between parasite infection and reproductive potential 

Some parasites can affect their host’s ability to reproduce, either via some method of 

chemical castration or via misappropriation of energy that should have been spent on 

reproduction. The possible effects of parasitic infection will be discussed later in this 

Chapter and in Chapter 6. In an attempt to assess whether the parasites found in this study 

had an effect on their hosts ability to reproduce, a number of correlations were performed. 

 

Spearman’s rank order correlations were performed on RW exposed adults to see if 

parasite infection had an effect on reproductive potential (mean oocyte numbers or the 

number of embryos harboured). No significant correlations were found between the mean 

oocyte number and the mean encysted parasite score (correlation coefficient 0.056, P= 

0.824), the mean shelled embryos harboured and the mean encysted parasite score 

(correlation coefficient 0.139, P=0.548), or between the mean un-shelled embryos 

harboured and the mean encysted parasite score (correlation coefficient 0.062 P= 0.790). 

The number of females with digestive tissue infections was too small to correlate. However 

the mean number of embryos harboured by females (RW and RW+S combined) with 

digestive tissue infections were much lower than those with just encysted parasites (Table 

5.42). 
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Figure 5.14 Intensity of encysted parasite infections in adult V. viviparus after 

four months exposure in the oestrogenic mixtures experiment. 

Snails exposed to river water only (RW), river water plus solvent (RW+S), river 

water plus low oestrogenic mixture (LM), or river water plus high oestrogenic 

mixture (HM). (A) The percentage of females with varying intensities of parasite 

infection. (B) The percentage of males with varying intensities of parasite 

infection. RW n= 33♀, 4♂; RW+S n= 27♀, 6♂; LM n= 36♀, 5♂; HM n= 28♀, 2♂. 10 

sections of tissue per adult snail were analysed. Pale yellow indicates no 

parasites found, yellow indicates less than 5 parasites per section, light orange 

indicates 5-15 parasites per section, dark orange indicates 15-30 parasites per 

section, brown indicates more than 30 parasites per section. 

 
 
 
The number of males from the RW exposure was too small to correlate mean 

spermatogenesis score with mean encysted parasite score. Of the male V. viviparus 

sampled, one had a digestive tissue parasite infection, which had taken over the majority 

(>70%) of the digestive tissue; in this male, spermatogenesis was absent. 
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Table 5.42 The mean number of embryos harboured by female V. viviparus 

exposed to RW or RW+S split by parasite infection. Females had no infection, 

encysted parasites only, or an infection of the digestive tissue.  

 Non-infected 
females (RW n=2 
and RW+S n=2) 

Infected females 
with encysted 
parasites only (RW 
n=19 and RW+S 
n=17) 

Infected females 
with digestive tissue 
parasites (RW n=2 
and RW+S n=3) 

Mean embryos 
harboured per 
female 

29.75 ± 8.4 33.2 ± 9.7 6.2 ± 3.9 

Mean ± standard deviation. 
 

 

5.4.11 Effects of oestrogenic mixture exposure on F1 V. viviparus growth, survival 

and reproductive development 

5.4.11.1 Number and size of juveniles collected at the end of exposure 

The number of juveniles (F1s) collected from the mesocosm tanks at the end of the 16-

week dosing period was highest in the RW tank (553) and lowest in the RW+S tank (100) 

(Table 5.43). The total number of neonates released into each tank by the adult snails was; 

901 in the RW tank, 829 in the RW+S tank, 798 in the LM tank, and 810 in the HM tank. 

Therefore, the percentage survival of neonates during the exposure period was 61.4% in 

the RW tank, 12.1% in the RW+S tank, 31.3% in the LM tank and 17.3% in the HM tank. 

The percentage of snails above 10 mm shell length (normal minimum sexually active size) 

was highest in the RW exposure tank (80%). The RW+S tank had 49% of F1s above 

10mm shell length, the LM tank had 60% of F1s above 10mm and the HM tank had 64% 

of F1s above 10mm shell length (Table 5.43). 

 

Table 5.43 The number of V. viviparus F1s collected at the end of adult 

reproductive study.  

 River Water 
(RW) 

River Water 
plus Solvent 

(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

<10 mm shell 
length 

110 (19.9%) 51(51%) 100 (40%) 50 (36%) 

>10 mm shell 
length 

443 (80.1%) 49 (49%) 150 (60%) 90 (64%) 

Total F1s 553 100 250 140 

Adults and offspring exposed to River Water only (RW), River Water plus Solvent 

(RW+S), river water plus Low oestrogenic Mixture (LM) or river water plus High 

oestrogenic Mixture (HM). The number of F1s above and below 10mm in shell 

length (normal minimum sexually active size), Percentage in brackets. 
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5.4.11.2 Size and weight of juvenile V. viviparus 

In September 2006 (after dosing finished) approximately 50 F1s from the river water plus 

solvent (RW+S), low dose oestrogenic mixture (LM) and high dose oestrogenic mixture 

(HM) and 100 F1s from the river water (RW) were taken from the tanks and fixed for 

histopathological analysis. Due to time constraints it was decided that 20 specimens of 

each sex from each treatment would be sectioned, stained and analysed. The F1s were 

sexed once back at the laboratory using their secondary sexual characteristics i.e. enlarged 

right tentacle for males. However, once these specimens were analysed histopathologically 

it became apparent that in some cases the initial observed sex (from morphology) was 

incorrect, therefore the actual numbers were; 21 males and 15 females from the RW 

exposure, 26 males and 13 females from the RW+S, 21 males and 20 females from the LM 

and 24 males and 18 females from the HM exposure. 

 

F1 Female V. viviparus  

The shell length, shell aperture, total weight and soft body weight were analysed (Figure 

5.15). On average the RW developmentally exposed females were largest and those from 

the HM exposure were smallest. Analysis of shell length and shell aperture by One way 

ANOVA found significant differences between exposure groups (P= 0.004 and 0.003 

respectively). Post hoc analysis (LSD) found females from the RW to have significantly 

larger shell length and aperture compared to females from the HM (P= 0.001 and 0.001) or 

RW+S (P= 0.005 and 0.002) exposure. Females from the HM also had significantly 

smaller shell length than females from the LM (P= 0.030) exposure. However, no 

significant differences were found between the shell lengths of RW+S and HM (P= 0.789), 

or between LM and RW (P= 0.174) and no significant differences were found between the 

shell apertures of the snails from the other treatment groups. The total weight of the 

females was analysed using the Kruskal-Wallis test. A significant difference was found 

between the four treatment groups (P= 0.012). Post hoc analysis found that the total weight 

of F1 females from the RW exposure was significantly more than the HM (P= 0.001) and 

RW+S (P= 0.023) exposed females, but not compare to LM (P= 0.069) exposed snails. A 

significant difference was also found between the four exposure groups for soft body 

weight (shell removed) (P= 0.039 ANOVA). Post hoc analysis (LSD) found that only RW 

and HM (P= 0.009) were significantly different from one another (RW heavier than HM).  

 

F1 Males V. viviparus  

The shell length, shell aperture, total weight and soft body weight were analysed. F1 males 

from the RW exposure were on average largest and HM exposed males were smallest 
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(Figure 5.16). Analysis of shell length and aperture by One way ANOVA found 

significant differences between exposure groups (P=0.003, 0.010 respectively). Post hoc 

analysis (LSD) found the HM developmentally exposed snails to be significantly smaller 

than the RW (P= 0.001, 0.004), the LM (P=0.002, 0.013) for shell length and aperture, and 

the RW+S for shell length only (P= 0.048). The RW snails also had significantly larger 

shell aperture than the RW+S (P= 0.032) exposed snails. Significant differences were also 

found between exposure groups for total and soft body weights (P= 0.006 and 0.017 

respectively, ANOVA). Post hoc analysis (LSD) found HM developmentally exposed 

snails to be significantly lighter (total and soft body weight) compared to the RW (P= 

0.001, 0.010) exposed snails, the RW+S (P= 0.012, 0.019) exposed snails, and the LM (P= 

0.017, 0.006) exposed snails.  
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Figure 5.15 Size and weight of F1 V. viviparus females sampled September 2006 

after the oestrogenic mixtures experiment.  

Snails developmentally exposed to River Water only (RW), River Water plus 

Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or river water 

plus High oestrogenic Mixture (HM). RW n = 15, RW+S n = 13, LM n = 20, HM n = 

18. (A) Mean shell length and shell aperture. (B) Mean total weight and soft 

body weight. Error bars show standard deviation, Stars (*) indicate significant 

difference (P<0.05) from RW.  
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Figure 5.16 Size and weight of F1 V. viviparus males sampled September 2006 

after the oestrogenic mixtures experiment.  

Snails developmentally exposed to River Water only (RW), River Water plus 

Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or river water 

plus High oestrogenic Mixture (HM). RW n = 21, RW+S n = 26, LM n = 21, HM n = 

24. (A) Mean shell length and shell aperture. (B) Mean total weight and soft 

body weight. Error bars show standard deviation. Star * indicate significant 

difference (P<0.05) from all other exposure groups, double star ** indicates 

significant difference from RW exposure group, triple star *** indicates 

significant difference from LM exposure group. 

 

5.4.12 Effects of oestrogenic mixture exposure on the histopathology of V. viviparus 

F1 gonad immediately after developmental exposure 

Approximately 40 F1s (from each exposure group) from the September 2006 collection 

period were analysed histologically (RW, 21 males and 15 females; RW+S, 26 males and 

13 females; LM, 21 males and 20 females; HM, 24 males and 18 females). 
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Female oocyte number immediately after developmental exposure to oestrogenic 

mixtures 

The mean number of oocytes per section of gonad analysed was highest in F1s 

developmentally exposed to the RW and lowest in those exposed to the HM. The RW 

developmentally exposed females had an average of 3.8 ± 4.5 oocytes per section, those 

exposed to RW+S had 2.6 ± 2.3 oocytes per section, LM had 3.1 ± 1.8 and HM had 1.6 ± 

1.6 oocytes per section (Figure 5.17). Analysis using Kruskal-Wallis test found a 

significant difference between the exposure groups (P= 0.023). Post hoc analysis (Mann-

Whitney) found the HM exposed females to have significantly less oocytes per section 

compared to the RW (P= 0.045) and the LM (P= 0.002) exposed snails. However, no 

significant differences were found for the mean oocytes number between the other 

treatment groups. 

 

 

Figure 5.17 Mean oocytes per section of gonad analysed of F1 V. viviparus 

females sampled September 2006 after oestrogenic mixture experiment.  

Snails developmental exposed to River Water only (RW), River Water plus 

Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or river water 

plus High oestrogenic Mixture (HM), RW n = 15, RW+S n = 13, LM n = 20, HM n = 

18. Five sections analysed per female. Error bars indicate standard deviation. 

Letters (a, b) indicate statistical similarity. 

 

Correlations between F1 female size and sexual development 

Significant positive correlations (Pearson’s) were found for the RW, RW+S, LM and HM 

developmentally exposed snail’s between shell length and total weight (RW; 0.980 

P<0.001, RW+S; 0.953 P<0.001, LM; 0.973 P<0.001, HM; 0.913, P<0.001) and shell 

length and soft body weight (RW; 0.915 P<0.001, RW+S; 0.950, P<0.001, LM; 0.913 

P<0.001, HM; 0.713 P=0.001). Significant positive correlations were also found between 

shell length and mean oocyte number (0.577, P=0.031), total weight and mean oocyte 
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number (0.636, P=0.015), and soft body weight and mean oocyte number (0.778, 

P=0.001) for the RW exposed snails, indicating that on average larger snails would have 

higher mean number of oocytes per section of tissue analysed. However, no significant 

correlations were found for the other three treatments between shell length and mean 

oocyte number (RW+S; 0.564 P=0.090, LM; 0.144 P=0.569, HM; 0.054, P=0.842), total 

weight and mean oocyte number (RW+S; 0.615 P=0.059, LM; 0.117 P=0.645, HM; -0.085 

P=0.756) or between soft body weight and mean oocyte number (RW+S; 0.595 P=0.70, 

LM; 0.007 P=0.977, HM; -0.036 P=0.894).  

 

When the mean oocytes number was analysed with shell length, total weight or soft body 

weight as co-variance (ANCOVA) the significant differences (in oocyte number) were no 

longer evident (P= 0.763, 0.755, 0.673 respectively), indicating that perhaps the lower 

oocyte number in HM exposed snails maybe linked to their significantly smaller size. 

 

Male spermatogenesis score immediately after developmental exposure to oestrogenic 

mixtures 

Mean spermatogenesis scores were highest in snails from the RW+S exposure and lowest 

in snails exposed to the HM (Figure 5.18). Analysis by Kruskal-Wallis found a significant 

difference between the four exposure groups (P= 0.005). Post hoc analysis (Mann-

Whitney) found HM males to have a significantly lower spermatogenesis score compare to 

the RW (P=0.011), RW+S (P= 0.002) or LM (P= 0.007) exposed snails. No significant 

difference was found between the RW and the RW+S (P= 0.324) exposed snails, the RW 

and the LM (P= 1.00) exposed snails, or between the RW+S and the LM (P= 0.372) 

exposed snails. 

 

Correlations between F1 male size and sexual development 

Significant positive correlations (Pearson’s) were found for the RW, RW+S, LM and HM 

developmentally exposed snail’s between their shell length and total weight (RW; 0.955 

P<0.001, RW+S; 0.974 P<0.001, LM; 0.966 P<0.001, HM; 0.941 P<0.001), between shell 

length and soft body weight (RW; 0.918 P<0.001, RW+S; 0.949 P<0.001, LM; 0.930 

P<0.001, HM; 0.886 P<0.001), shell length and mean spermatogenesis score (RW; 0.830 

P<0.001, RW+S; 0.771 P<0.001, LM; 0.742 P<0.001, HM; 0.604, P=0.002), total weight 

and spermatogenesis score (RW; 0.800 P<0.001, RW+S; 0.749 P<0.001, LM; 0.796 

P<0.001, HM; 0.626, P=0.001) and soft body weight and mean spermatogenesis score 

(RW; 0.792 P<0.001, RW+S; 0.819 P<0.001, LM; 0.795 P<0.001, HM; 0.551, P=0.006). 

These indicate that larger juvenile males would have higher spermatogenesis scores. 
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Figure 5.18 Mean spermatogenesis score of F1 V. viviparus males sampled 

September 2006 after oestrogenic mixture experiment.  

Snails developmentally exposed to River Water only (RW), River Water plus 

Solvent (RW+S), river water plus Low oestrogenic Mixture (LM) or river water 

plus High oestrogenic Mixture (HM). RW n = 21, RW+S n = 26, LM n = 21, HM n = 

24. Score 1 - no germ cells present, Score 10 - full spermatogenesis in more 

than 70% of tubules. Five sections of gonad analysed per male. Error bars give 

standard deviation. Star (*) indicates significant difference (P<0.05) from all 

other exposure groups. 

 

To analyse whether the significant reduction in spermatogenic score with high dose of 

oestrogenic mixture was due to the smaller size of mixture exposed snails, spermatogenesis 

score was co-analysed with shell length, total weight or soft body weight. In each case a 

significant difference was still found between the three treatments (P<0.001, 0.011, 0.007 

respectively, ANCOVA).  Post hoc analysis (Bonferroni) of the co-variant data showed the 

RW+S exposed males to have significantly higher spermatogenesis score compare to HM 

(shell length; P=0.002, total weight; P=0.021, soft body weight; P=0.010) and LM (shell 

length; P=0.003, soft weight; P=0.046) as well as the RW (shell length; P=0.008) exposed 

snails. No significant differences were found between the RW+S and LM when co-

analysed for total weight (P=0.183), or between the RW+S and RW when co-analysed for 

total weight (P=0.060) or soft body weight (P=0.246), or between the LM and HM 

exposures for any co-variant (P=1.000). 

 

Parasitism 

Encysted parasites (metacercaria) were found in the muscular tissue of the head and the 

foot in the majority of F1s from the mixture exposures in both male and female snails 

(Table 5.44), but not in those exposed to RW or RW+S. No parasitic infections of the 

digestive tissue were seen in any of the F1s analysed.   
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Table 5.44 Percentage of snails from each exposure group with encysted 

parasite infections.  

 River Water 
(RW) 

River Water 
plus Solvent 

(RW+S) 

Low 
oestrogenic 
Mixture (LM) 

High 
oestrogenic 
Mixture (HM) 

F1 males 0 0 100% 95.7% 
F1 females 0 10% 94.7% 100% 

F1 V. viviparus snails sampled September 2006 after developmental exposure 

to River Water only (RW), River Water plus Solvent (RW+S), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM). 

 

The severity of parasite infection (increasing number of parasites per section analysed) was 

also measured using a parasite score. The severity of parasite infection increased with dose 

in both male and female snails ( 

Figure 5.19). Statistical analysis (Kruskal-Wallis) found the mean parasite score to be 

significantly different between exposures for V. viviparus F1s (male P<0.001, female 

P<0.001). Post hoc analysis found that the RW and the RW+S exposed snails to have a 

significantly lower parasite scores than the LM (male P<0.001, female P<0.001) or the HM 

(male P<0.001, female P<0.001) developmentally exposed snails. No significant 

differences in parasite score were found between the HM and the LM developmentally 

exposed V. viviparus (male P=0.398, female P=0.061), or between the RW and the RW+S 

developmentally exposed snails (male P=1.000, female P=0.683). 

 

Correlation between reproductive potential and parasite infection 

No significant correlations (Spearman’s) were found between the mean parasite score and 

the mean number of oocytes per section for the HM (0.328, P=0.215) or the LM (0.002, 

P=0.993) developmentally exposed females. RW and RW+S snails did not have sufficient 

parasite infections to be correlated. 

 

A significant positive correlation (Spearman’s) was found between the mean parasite score 

and the mean spermatogenic score (0.449, P=0.032) of the HM developmentally exposed 

males. However, a slight (not significant) negative correlation (Spearman’s) was found 

between the mean spermatogenesis score and the mean parasite score (-0.081, P=0.735) of 

LM developmentally exposed males. A positive (but not significant) correlation was also 

found between shell length and mean parasite score in the LM (0.325, P=0.175) and the 

HM (0.383, P=0.075) developmentally exposed snails. 
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Figure 5.19 Encysted parasite infections in F1 V. viviparus after oestrogenic 

mixtures experiment. 

Snails developmentally exposed to river water only (RW), river water plus 

solvent (RW+S), river water plus low oestrogenic mixture (LM), or river water 

plus high oestrogenic mixture (HM). (A) the percentage of females V. viviaprus 

with varying intensities of parasite infection. (B) the percentage of males V. 

viviparus with varying intensities of parasite infection. 5 sections per snail 

were analysed. Pale yellow indicates no parasites found, yellow indicates less 

than 5 parasites per section, light orange indicates 5-15 parasites per section, 

dark orange indicates 15-30 parasites per section, brown indicates more than 

30 parasites per section. 

 

 

5.4.13 Effects of early developmental exposure to oestrogenic mixtures, and then 

depuration in river water on F1 V. viviparus 

5.4.13.1 Survival and growth during depuration in river water 

The percentage survival over-winter was higher in the HM exposed group compared to 

RW and LM. 53% of hatchlings survived in the RW, 33% from the LM and 75% from the 

HM (Table 5.45). 
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Table 5.45 Number of F1 V. viviparus left to depurate over winter after 

developmental exposure.  

F1 V. viviparus  River Water  Low oestrogenic 
mixture (LM) 

High oestrogenic 
mixture (HM) 

Left to over-winter 
September 2006 

520 200 84 

Surviving March 
2007 

273 66 63 

Percent survival 53% 33% 75% 

Number left in each treatment tank in September 2006, number surviving until 

March 2007 and percentage over winter survival. 

 

5.4.13.2 Reproductive output during F1 breeding study (spring-summer 2007) 

None of the F1 females from the three developmental exposures released any neonates 

during the 18 week breeding study (Table 5.46). At the end of the study the brood pouch of 

female snails were dissected to count the number of embryos harboured. None of the 

mixture developmentally exposed females (LM, n=17; HM n=15) harboured any embryos 

(shelled or unshelled) compared to 12% of F1 females from the RW exposure (RW, n=25).  

 

Table 5.46 The mean number of embryos (shelled or unshelled) harboured in the 

brood pouch per F1 female V. viviparus at the end of the 18 week F1 breeding 

study.  

 Shelled embryos Un-Shelled embryos 

River Water developmental 
exposed (n=25) 

0.04 0.33 

Low Mix developmental 
exposed (n=17) 

0 0 

High Mix developmental 
exposed (n=15) 

0 0 

V. viviparus had been developmentally exposed to River Water only (RW), river 

water plus Low oestrogenic Mixture (LM) or river water plus High oestrogenic 

Mixture (HM) and then depurated in river water for eight months before being 

allocated into breeding groups. 

 

5.4.13.3 Survival and growth during F1 breeding study 

Over the F1 breeding study, percent survival was highest from the HM developmental 

exposure group and lowest from the LM exposure group (RW, 84.8%; LM, 78.8%; HM, 

96.7%). At the beginning of the F1 breeding study, developmentally exposed snails were 

smaller than those from the RW exposure. Mean shell length (P<0.001, ANOVA), shell 

aperture (P<0.001, ANOVA) and total weight (P<0.001, ANOVA) were significantly 

different between the three developmental exposure groups. Post hoc analysis (LSD) found 

the RW exposed snails to be significantly larger than the LM (shell length P<0.001, shell 

aperture P<0.001 and total weight P<0.001) and the HM (shell length P<0.001, shell 
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aperture P<0.001 and total weight P<0.001) exposed snails. The LM exposed snails 

were also significantly larger than the HM (shell length P= 0.026, shell aperture P=0.022 

and total weight P=0.020) exposed snails. 

 

At the end of the F1 breeding study, females from the LM developmental exposure had on 

average larger shell length, shell aperture, total weight and soft body weight than the other 

two exposure groups (Table 5.47). However, statistical analysis (ANOVA) found no 

significant differences between the exposure groups (shell length P= 0.428, shell aperture 

P= 0.770, total weight P= 0.715, soft body weight P= 0.222). 

 

Table 5.47 Size and weight of V. viviparus F1 female after un-dosed breeding 

study.  

 River Water (RW) 
developmentally 
exposed and then 
depurated 

Low oestrogenic 
Mixture (LM) 
developmentally 
exposed and then 
depurated  

High oestrogenic 
Mixture (HM) 
developmentally 
exposed and then 
depurated 

Shell length mm 15.5 ± 1.3 16.0 ± 1.1 15.7 ± 1.1 
Shell aperture mm 10.5 ± 0.7 10.6 ± 0.6 10.5 ± 0.7 
Total weight g 1.0 ± 0.2 1.1 ± 0.3 1.0 ± 0.2 
Soft body weight g 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 

Snails developmentally exposed to River Water only (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depurated in river water. Mean length or weight ± standard deviation. (RW, 

n = 25; LM, n = 17; HM, n = 15)    

 

At the end of the F1 breeding study the males from the RW developmental exposure were 

on average larger than those from the LM or HM exposures (Table 5.48). However, 

statistical analysis (ANOVA) found no significant differences between the exposure 

groups (shell length P= 0.330, shell aperture P= 0.617, total weight P= 0.866, soft body 

weight P= 0.249). 

 

Comparison of male and female size at end of the F1 breeding study 

Females from the mixture exposures were on average larger than similarly exposed males. 

Whereas, males and females from the RW exposure were of similar size (Table 5.47 and 

Table 5.48) to each other. A t-tests found no significant differences between the size of the 

RW males and females shell length (P= 0.964), shell aperture (P= 0.356), total weight (P= 

0.913) or soft body weight (P= 0.866). Similarly no significant differences were found 

between the HM male and female shell length (P= 0.106), shell aperture (P= 0.092), total 

weight (P= 0.213) or soft body weight (P= 0.351). When the LM males and females were 

compared, the females were found to be significant larger in shell length (P= 0.019, Mann-
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Whitney), shell aperture (P= 0.033, M-W) and soft body weight (P= 0.050, t-test). No 

significant difference was found between total weight (P= 0.330, t-test) of the RW males 

and females.   

 

Table 5.48 Size and weight of V. viviparus F1 males after un-dosed breeding 

study.  

 River Water (RW) 
developmentally 
exposed and then 
depurated 

Low oestrogenic 
Mixture (LM) 
developmentally 
exposed and then 
depurated  

High oestrogenic 
Mixture (HM) 
developmentally 
exposed and then 
depurated 

Shell length mm 15.5 ± 1.4 14.3 ± 1.5 15.1 ± 1.3 
Shell aperture mm 10.1 ± 0.8 9.8 ± 0.9 10.1 ± 0.7 
Total weight g 1.0 ± 0.3 1.0 ± 0.4 1.0 ± 0.2 
Soft body weight g 0.5 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 

Snails developmentally exposed to River Water only (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depurated in river water. Mean length or weight ± standard deviation. (RW, 

n = 4; LM, n = 7; HM, n = 15) 

 

 

5.4.14 Effect of developmental exposure to oestrogenic mixtures and then depuration 

in river water on histopathology of the gonad  

All the F1s were sampled at the culmination of the F1 breeding study (after approximately 

one year of depuration). All the F1s were sectioned stained and analysed histologically 

(RW, 24 ♀ and 4 ♂; LM, 18 ♀ and 7 ♂; HM 17 ♀ and 15 ♂). Five sections of gonad were 

analysed per snail.  

 

Post F1 breeding study female oocyte number 

The mean oocyte number was highest in snails developmentally exposed to the RW, and 

reduced in a dose dependant manner (Table 5.49). Statistical analysis (Kruskal-Wallis) 

found a significant difference between the three exposure groups (P= 0.001). Post hoc 

analysis (Mann-Whitney) found RW snails to have significantly more oocytes compared to 

the LM (P= 0.009), and the HM (P<0.001) developmentally exposed snails. No significant 

difference was found between the LM and the HM (P= 0.349) exposed snails. 

 

Correlations between female F1 size and reproductive potential 

Spearman’s rank order was used to correlate F1 female V. viviparus size and weight to 

reproductive potential (mean oocytes number). The RW, LM and HM exposed females had 

significant positive correlations between shell length and total weight (RW; 0.927 P<0.001, 

LM; 0.800 P<0.001, HM; 0.900 P<0.001), and shell length and soft body weight (RW; 
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0.866 P<0.001, LM; 0.749 P= 0.001, HM; 0.786 P=0.001). The RW exposed females 

also had a significant positive correlation between mean oocytes and total weight (0.481, 

P= 0.020). Whereas, no significant correlations were found for the LM and HM snails 

(LM; 0.027 P=0.920, HM; -0.113, P=0.689).  

 

Table 5.49 Mean oocyte numbers per section of gonad analysed of V. viviparus 

F1 female snails from the depurated oestrogenic mixtures experiment 

 River Water (RW) Low oestrogenic 
Mixture (LM) 

High oestrogenic 
Mixture (HM) 

Mean oocyte number 4.0 ± 4.1 1.4 ± 2.4 0.8 ± 1.5 

 A b b 

Snails developmentally exposed to River Water only (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depurated in river water for approximately one year. five sections 

analysed per snail. Mean ± standard deviation (RW, n = 25; LM, n = 17; HM, n = 

15). Letter (a, b) indicates statistical similarity. 

 

Throughout this study it has been found that there is a relationship between V. viviparus 

snail size and mean number of oocytes; larger/heavier females tend to have more oocytes 

per section of tissue. Therefore the mean number of oocytes was analysed with shell 

length, total weight or soft body weight as co-variants. Analysis by ANCOVA found a 

significant difference between the treatments (P<0.001, 0.001, 0.001, respectively). Post 

hoc analysis (Bonferroni) of this co-variant data was also conducted. Significant 

differences were found between the RW and both the HM and LM when co-analysed for 

shell length (P=0.001 and 0.005, respectively), total weight (P=0.003 and 0.008, 

respectively) and for soft body weight (P=0.001 and 0.007, respectively). No significant 

differences were found between HM and LM snails (P=1.000).  

 

Post F1 breeding study male spermatogenesis score  

Mean spermatogenesis score was lowest in LM developmentally exposed snails and 

highest in RW exposed snails (Table 5.50). However statistical analysis (Kruskal-Wallis) 

found no significant difference between the three groups (P= 0.572). 

 

Correlations between male F1 size and reproductive potential 

No significant correlations were found for the RW developmentally exposed males (n=4). 

However, the shell length and total weight were positively correlated (0.800, P=0.200) and 

shell length and soft body weight were positively correlated (0.800, P=0.200). Shell length, 

total weight and soft body weight were also positively correlated to mean spermatogenesis 
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score were positively correlated (0.775, P=0.225). ). Significant positive correlations 

were found for the LM (n=6) and HM (n=15) exposed males between shell length and soft 

body weight (LM; 0.886 P=0.019, HM; 0.966 P<0.001). For the HM developmentally 

exposed males significant positive correlations were also found between shell length and 

soft body weight (0.882, P<0.001), shell length and mean spermatogenesis score (0.549, 

P=0.034), total weight and mean spermatogenesis score (0.636, P=0.011) and between soft 

body weight and mean spermatogenesis score (0.706, P=0.003). Whereas for the LM 

exposed males positive, but not significant, correlations were found between the shell 

length and total weight (0.657, P=0.156), shell length and mean spermatogenesis score 

(0.577, P=0.231), total weight and mean spermatogenesis score (0.698, P=0.123) and 

between soft body weight and mean spermatogenesis score (0.395, P=0.439). 

 

Table 5.50 Mean spermatogenesis score per section of gonad analysed of V. 

viviparus F1 male snails from the depurated oestrogenic mixtures experiment 

 River Water (RW) Low oestrogenic 
Mixture (LM) 

High oestrogenic 
Mixture (HM) 

Mean 
spermatogenesis 
score 

9.95 ± 0.1 8.94 ± 1.83 9.61 ± 1.01 

Snails developmentally exposed to River Water only (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depurated in river water for approximately one year. Spermatogenesis 

score; 1= no germ cells, to 10 = full spermatogenesis in >70% of tubules. Five 

sections analysed per snail. Mean ± standard deviation (RW, n = 4; LM, n = 7; 

HM, n = 15). 

 

As positive correlations between size/weight and mean spermatogenic scores were present 

in the juvenile male V. viviparus snails, ANCOVA analysis was performed to see if 

significant differences in mean spermatogenesis scores could be observed when co-

analysed for shell length, total weight or soft body weight. No significant differences were 

found between the treatments (shell length; P=0.827, total weight; P=0.316, soft body 

weight; P=0.530). 

 

Parasitism 

The majority of F1s from the developmental exposures had encysted parasite infections. 

However, one of the F1s from the RW exposure had parasites. The severity of parasite 

infection increased with dose (Figure 5.20). Mean parasite scores were analysed 

statistically (Kruskal-Wallis) for both male and female snails. Significant differences 

between treatments were found for males (P= 0.001) and females (P<0.001). Post hoc 

analysis (Mann-Whitney) found RW exposed snails to have a significantly lower parasite 
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score compared to LM (male P=0.039, female P<0.001), and HM (male P=0.002, 

female P<0.001) developmentally exposed snails. The LM exposed snails were also found 

to have a statistically lower parasite score compare to the HM (male P=0.014, female P= 

0.041) exposed snails.  

 

 

Figure 5.20 Parasite load of F1 V. viviparus after oestrogenic mixtures 

experiment.  

Snails developmentally exposed to River Water only (RW), river water plus Low 

oestrogenic Mixture (LM) or river water plus High oestrogenic Mixture (HM) and 

then depuration in river water for a year. (A) percentage of F1 females with 

varying intensity of encysted parasite infection. (B) percentage of F1 males 

with varying intensity of encysted parasite infection. Intensity of infection 

scored from 0 encysted parasites per section analysed (pale yellow) to a 

maximum of >30 encysted parasites per section (brown). Five sections of tissue 

analysed per F1 snail. 

 

Slight (but not significant) negative correlations were found between the mean parasite 

scores and the mean spermatogenesis scores (LM; -0.308, P=0.553, HM; -0.126, P=0.654).  

 

Correlations between parasite score and reproductive potential 
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There were no significant correlations (Spearman’s) found between the parasite score 

and the spermatogenesis score for either the LM (-0.308, P=0.553) or the HM (-0.126, P= 

0.654) developmentally exposed and then depurated males. No significant correlations 

were found between mean parasite score and mean oocyte number for the LM or HM 

developmentally exposed females. A very slight positive (but not significant) correlation 

was found between the mean parasite score and the mean oocyte number in the LM 

developmentally exposed females. Whereas, a slight (but not significant) negative 

correlation was found between the mean parasite score and mean oocyte number of the 

HM developmentally exposed females. 

 

5.5 Discussion 

5.5.1 Physical parameters, water chemistry and YES assay 

As with the E2 exposure (Chapter 4), the water temperature within the mesocosm tanks 

varied with weather and season, and was expected within this type of experimental set up. 

The fluctuating temperature and day length are important seasonal cues, which can 

stimulate or inhibit reproduction in gastropods (Chapter 1, Section Figure 2.2). These cues 

were important in the design of the experiment as recent evidence suggests that gastropods 

may be especially sensitive to vertebrate EDCs during times of increasing or reducing 

reproduction (Oehlmann et al. 2006, Benstead 2007, Clarke et al. In Press). The flow rate 

of the water in to the mesocsom tanks fluctuated, as did the pump rates. The dosing pump 

rate was significantly faster into the RW+S tank than into the HM tank and the RW+S also 

had a slightly (but not significantly) lower flow rate of river water into the tank compared 

to the other tanks. As a consequence of the combination of the higher dosing pump rate 

and lower flow rate, the RW+S tank had a higher concentration of carrier solvent (ethanol) 

compared to the LM or the HM tanks (Figure 6.3.1). However, the maximum 

concentration of Ethanol in the RW+S tank (0.000654µl/l) fell well below the OECD 

guideline of a maximum of 100µl/l (Hutchinson et al. 2006). The water flow and dosing 

pump rates were not significantly different between the two dosed exposure tanks. 

 

Chemical analysis of the mesocosm tank water found the average concentration of E1, 

EE2, NP and BPA to be highest in the HM tank (OP was below the LOD in all tanks). The 

average E2 concentration was highest in the LM tank. The lowest average concentrations 

of E1 and EE2 were measured in the RW tank and the lowest average concentrations of E2 

and BPA were measured in the RW+S tank. The average NP concentration was the same in 

both the RW and RW+S tanks. As was found in the E2 mesocsom study (Chapter 4), a 

wide variation in measured concentrations of each chemical was experienced. The 
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measured concentrations of each chemical were generally much lower than the nominal 

concentrations, with the exception of EE2. When the measured concentrations of each 

chemical were compared to the predicted concentration (from the dilution factor) they too 

were lower. However, only OP and NP were significantly lower than the predicted 

concentrations. The measured concentration of EE2 in the LM tank was the only chemical 

dosed to be significantly higher than the predicted concentration.  

 

The generally lower than expected concentrations of the alkylphenols and BPA in both the 

dosed mesocosm tanks is likely to be related to the experimental set up; namely the use of 

river water (complete with algae, bacteria, other biota and suspended sediments). As has 

been discussed for steroid oestrogens (Chapter 4, Section 4.4.1), both alkylphenols and 

BPA are subject to sorption to sediments, up-take by biota and bacterial degradation within 

the mesocosm tanks. There were large volumes of suspended sediments accompanying the 

river water in each tank; at the culmination of the 16-week exposure period approximately 

50-70mm depth of sediment had been deposited on to the bottom of each tank. BPA has 

the lowest affinity for absorption to sediments, compared to OP and NP, as it only weakly 

binds to the sediment (Ying et al. 2003). However, this could still be a possible route by 

which the BPA dosed into the mesocosm could be removed from the water column. On the 

other hand the BPA may have been degraded. There are many published reports that BPA 

is metabolised by bacteria found in river water. Kang and Kondo (Kang and Kondo 2002b, 

Kang and Kondo 2002a) and Ike et al (Ike et al. 2000) report that BPA-degrading bacteria 

are common in river water. The case for these BPA degrading bacteria being widely 

present was questioned, however, when Ying et al (Ying et al. 2003) reported that in their 

ground water samples BPA was not degraded after 70 days. They suggest that specific 

BPA degrading bacteria may proliferate in polluted areas, which may well be true as there 

are many reports of BPA being degraded in sewage sludge. Kang and Kondo (Kang and 

Kondo 2002b) report that BPA degradation increased with both bacterial count and water 

temperature and that no degradation was observed in autoclaved samples. Ike et al (Ike et 

al. 2000) report that although many bacteria degrade BPA, the majority of them cannot 

fully mineralise the BPA, and persistent metabolites are formed. Suzuki et al (Suzuki et al. 

2004) also report BPA metabolites in river water. Some of these metabolites were also 

found to be possible xeno-oestrogens, as they bound to the human αER (Suzuki et al. 

2003). This obviously leaves us with the possibility that although the BPA could have been 

partially removed from the mesocosm tanks, the oestrogenic metabolites may still be 

present. BPA may have also accumulated in animal tissue within the tank. Kang and 

Kondo (Kang and Kondo 2006) report concentrations of BPA in freshwater snail tissue 
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(11.0 ± 3.4ng/g), over eleven times that of the river water they inhabited. Takahashi et 

al (Takahashi et al. 2003) report that BPA could be bioaccumulated by periphytons (18-

650 times) and benthos (8-170). Unfortunately none of the animals within the mesocosm 

were analysed for uptake or bioaccumulation of any of the chemicals dosed. APEs are well 

known to biodegrade into metabolites under aerobic conditions (Ying et al. 2002, Ying 

2006, Ahel et al. 1993, Langston et al. 2005), and increased temperature increases the 

degradation rate (Ying et al. 2002). The alkylphenols NP and OP have a relatively high 

affinity to organic rich sediments compared to water, due to their structure and slightly 

hydrophobic nature (Ying et al. 2002, Ying 2006, Langston et al. 2005). Ying et al (Ying et 

al. 2003) reported that NP had a sorbtion coefficient of 195 and that OP had a sorbtion 

coefficient of 90.9, and that they both strongly bound to the aquifer sediments tested. 

Johnson et al (Johnson et al. 1998) have reported that the distribution coefficient (K-d) of 

OP was between 6-700 l/kg in a range of river bed sediments from the UK (Aire, Calder 

and Thames), and that suspended sediments may adsorb 5-35 times the amount of OP 

compare to bed sediments. As would be expected, increased organic matter and finer 

particle size also increased the level of sorbtion (Johnson et al. 1998). NP had a K-d of 

1902 l/kg in River Avon water and sediment samples (Langston 2008). From the above 

information it would be expected that a large proportion of both the alkylphenols, but 

perhaps especially the NP, would have sorped onto the suspended and settled organic 

matter, which was present in all the mesocsom tanks. In addition to the sorbtion of the OP 

and NP, as with the BPA, biota may have also played a part in their removal from the 

water column. Takahashi et al (Takahashi et al. 2003) report that periphytons can 

bioaccumulate NP by 160-650 times, and that benthos can bioaccumulate NP around 63-

990 times. Ahel et al (Ahel et al. 1993) report extremely high bioaccumulation factors of 

NP, up to 10000 times, in the filamentous blanket weed Cladophora glomerata. It is 

therefore interesting to note that filamentous blanket weed was present in all the mesocsom 

tanks and grew vigorously throughout the experiment. Microalgae (Isochrysis galba) have 

also been reported to bioconcentrate NP by 6940 times; the uptake was extremely fast with 

77% of the NP added to the water accumulated intracellularly after 1 hour (Correa-Reyes 

et al. 2007). The sorption of NP and OP to suspended organic matter and uptake in algae 

may well have provided an additional route of exposure (via consumption) to both 

gastropod species tested in this system. Both NP and OP have been reported to accumulate 

in molluscs. Indeed, concentrations of 2740ng/g NP and 820ng/g OP have been reported in 

oysters and 870ng/g NP and 400ng/g OP in marine snails from an industrial area of Taiwan 

(Chin-Yuan et al. 2005). The higher accumulation reported in the oyster may be due to 

their filter feeding nature. Lietti et al (Lietti et al. 2006) have reported bioaccumulation 
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factors between 1098-1918, in 7 day laboratory exposures of the clam Tapes 

philippinarum.  

 

Water samples (for YES analysis) were taken from the two dosing reservoirs to assess how 

stable the oestrogenic chemicals were between renewal periods. Samples from both the 

LM and the HM reservoirs were taken 30 minutes after the stocks were mixed with the tap 

water, and then again after 72 hours. The predicted EEQ concentrations of the dosing 

reservoirs were 27.9µg/l in the LM reservoir and 146.6µg/l in the HM reservoir. The HM 

reservoir sample taken after only 30 minutes had past, had around 131% of the predicted 

EEQ and the LM reservoir had around 408% of the predicted EEQ.  After 72 hours in the 

HM reservoir the EEQ had reduced to around 57% of the predicted EEQ, whereas in the 

LM reservoir the measured EEQ had reduced slightly to around 294% of the predicted 

EEQ. It is possible that both sorption and bacterial action affected the dosing reservoirs. As 

discussed in Chapter 4 (Section 4.4.1), it is possible that over the dosing period a large 

amount of chemical sorped onto the plastic surface of the dosing reservoir. When the 

dosing reservoir was refilled with water and the mixtures stock, a new state of equilibrium 

may have released some of the sorped chemicals back into the water. When compared to 

the sediment K-d for OP (6-700l/kg) and NP (1902l/kg), E2 has a relatively low K-d of 4-

14l/kg (Holthaus et al. 2002, Johnson et al. 1998, Langston 2008). This may also account 

for some of the unexplained high concentrations of the steroid oestrogens measured in the 

dosed mesocsom tanks. In the HM dosing reservoir, bacterial action may have also played 

a role in the reduced EEQ measured over the renewal period.  Although the water used to 

make the dosing reservoir stock was tap water, and not river water, it is still possible that 

bacteria were present in the dosing reservoirs. As observed in the E2 dosing reservoirs 

(Chapter 4) a film (assumed to be bacterial) had been observed in all the dosing reservoirs 

(including the solvent) by the end of the 16-week exposure. It is therefore possible that a 

certain amount of degradation of oestrogenic chemicals occurred before they reached the 

mesocosm tanks. 

 

As with the E2 mesocosm study (Chapter 4), there were un-expectantly high 

concentrations of E2 in the un-dosed tanks in the first two water samples. The river inlet, 

which fed all the tanks, was not sampled at this time. The source of this E2 is therefore 

unknown. As discussed in Chapter 4 (Section 4.4.1), all attempts to prevent contamination 

were in place. The high concentrations of EE2 measured towards the end of the experiment 

in the RW, RW+S and river inlet are also of concern due to the highly oestrogenic nature 

of EE2. Concentrations of EE2 were also higher than expected in the two dosed mesocosm 
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tanks earlier in the experiment. Whereas, when the highest concentrations of EE2 were 

measured in the un-dosed tanks, lower concentrations were measured in the dosed tanks. A 

similar confounding pattern was observed in the E2 experiment (Chapter 4) and therefore 

the same reasoning may apply. Over the course of the dosing period a large colony of 

oestrogen metabolising bacteria may have grown in the dosed mesocsom tanks. Although 

EE2 had been reported to be relatively stable in the environment, recent research indicates 

if EE2 is co-incubated with enough E2 it can be metabolised by bacteria (Pauwels et al. 

2008). In Pauwel et al (Pauwels et al. 2008), however, the EE2 was not metabolised until 

all the E2 had been converted to E1. Therefore, at the beginning of the study there may 

have been less competition for carbon resources (due to lower bacterial counts, algae and 

sediment) and therefore E2 and E1 were preferentially metabolised. Whereas, by the end of 

the study the bacteria may have been forced to metabolise the EE2 possibly leading to a 

lower concentration in the mixture tanks compared to the river inlet and un-dosed tanks.     

 

There are a number of other confounding chemical analysis measurements including BPA 

measured in the RW and the RW+S tanks. Chemical analysis of BPA, NP and OP was not 

performed in the river water inlet; therefore the source of BPA contamination is unknown. 

The BPA may have been present in the river water, or it is possible for it to have leached 

out of the plastics used in the tank or pipes used in the mesocsom design. The hot weather 

during the exposure may have facilitated its mobilisation from the plastic into the water. 

However, the chemical analysis itself is somewhat frustrating. The different levels of 

detection (LOD) reported for BPA, NP and OP vary quite considerably, sometimes within 

the same set of samples. For example the LOD for BPA ranged from 0.04-1.00µg/l. The 

LOD of BPA was therefore well above the nominal dosed concentration (50 and 100ng/l) 

on some occasions. This similarly affected the OP chemistry, whereby none of the water 

samples had measured concentrations of OP above the LOD. This suggests that the clean 

up process used for the water samples was not entirely adequate (or repeatable) for the 

environmentally relevant concentrations used in this experiment. The measured EEQs from 

the YES assay were significantly correlated with the predicted EEQs from the chemical 

analysis. However, the YES assay only gives the overall oestrogenicity as detected in the 

human ER. NP, OP and BPA are thousands of times less potent within the yeast screen 

compared to the natural ligand E2. Therefore, the difference between 40 and 1000ng of 

BPA would easily be masked by a couple of ng of E2. If this experiment were to be 

repeated, it would be important to include the chemists in discussions when designing the 

experiment, so as to confirm that the concentrations dosed were practical to measure. 
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5.5.2 Effect of oestrogenic mixture exposure on survival and growth 

Unlike the E2 exposure (Chapter 4), there was no general trend in survival across both 

species and generations. However, survival was lowest for both species in the RW+S tank, 

where only 14% of the P. corneus adults survived until the end of the 16 weeks study, 

compared to 69% in all other treatments. The V. viviparus adult survival was also lowest in 

the RW+S tank. For both species the adult percentage survival in the RW+S tank was on a 

par with the other treatments until week ten. After week ten, the percentage survival 

dropped steeply. The exact reason for this steep increase in mortality after week ten is 

unknown. The F1 survival over the dosing period was affected in a similar manner. The 

initial percentage survival was calculated from the total number of neonates or eggs 

released into each tank compared to the number of F1s collected in September, after the 

dosing had finished. The F1 V. viviparus had the highest initial percentage survival in the 

RW tank (61.4%) and the lowest in the RW+S tank (12.0%). The F1 P. corneus had their 

highest initial percentage survival in the LM tank (4.0%) and the lowest in the RW+S tank 

(0.5%). Growth of the F1 V. viviparus was also negatively affected in the RW+S tank 

during exposure, much more so than in the dosed tanks. However, adult growth rates were 

not similarly affected. After 16 weeks of exposure, adult V. viviparus were on average 

smallest from the HM treatment but not significantly so. Similarly, exposed P. corneus 

were found to be smallest in the RW tank compare to all the other treatments, the RW 

exposed snails had significantly smaller shell diameters compare to the HM exposed snails. 

P. corneus are known to eat bio-film (personal observation). It is possible that the solvent 

(ethanol) used in the RW+S, LM and HM tanks increased the available bio-film in these 

tanks. Therefore, it provided an additional food source to these snails. In the same species 

exposed to TSE (over spring and summer), a similar increase in adult size was observed by 

Clarke et al (Clarke et al. 2009). Adult mussels (Elliptio complanata) exposed to municipal 

effluents in a caged study also showed increased growth downstream compared to the 

upstream site (Blaise et al. 2003).  However, the F1 P. corneus collected from the mixtures 

tanks were smaller than those from the RW or RW+S tank. When a sub-sample of F1s 

were measured, the HM developmentally exposed P. corneus were found to be 

significantly smaller (shell diameter, total weight and soft body weight) than F1s from all 

the other exposure groups. Similarly, F1 V. viviparus exposed to the HM were found to be 

significantly smaller than the RW exposed snails. Developmental exposures to steroid 

oestrogens or oestrogenic chemicals such as alkylphenols or BPA have been reported to 

reduce juvenile growth in a number of vertebrate species. Developmental exposure of two 

species of frog (Rana sylvatica or Rana pipiens tadpoles) to steroid oestrogens (E2 and 

EE2) or OP (0.25-10µM) reduced tadpole body size (Hogan et al. 2006). In the Japanese 
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medaka (Oryzias latipes), OP (50µg/l) or BPA (200µg/l) exposure from post 

fertilisation also significantly reduced growth (Ramakrishnan and Wayne 2008, Knorr and 

Braunbeck 2002). Both BPA (0.2-20ppb) and NP (0.2-2.0ppb) have also been reported to 

significantly reduce growth in young viviparous swordtail fish (Xiphophorus helleri), and 

mixtures of the two chemicals were reported to inhibit growth at a higher level than single 

chemical exposure alone (Kwak et al. 2001). 

 

In an attempt to identify the cause of the increased mortality of both species in the RW+S 

tank, additional water chemistry samples were taken from the RW+S and RW tanks at 

week 16. 19 metals, compounds and essential elements were tested for (Appendix IV). 

However, the only difference observed between the tanks was the lower concentration of 

calcium measured in the RW tank (6.10mg/l) compared to the RW+S tank (94.1mg/l), or 

the RW tank used in the E2 study (96.8mg/l). The lower level of calcium in the RW tank 

could have been a factor in the reduced shell size of some of the adult snails in this tank, or 

may have been due to the high number of growing F1 V. viviparus. There is a possibility 

that the carrier solvent (ethanol) had an impact on the snail survival. Although the solvent 

was not measured in the tanks, a prediction of the amount entering the tanks can be made 

from the dosing pump rate and the volume of river water entering the tank. The average 

dosing pump rate in the RW+S was higher than the HM or the LM pump rates, and the 

water flow rate into the tank was on average lower. Therefore, the predicted concentration 

of ethanol in the RW+S tank was elevated compared to those from the LM or the HM 

tanks. This increase was especially evident between weeks ten and twelve, which 

coincided with the beginning of the adult snail survival crash in the RW+S tank. 

Hutchinson et al (Hutchinson et al. 2006) reviewed the use of carrier solvents in eco-

toxicology testing. Acute (48 hour) toxicity of ethanol was reported to be in the thousands 

of mg/l for a range of species, including the invertebrate Daphnia magna and the fish 

Cyprinus carpio (Hutchinson et al. 2006). Hutchinson et al (Hutchinson et al. 2006) 

concluded that to avoid any adverse ‘solvent effects’ (including altered reproduction and 

enzymatic processes) solvent concentrations should be kept below 20µl/l. The maximum 

predicted concentration of ethanol in the RW+S tank was 0.000654µl/l compare to a 

maximum of 0.000583µl/l in the mixtures tank. Therefore, it seems unlikely that this was 

the cause of the high mortality. The reason for the high mortality observed in the RW+S 

tank still remains a mystery. However, it is my personal opinion that cross contamination 

may have occurred from the fish tank (from a different experiment) adjacent to it (Figure 

3.9). During the summer of 2006 this particular fish tank was being treated for white spot 

(a common fish disease) with Malachite Green, which is known to be toxic to many 
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invertebrates, including molluscs. For this reason (and due to pressure on tank space) it 

was decided not to continue the F1s from the RW+S tank for over winter survival and F1 

breeding study. Incidentally, the RW+S tank was also the only mesocsom tank, from both 

the E2 and the oestrogenic mixtures exposures, not to harbour any juvenile fish. These fish 

(dace, perch and gudgen) presumably entered the tanks as fry via the water pump, and 

were discovered (and removed) when the tanks were drained down to count the F1 snails 

in September 2006.  

 

Over-winter survival of F1 P. corneus was reduced in a dose-dependant manner. Only 2% 

of the F1s counted in September 2006 survived from the HM tank, 6% survived from the 

LM tank and 19% survived from the RW tank. In the LM tank, at least, this high mortality 

is likely to be due to very small size/ young stage of development the P. corneus F1 was at 

in September. The vast majority of the 2000 F1s below 10mm in shell diameter in this tank 

were fairly new hatchlings. The high number of hatchlings in the LM exposure tank was 

partly due to the extended egg laying (and therefore hatching) period, exhibited by the 

parent snails. The small hatchlings obviously did not have the capacity to over-winter 

successfully. This may have also been an important factor in the HM exposed P. corneus 

over-winter success. None of the HM exposed snail replaced into the tank to depurate in 

September 2006 were above 10mm in shell diameter (as these had been sampled for 

histopathology). The LM and the HM developmentally exposed P. corneus were also 

found to be smaller compared to the RW developmentally exposed snails after depuration. 

However, during the F1 breeding study, the LM developmentally exposed snails had twice 

the percentage survival rate compared to the RW exposed snails. Due to the high over 

winter mortality only four HM developmentally exposed snails could be put in the F1 

breeding study; of these, 2 survived until sampling occurred at the end of the 14-week 

study. Over the same time period the LM and HM snails grew well, however, they were 

still smaller than the RW snails after a year of depuration.  

 

No dose-dependent trend was observed for over winter survival of F1 V. viviparus. From 

the RW tank 53% (273 snails) survived until the spring compare to 33% (66 snails) from 

the LM tank and 75% (63 snails) from the HM tank. The high percentage survival of the 

HM exposed V. viviparus is in total contrast to the P. corneus survival. The overall density 

of snails in the HM tank was quite low (1.3 l/snail) at the beginning of winter compare to 

the RW (0.8 l/snail) and LM (0.3l /snail) tanks. Therefore competition for resources (e.g. 

dissolved oxygen and food) would have been less. Also the death of so many P. corneus 

must have impacted the biological oxygen demand (and therefore dissolved oxygen) of the 
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static river water in this tank. Although the tanks were aerated, this may have had a 

negative effect on the V. viviparus ability to respire (via the gill). It is unfortunate that the 

river water pump had to be removed over the winter period (leaving the tanks static), as it 

is likely a flow through tank would have supported many more V. viviparus F1s. However, 

Essex and Suffolk water could not maintain the pump over the winter.  

 

At the beginning of the F1 breeding study (end of over-wintering) F1 V. viviparus size and 

weight decreased in a dose dependant manner. The oestrogenic mixture developmentally 

exposed snails were significantly smaller than those from the RW exposure, and the HM 

exposed snails were also significantly smaller than the LM exposed snails. However, by 

the end of the F1 breeding study these differences in size had disappeared, and no 

significant differences between developmental exposures were found. During the F1 

breeding study the percentage survival of F1 V. viviparus was again highest in the HM 

developmentally exposed snails (96.7%) and lowest in the LM developmentally exposed 

snails (78.8%). This similar pattern of survival suggests that perhaps density was not the 

only issue at play with respect to over winter survival (the possible effects of density will 

be discussed further in Chapter 6).  

 

5.5.3 Effect of oestrogenic mixture exposures on reproduction and sexual 

development 

Over the entire 16 weeks of exposure, the V. viviparus snails from the RW tank released 

the most neonates (14.7) per snails, with RW+S, LM and HM exposed snails releasing 

slightly lower numbers (13.2, 12.4 and 13.6, respectively). There was no significant 

difference between reproductive outputs of adult V. viviparus from different treatments 

during the first six weeks of the exposure study. As previously stated in Chapter 4 this was 

to be expected as female V. viviparus harbour their offspring over winter (pre-exposure) 

for release in the spring. At week 8 the RW exposed snails released a significantly higher 

number of neonates per snails compared to the RW+S, the LM and the HM exposed snails, 

and at week 10 the LM exposed snails continued to release significantly less neonates 

compared to the RW exposed snails. At the end of the 16-week dosed study the adult 

female V. viviparus had their brood pouches dissected and the number of embryos within 

them recorded. As with the total neonates released over the breeding study, the RW 

exposed females harboured the most embryos (30.5) and the LM females harboured the 

least (26.9). However, no significant difference was seen between the four exposure 

groups. When the embryos were split between shelled (most mature) and unshelled 

(youngest) embryos, the RW exposed females were found to have higher numbers of 
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shelled embryos compare to the LM exposed females. Whereas, the LM exposed 

females harboured on average twice as many unshelled embryos compared to the RW 

exposed females. As mentioned in Chapter 4, the number of unshelled embryos produced 

by the prosobranch mollusc Potamopyrgus antipodarum has been used in recent research 

to evaluate the oestrogenic effects of an oestrogenic mixture (namely TSE). In P. 

antipodarum the unshelled embryo number was stimulated by low concentrations of TSE 

but inhibited at higher concentrations (Jobling et al. 2004). Similar inverted U-shaped dose 

responses were seen when the same species was exposed to EE2, BPA, OP or NP (Duft et 

al. 2003, Jobling et al. 2004). Similarity can be drawn between the two species responses. 

However, several differences are also evident. The concentrations of EE2, BPA, OP and 

NP generally used in the P. antipodarum exposures were much higher than used in my 

experiment but, the duration of the experiments were shorter, Duft et al (Duft et al. 2003) 

report the LOEC (for BPA) to reduce over time from 30µg/kg at weeks 2 and 4, to 1µg/kg 

at week 8. The combination of chemicals in my experiment may also have an additive 

effect. Mixtures of chemicals at individually low effect or no effect concentrations have 

been found to elicit oestrogenic effects in fish (Brian et al. 2007). There is also the issue of 

the possible inverted U-shaped dose response; with the LM exposed females harbouring 

more unshelled embryos than HM exposed females. Whether the lower number of 

unshelled embryos observed in the HM exposed females was due to increased toxicity or to 

the possibly less stimulation due to lower E2 concentration compared to the LM tank is 

impossible to know. Further experiments with more reliable chemistry and more doses are 

needed to fully elude the dose response.  

 

Histological analysis of the females after 16 weeks exposure found the RW exposed snails 

to have significantly more oocytes than the exposed females (LM and HM). This perhaps 

indicates a certain level of disruption to oogenesis rather than stimulation. However, this 

significant difference was no longer in evidence when co-analysed for size (ANCOVA), 

indicating that size differences between the groups had caused an artefact in the results. 

Survival was not significantly effected by exposure; although both the male and female V. 

viviparus from the HM were smaller than their RW counterparts. The increase in the 

number of unshelled embryos in the LM exposed females may be evidence of reduced 

growth rate of the embryos rather than reproductive stimulation. Reduced growth was 

observed in both the P. corneus and V. viviparus offspring in the oestrogenic mixtures 

tanks. As discussed above (Section 5.5.2), BPA, OP and NP exposure in developing fish 

has resulted in retarded growth (Ramakrishnan and Wayne 2008, Knorr and Braunbeck 

2002, Kwak et al. 2001). The mixture of oestrogenic chemicals may have also affected 
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male reproductive ability. Although full spermatogenesis was observed in the 

histopathology of the exposed males, effects on sperm motility were not assessed. As 

discussed in Chapter 4 (Section 4.4.3), exposure to steroid estrogens can negatively affect 

sperm motility in rats (Gill-Sharma et al. 2001) and fish (Lahnsteiner et al. 2006). There 

are reports of OP, BPA and NP also negatively affecting sperm motility in vertebrates. 

Exposure of adult rats to OP (150 and 450mg/kg) significantly reduced sperm motility 

(Bian et al. 2006). OP (100µl) also inhibited seminal fluid production in the eelpout 

(Zoarces viviparus) (Rasmussen and Korsgaard 2004). Exposure of adult brown trout 

(Salmo trutta) to BPA (1.75 and 2.40µg/l) significantly reduced sperm quality (density, 

motility and velocity) (Lahnsteiner et al. 2005), and NP exposure negatively affected 

sperm motility in the Japanese madaka (Oryzias latipes) both in vivo (20 and 100µg/l) and 

in vitro (100µmol/l) (Kawana et al. 2003, Hara et al. 2007). NP exposure has also been 

reported to negatively affect sperm motility in molluscs. Nice (Nice 2005) exposed the 

pacific oyster (Crassostrea gigas) to NP (1 and 100µg/l) during gametogenesis (72 hours). 

The percentage of oysters with motile sperm reduced in a dose dependant manner with 

100% of the control and solvent control oysters having motile sperm compare to 30% from 

the 1µg/l and 10% from the 100µg/l NP exposures (Nice 2005). This suggests that mollusc 

(or at least bivalve mollusc) male reproduction may be extremely sensitive to NP pollution. 

 

The reproductive output of adult P. corneus was not significantly different between the 

different exposures. However, differences in the patterns of reproduction were observed. 

Snails from the RW+S exposure had their reproductive peak (eggs laid per snail) earlier 

(week 4) the other three groups (week 6). The maximum number of eggs per egg mass was 

attained at week 6 for the same group and then dropped off steeply. These results may have 

been an early indicator of toxicity to the snails. It has been documented in several species 

(especially invertebrates) that reproduction will increase in the face of adversity to counter 

the negative effect of mortality. 

 

The RW, LM and the HM exposed P. corneus had their reproductive peak (maximum eggs 

per snail) at week 6 when the RW exposure group had their peak in laying egg masses. The 

RW exposed snail’s mean number of eggs per mass increased between week 2 and 4 and 

then levelled out for the rest of the study. Whereas, both the LM and HM exposed snail’s 

egg masses continued to increase in size until week 8. After week 6, all the treatment 

groups reduced their egg and egg mass laying per snail. However, the LM exposed snails 

reduced at a slower rate; by week 16 the LM exposed snails were laying on average more 

than twice as many eggs per snails than the RW exposed snails. Over the whole experiment 
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the snails from the LM exposure laid the both the highest number of egg masses and 

the largest egg masses (i.e. higher number of eggs per mass). Some similar results were 

reported when P. corneus was exposed to TSE (Clarke et al. 2009). The number of egg 

masses laid by snails exposed to 50% or 100% TSE significantly increased compared to 

the control. However, although Clarke et al (Clarke et al. 2009) found the cumulative 

number of egg masses laid per snail increased in TSE exposed snails, they also found that 

later in the summer the weight of each egg mass was reduced, but the number of eggs per 

mass was not. The likelihood is that this may be a result of reduced nutritive 

packaging/albumen in each egg. Reduced hatching success or lower nourishment of 

hatchlings may then follow. The stunting of the HM and the LM exposed hatchlings in my 

experiments may also be evidence of reduced developmental nutrition.  

Mice exposed to BPA are reported to have up-regulated dopamine D1 receptor function 

(Suzuki et al. 2003). This is of interest in molluscs as dopamine has a stimulatory effect 

with regard to protein secretion of the albumen gland in fresh water pulmonate gastropods 

(Santhanagopalan and Yoshino 2000), and this activity has been demonstrated to be 

mediated via a D1-like receptor (Mukai et al. 2004). Therefore similar disruption to 

receptor function in molluscs could impact the volume of albumen deposited around each 

egg. Interestingly, E2 (0.85µg/l) exposure has been reported to inhibit yolk deposition in 

adult guppies (Poecilia reticulata) (Kinnberg et al. 2003).  

 

As in the E2 study (Chapter 4), histological analysis of the adult gonad of P. corneus found 

some effects of exposure relating to the gamete supporting cells. Again the Sertoli cells, 

spermatogenic supportive cells, seemed to be especially sensitive. Significant increases of 

Sertoli cells sloughing were found in both the LM and HM exposed snails compared to the 

RW exposed snails. Overall immature spermatogenic cells were most frequently found 

sloughed into the acini lumen in the mixture-exposed snails. The HM exposed snails also 

exhibited a significant reduction in the amount of developing sex cells (male and female) 

covering the acini walls compare to the RW or the RW+S exposed snails. As discussed in 

Chapter 4 (Section 4.4.3) E2 has been reported to have negative affects on Sertoli cell 

function in vertebrates (Gill-Sharma et al. 2001, Rasmussen et al. 2005, Miles-Richardson 

et al. 1999a, Aleem et al. 2006). BPA, NP and OP have also been shown to affect Sertoli 

cell structure and function; Reduced Sertoli cell viability was found in vitro cultured rat 

cells exposed to BPA (150-200µM) or OP (30-60µM) (Qian et al. 2006, Iida et al. 2003), 

Eelpout (Zoarces viviparus) exposed to OP (50 and 100µg/l) for three weeks resulted in 

altered Sertoli cell structure (Rasmussen et al. 2005), and Fathead minnows exposed to NP 

(1.1 and 3.4µg/l) experienced changes in the number and size of Sertoli cells at 
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concentration that did not affect external sexual characteristics (e.g. fat pad) (Miles-

Richardson et al. 1999b).  

 

In a similar trend to the E2 exposed P. corneus (Chapter 4), oogenesis and vitellogenic 

area activity was also affected in P. corneus exposed to oestrogenic mixtures. The LM 

exposed snails had the highest percentage of early stage oocytes (Stage 1 and 2), and a 

dose dependant (but not significant) reduction in active vitellogenic area (maturing oocytes 

and sperm) was also observed in the oestrogenic mixture exposed snails. Similarly, in an 

hermaphroditic vertebrate, the fish Rivulus marmoratus, exposure to NP (150 and 300µg/l) 

inhibited testicular growth, oogenesis and the normal structure of the hermaphrodite gonad 

(Tanaka and Grizzle 2002). 

 

Similar effects were found in the developmentally exposed P. corneus. The vitellogenic 

area active was also reduced in a dose-dependant fashion, and HM developmentally 

exposed F1s had significantly less active vitellogenic areas compared to all other 

treatment. The RW and RW+S F1 snails had significantly less spermatid sloughing 

compare to the mixture exposed snails. However, Sertoli cell, spermatogonium and 

spermatocyte sloughing did not generally follow the same trend. Interpretation of the 

spermatogenic cell sloughing is complicated by the long period over which the F1s were 

sampled. All the mesocosm tanks (both E2 and mixtures experiments, 7 tanks in total) 

were sampled in September 2006. However, the HM tank was sampled 8 days before the 

LM tank, and the RW and RW+S tanks were sampled a further 21 days later. This was due 

to the long period of time it took to drain down each tank, sample and histologically fix the 

F1s. Therefore changes in water temperature and day length may also have affected the 

snails. From my own the laboratory work on P. corneus (Appendix V) I have found that 

reduced temperature (below 15oC) initially caused Sertoli and immature spermatogenic 

cells to slough into the lumen, although reduced temperatures did not affect vitellogenic 

area activity. During the F1 sampling period (1-30th September) midday water 

temperatures were measured at 16-18oC. However, night-time temperatures were not 

measured and it is assumed that towards the end of September water temperatures did drop 

below 15oC. This may have caused the increased Sertoli cell and immature spermatogenic 

cell sloughing observed in some of the RW and RW+S exposed snails. The effect of day 

length on spermatogenic cells has not been documented; this would have also varied 

through the sampling period. With hindsight it would have been better to sub-sample a few 

snails from each tank at each time point. However, the majority of the F1s (especially the 

V. viviparus) inhabited the bottom of the tank, in amongst the mud and detritus, and this 
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was why the drain-down method was favoured. Despite this, the percentage of different 

stages of oogenesis present in the F1 P. corneus was affected in a similar manner to the 

exposed adults. The RW and the RW+S developmentally exposed snails had a significantly 

lower percentage of stage 1 (youngest) oocytes compare to the LM and the HM exposed 

snails. Interestingly, maternal exposure to BPA has been reported to affect oogenesis in 

female mouse offspring (Susiarjo et al. 2007).  

 

Impacts on spermatogenesis and oogenesis were also found in developmentally exposed V. 

viviparus. The HM and RW+S developmentally exposed females had significantly less 

oocytes (per section of tissue) compare to the RW and the LM exposed snails. However, 

mean oocyte number was significantly correlated to the size and weight of the RW exposed 

snails, and the female F1s from the different treatments were of greatly varying size. 

Therefore, the mean oocyte number was analysed with snail size or weight as a co-factor. 

After this analysis no significant differences in mean oocyte number were found between 

the treatments. The RW F1 females had significant positive correlations between oocyte 

number and size (shell length, weight). However, in the RW+S, the LM and the HM 

developmentally exposed snails correlations between oocyte number and snail size were 

not significant, suggesting there was still possible perturbation to the ‘normal’ relationship 

between growth and sexual maturation. In contrast, and somewhat unexpectedly mean 

spermatogenesis score was highest in the RW+S exposed male V. viviparus. The males 

from the HM exposure had a significantly lower spermatogenesis score compared to all 

other treatments. Therefore sexual development in both male and female V. viviparus was 

significantly disrupted by exposure to the HM, although in the RW+S, the disruption (of 

unknown aetiology) was predominantly seen in females. 

 

Following depuration, the F1 V. viviparus were placed in breeding groups. Over the 18 

weeks of the un-dosed breeding study none of the F1 females released any offspring. It is 

unknown at what age female V. viviparus first release offspring. The F1 females were 

roughly a third of the size of the adult females collected for the first breeding study. It is 

therefore not totally unexpected that offspring were not released during the F1 breeding 

study. At the end of the F1 breeding study (August) the depurated females had their brood-

pouches dissected and the embryos removed. None of the mixture-exposed females 

harboured any embryos compared to 12.5% of females from the RW exposure. This 

overall lack of embryos in the broodpouch was unexpected. Jakubik (Jakubik 2007) reports 

that female V. viviparus from the Zegrzynski Reservoir (Central Poland) contained 

between 0.9-6.7 embryos per female at a shell length of 8.1-12mm and 1.1-9.6 embryos 
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per female at a shell length of 12.1-25mm. At the end of the F1 breeding study the 

female V. viviparus were around 15-16mm in shell length and would therefore be expected 

to harbour embryos. The low number of females harbouring embryos from the RW 

treatment may have resulted from the high density of F1s over-wintered in this tank (the 

possible effects of density will be discussed in detail in Chapter 6). The density V. 

viviparus F1s was between 2.6 and 6.1 times that of the LM and the HM tanks, 

respectively. As discussed in Chapter 4 this high density was due to a combination of 

pooling two RW tank and the lower reproductive output of the adult V. viviparus from the 

oestrogenic mixture tanks. On the other hand this does not account for the complete lack of 

embryos harboured by the mixture-exposed females. The long gestation period of these 

animals may be key in the reason for this. The V. viviparus needed to mate in the previous 

autumn for females to harbour embryos the following spring. The reduced oocyte number 

combined with lower spermatogenic score seen in the LM and HM developmentally 

exposed snails in September 2006 may have affected their ability to mate. In the V. 

viviparus F1 males, spermatogenesis had recovered after a year of depuration, but female 

oocyte number were still significantly reduced in both the LM and the HM exposed snails 

compared to the RW exposed snails. This suggests oogenesis may be negatively affected 

by developmental exposure to oestrogenic chemicals even after a long period of 

depuration. Interestingly, maternal exposure of the sea urchin Strongylocentrotus 

purpuratus to E2 or OP resulted in embryos being less sensitive than normal to E2 

(Roepke et al. 2006). This reduced sensitivity to hormonal cues may result in differences in 

growth and development (over an animal’s entire life), although the function of E2 in sea 

urchins is not fully eluded at this time. With a long-lived, slow growing species such as V. 

viviparus this could have far reaching effects. Developmental exposure to certain EDCs 

may not only affect reproductive potential directly. Indeed, recent research with laboratory 

rodents and BPA show effects on behaviour and neurology.  Developmental exposure to 

BPA has been reported to alter sexually dimorphic brain morphology (Patisaul and Polston 

2008) and to alter behaviour in terms of exploration, emotional responses, play and 

reproduction in mice and rats (Patisaul and Polston 2008, Dessi-Fulgheri et al. 2002, 

Gioiosa et al. 2007). Behavioural alterations have also been reported in adult rats 

(0.040mg/kg/day BPA) with regard to maternal behaviour (Della Seta et al. 2005). 

Interestingly BPA has also been reported to alter ER-α proliferation and distribution in the 

hypothalamus of male and female rats (Ceccarelli et al. 2007). Maternal exposure of the 

sea urchin (S. purpuratus) to OP or E2 has also been reported to increase mRNA of an 

orphan steroid receptor (SpSHR2) in the eggs (Roepke et al. 2006). The similar effects 
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seen in such wide taxonomic groups point to further routes by which EDCs may impact 

on the neuro-endocrine and reproductive systems.  

 

In contrast to V. viviparus, the depurated P. corneus showed similar patterns of 

reproduction. The RW exposed snails laid significantly more eggs per snail at the start of 

the breeding study (week 2), but thereafter no significant differences were observed. The 

LM developmentally exposed snails laid more eggs per snail over the entire breeding study 

compared to the RW exposed snails, mirroring their exposed parents. However, the HM 

developmentally exposed snails were severely impacted in terms of reproduction. The high 

over winter mortality observed in this group resulted in only four snails being allocated to 

the breeding group. For the RW and the LM developmentally exposed snails peak egg 

laying occurred during midsummer (week 8). The HM developmentally exposed snails 

only laid eggs between weeks 8 and 10 and laid a maximum of 4.3 eggs per snail. This 

indicates that the long day length stimulated all the groups of snails to lay eggs during this 

time, even those negatively affected by chemical exposure. Joosse (Joosse 1984) reported 

similar finding in L. stagnalis subjected to reduced temperatures and starvation, 

highlighting the fact that the drive to reproduce in these snails overrides all others.  

 

Similarities were found between the developmentally exposed snails sampled immediately 

after exposure (September 2006) and after a year of depuration (August 2007). The 

vitellogenic area activity again decreased in a dose dependant manner. The HM 

developmentally exposed and then depurated snails had an almost significantly (P=0.056) 

lower percentage of active vitellogenic areas compare to the RW exposed snails. Immature 

spermatogenic cell sloughing was still impacted by oestrogenic mixture exposure although 

only significantly so for spermatocytes (HM). Oogenesis was still affected after a year of 

depuration, with the HM developmentally exposed snails having a significantly higher 

percentage of young oocytes (stage 1) compared to RW exposed snails. These results 

indicate that many of the effects seen in both the exposed adult and offspring snails are still 

apparent long after the exposure has ceased. 

 

5.5.4 Freshwater gastropods and their parasites 

In addition to growth and reproductive endpoints, the level of parasitic infection was also 

evaluated in the snails in this test system and became an additional theme in this research. 

Gastropods (both pulmonate and prosobranch) are known to be susceptible to parasitism, 

especially to larval trematode (Digenea) infection. Gastropods and digeneans have a long 

evolutionary history and have been associated for at least 200 million years (Blair et al. 
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2001). Digenea have complex life histories and normally require two or more hosts to 

complete their lifecycle. Molluscs, especially gastropods and bivalves, frequently provide 

the first, and sometimes second, intermediate host. Whereas, vertebrates such as fish, birds 

and mammals are normally the definitive host.  

 

Here follows some basic information about Digenean parasites life history. Digenea only 

reproduce sexually in their definitive host (vertebrate), the eggs produced in this host are 

generally excreted in the faeces (Figure 5.21). The faeces are either ingested by the first 

intermediate host, or hatch in the water into ciliated miracidia, which locate their host and 

burrow into their tissue. Once in their first intermediate host (e.g. bivalves or gastropods) 

they become mother sporocysts that replicate asexually producing large numbers of 

daughter sporocysts (or rediae). These again reproduce asexually to become free-living 

cercaria which burst out of the first intermediate hosts tissue. In species that require only 

one intermediate host they either, (i) do not become free living, but instead wait as a cyst 

(or sporocyst) to be ingested by the definitive host or, (ii) locate their definitive host as 

cercaria. Some parasites that do not require a second intermediate host will encyst on 

plants, again waiting to be ingested. Where a second intermediate host is needed, the 

cercaria locates this host (e.g. mollusc, frog, fish) and burrow into the tissue and become a 

metacercarial cyst. Here they lie dormant encysted in the tissue until their final/definitive 

host ingests them. A change in pH normally initiates the maturation of the parasite to its 

adult stage and the whole cycle begins again (Figure 5.21). Differences exist between 

parasite species; some metacercariae do not lie dormant and instead have a period of 

growth and development. This process requires nutrition from the host, and the ability to 

evade the host’s immune system. Consequently these types of metacercarial cysts are more 

complex in structure and function. Some metacercaria do not need to encyst at all as they 

inhabit an area of the body less prone to immune reaction (Fried and Graczyk 1997). For 

example, the genus Diplostomum accumulates in the eye (lens and aqueous humor) of 

freshwater fish. This has the additional benefit of reducing the host’s eyesight, and 

increases the chance of predation and the completion of the parasite’s life cycle.   
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Figure 5.21 Diagram representing an example of a Digenean (Trematode) 

lifecycle with two intermediate hosts.   

 

Frequently the effects of parasitism on the first intermediate host are the most destructive 

(Langand and Morand 1998). Replicating larvae can infest large areas of reproductive or 

digestive tissue. Parasitic infestation of the first intermediate host often reduces fecundity. 

This process is host and parasite specific, and can occur because, (1) the parasite gains 

nutrition from the host, and therefore is an energy drain, (2) the parasite infects the 

reproductive tissue and physically castrates the host, (3) the parasite chemically castrates 

the host; preventing reproduction. In addition to reducing fecundity, damaging the 

digestive tissue reduces the lifespan of the host and consequently the length of time the 

parasite can use the host as a resource. Castration of the host either physically or 

chemically is therefore more advantageous to the parasite than removing the digestive 

tissue (Hall et al. 2007, Taskinen et al. 1997). Curtis et al (Curtis 2007) found infected L. 

obsoleta grow much slower than un-infected individuals but that they lived for possibly 

twice as long.  

 

5.5.4.1 Parasite and their effect on their hosts fecundity 

When observing histological preparations of infected mollusc tissue it is easy to see the 

physical impact that the developing trematode larvae have on the host reproductive tissue 

(Probst and Kube 1999). The chemical castration obviously needs more detailed 

investigations. The host-parasite relationship has been well studied in the pulmonate 

gastropods and the digenea from the Schistosomatidae, as humans are a possible definitive 

host. Work with Lymnaea stagnalis infected with Trichobilharzia ocellata has shown that 



 289 
parasitic effects on reproduction were due mainly to interference of female endocrine 

control(De Jong-Brink et al. 1988, De Jong-Brink 1992, De Jong-Brink et al. 1992), and 

studies with B. glabrata infected with Schistosoma mansoni have found that the male 

reproductive side was still able to function six weeks after female reproduction was 

inhibited (Cooper et al. 1996). A neuro-peptide, Schistosomin, released by the infected 

snail itself (from its CNS) has been identified as the substance involved in female 

castration (Hordijk et al. 1991b, Schallig et al. 1991b). Schistosomin treatment inhibits the 

activity of the albumen gland (Joosse et al. 1988) and reduces the activity of the CDC, and 

thereby inhibits egg laying (Hordijk et al. 1991b, Hordijk et al. 1991b, Schallig et al. 

1991a, Hordijk et al. 1991c, Hordijk et al. 1991a, Hordijk et al. 1992). Similarly 

Schistosomin neuro-peptides have also been found to occur in other pulmonate species 

(Biomphalaria glabrata and B. pfeifferi) in response to infection by parasites belonging to 

the Schistosomatidae (Schistosoma mansoni), whereas infection by another digenea 

(Diplostomatidae) did not elicit Schistosomin release in L. stagnalis (De Jong-Brink et al. 

1991). Schallig et al (Schallig et al. 1991a) found the release of Schistosomin co-occurred 

with the appearance of cercaria, and de Jong Brink et al (De Jong-Brink et al. 1995) have 

suggested Schistosomin to be a cytokine-like factor involved in the immune and stress 

response to invading parasites. Hordijk et al (Hordijk et al. 1992) also found that 

Schistosomin increased the excitability of the Light Green Cells (LGC), which are 

involved in regulating growth. Therefore Schistosomin may be a natural regulator of snail 

reproduction and growth. In addition to this, Crewsoyen and Yoshino (Crewsoyen and 

Yoshino 1995) found sporocysts of S. mansoni produced/released polypeptides in in-vitro 

cultures and Manger et al (Manger et al. 1996) found that infection of B. glabrata by the 

same parasite reduced dopamine and serotonin in the CNS and serotonin in the plasma. If 

infected snails were exposed to serotonin (via tank water) they were stimulated to lay eggs 

again. 

 

A consequence of castration in many species of gastropod is gigantism, food resources 

normally allocated to reproduction (and possibly locomotion) are thought to enable this 

increased growth, although this again depends on specific host and parasite and also the 

timing of infection (before or after sexual maturation) (Mouritsen and Jensen 1994, 

Gorbushin 1997, Keas and Esch 1997, Gerard and Theron 1997, Sorensen and Minchella 

1998, Munoz-Antoli et al. 2007, Negovetich and Esch 2008, Taskinen and Saarinen 1999). 

Infection by castrating parasites has also been linked to fecundity compensation (Hall et al. 

2007), whereby a newly infected snail will increase reproduction prior to castration. Blair 

and Webster (Blair and Webster 2002, Blair and Webster 2007) found that B. glabrata 
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exposed to S. mansoni but without successful infection also increased reproductive 

output. This may be supported by Kirst’s (Krist 2001) findings that wild populations 

exposed to high parasite loads reproduce more than those with low parasite load. However, 

fecundity compensation has not been found in all species. P. antipodarum exposed to 

Microphallus sp did not undergo castration or reduced growth (Krist and Lively 1998), 

however this may be related to P. antipodarum ability to be parthenogenic. Rupp (Rupp 

1996) reported altered mating behaviour in B. glabrata infected with S. mansoni, whereby 

infected snails preferred to mate with uninfected snails. The author suggests this is 

evidence for the ‘good genes hypothesis’, however it was also noted that infected snails 

mated as males more frequently (owing to female castration) and therefore it may be that 

uninfected snails would mate more readily as females.  

 

As with other prey-predator or host-parasite interactions, some animals have evolved 

methods to mitigate or stop infection. These interactions are often referred to as an ‘arms 

race’ as every time a host finds a way of defending itself the parasite evolved to 

compensate. Several strategies exist and each has its benefits and costs. One method is to 

be resistant to the infection; this requires increased investment into immune function. 

Langand et al (Langand and Morand 1998) investigated the cost of resistance in 

Biomphalaria glabrata resistant to Echinostoma caprioni and found resistant individuals 

took longer to mature than non-resistant counterparts. Resistant B. glabrata were also 

found to be less tolerant to Cd exposure (Salice and Roesijadi 2002). Borges et al (Borges 

et al. 1998) found some B. glabrata completely resistant to S. mansoni infection whereas 

others were partially tolerant. Miller et al (Miller et al. 2006) state the host tolerance 

reduces the individual’s risk of mortality, but increases the prevalence of parasites in the 

community. Langand and Movand (Langand and Morand 1998) demonstrated with two 

strains of B. glabrata one susceptible to E. caproni the other not, that there was high 

heritability in both strains, indicating both had positive attributes when it came to selection. 

 

Measurements of growth, mortality and reproduction are frequently made to assess 

toxicological or endocrine disruption effects in test species. It is therefore important to 

investigate and understand the effects parasitism can have of these end points and to know 

whether your test animal/population has an infection. 

 

5.5.5 Other effects of exposure to oestrogenic mixtures 

In light of the above information, it was an important finding that a large number of the V. 

viviparus (adult and offspring) from the oestrogenic mixtures experiment (and a number of 
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the adults from the E2 exposure) were parasitised. There have been a number of studies 

determining the parasitic fauna of V. viviparus in different wild habitats. In a survey of 

snails from Lake Glubokoe (Russia), 48% of V. viviparus were found to be highly 

parasitised by six different species of larval trematode, and some snails were infected with 

two species at once (Nikitina 1986). The trematode populations were also studied in V. 

viviparus from River Wieprz, River Narew and the Zegrzynski Reservoir (Poland), and 

infection frequency was found to vary from 7.3 percent in the reservoir, to 21.2 percent in 

the River Wieprz and 32 percent in the River Narew (Jezewski 2004). Jezewski (Jezewski 

2004) also noted that female snails were more frequently parasitised than males (50% 

compared to 15.32%) in the River Narew. Although the species of trematode reported in 

these two surveys were different, in both cases the family Echinostomatidae were one of 

the most dominate. In my experiments it was impossible to determine (it was attempted) 

the species present from histological preparation and in any case the effects of individual 

trematode species on V. viviparus growth, development and fecundity could not be found 

in the literature. However, Samochwalenko and Stanczykowska (Samochwalenko and 

Stanczykowska 1972) found over 50% infestation of V. viviparus and V. fasciatus, 

infections that reduced embryo numbers by 2-4 times of that in un-parasitised females. 

Zhokhov (Zhokhov 1993) found that infections of V. viviparus by Echinoparyphium sp 

increased with age. This could mean that older females, who would normally contribute a 

large proportion of reproductive output, may have reduced fertility. 

 

In my mesocosm exposures it was found that the oestrogenic mixtures exposed V. 

viviparus had higher levels of encysted (metacerial digenea) parasite infection. This trend 

was observed in both the adults and F1s. The exposed F1s had significantly higher 

infection intensities (parasite score) than RW or RW+S exposed snails. The depurated F1s 

showed a similar trend with the addition that the HM developmentally exposed snails had 

significantly higher parasite scores compared to the LM exposed snails, indicating a dose 

dependant increase in infection rate. There was also a change in the sex related infection 

rate in the oestrogenic mixture exposed snails between the F0 and F1 generations of snails. 

Jezewski (Jezewski 2004) reported that female V. viviparus had increased parasite 

infection compare to males and a similar trend was evident in the pre and post-exposure 

adult V. viviparus. However, in the developmentally exposed F1s this trend was reversed, 

and the F1 males had a higher intensity of infection than the F1 females.  

 

When taken together, the results of this study pose two questions, (1) did exposure to 

oestrogenic mixtures affect the V. viviparus immune system and thus their increase 
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susceptibility to parasite infection and (2) were the negative affects observed on 

reproduction caused by exposure to oestrogenic mixtures, increased parasite infection, or 

possibly a combination of the two? 

 

There is evidence of oestrogen and oestrogenic chemicals having an impact on mammalian 

immune function. In humans this is most evident by the high proportion of women who 

suffer autoimmune problems (Ahmed 2000). Rodent studies have demonstrated that 

environmental oestrogens, such as OP, can promote splenic lymphocyte cell death 

(NairMenon et al. 1996), and that BPA can modulate lymphocyte proliferation with lower 

concentrations stimulating and higher concentrations inhibiting proliferation (Jontell et al. 

1995). BPA has also been reported to alter macrophage function in rodents (Segura et al. 

1999) and NP has been reported to affect (decrease phagocytic activity) the immune 

system of rainbow trout (Hebert et al. 2009). There is also growing evidence that 

environmentally relevant mixtures of chemicals such as TSE and agricultural runoff have 

immunomodulatory affects. It is possible that immunotoxicity and endocrine disruption 

could be related effects. Field studies of the freshwater bream (Abramis brama) found 

parasite infections (L. intestinalis) were elevated at a site of heavy pollution (Hecker and 

Karbe 2005). Caged studies of another freshwater fish species (Roach) reported increased 

digenean infections down stream of Kraft mill effluent (Jeney et al. 2002). Roach exposed 

to TSE were found to display immunotoxic and genotoxic effects at low concentrations not 

found to have classic ED effects (male vtg stimulation, intersex) (Liney et al. 2006) . 

Recently, Filby et al (Filby et al. 2007b, Filby et al. 2007a) also exposed fathead minnows 

to TSE and also reported genotoxicity and modulated immune function, including reduced 

lymphocytes indicative of immunosuppression, whereas, exposure of fathead minnows to 

EE2 (in the same test system) had no effect on the immune system (Filby et al. 2007b, 

Filby et al. 2007a). In the European eel (Anguilla anguilla) experimentally exposed to 

PCBs, normal antibodies to the nematode Anguillicola crassus were not produced, and 

infection rates were higher (Sures and Knopf 2004). A number of studies have also 

reported lowered immune function and/or increased parasite infection in amphibians 

exposed to mixtures of pesticides (Hayes et al. 2006, Christin et al. 2003) and agricultural 

runoff (Kiesecker 2002). Kiesecker (Kiesecker 2002) reported increased digenea 

metacercariae (Ribeiroia sp.) and reduced eosinophils circulating in the blood of wood 

frogs (Rana sylvatica) with increasing exposure to agricultural runoff. The parasitically 

infected frogs were also smaller than similarly exposed (but not infected) frogs. Leopard 

frogs (Rana pipiens) exposed to a mixture of pesticides were found to be immuno-

suppressed (Hayes et al. 2006). Both control and exposed frogs were tested positive for 
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flavobacteria, but only frogs exposed to the mixture of pesticides showed signs of 

pathology (Hayes et al. 2006). Additionally, Hayes et al (Hayes et al. 2006) reported that 

clawed frogs (X. laevis) exposed to mixtures of pesticides had elevated corticosterone, an 

indicator of stress. Stress is a highly conserved reaction across taxa (Ottaviani and 

Franceschi 1996) and stress is known to reduce immune response. Some parasites are 

thought to use this response to facilitate their infection (Sures 2006). Indeed, a number of 

studies have found exposure to stress hormones alone also increases parasite infection. 

Harris et al (Harris et al. 2000) reported hydrocorisone acetate implants in a number of 

salmonids (Salmon, Trout, Charr), significantly increased infection rate and monogenean 

parasite (Gyrodactylus salaris) frequency compared to sham operated fish. Similarly, 

exposure to corticosterone glucocoticosteroid (an amphibian stress hormone) as tadpoles 

significantly increased Alaria sp. (mesocerceriae) infection and reduced circulating 

eosinohilic granulocytes in the grey tree frog (Hyla versicolor) (Belden and Kiesecker 

2005). These results suggest that perhaps not only do certain chemicals have the ability to 

modulate the immune system, but that the mixture itself may have a multiple stressing 

effects that disrupt immune function. Therefore, low concentrations of a mixture of 

chemicals may elicit responses that would not be evident in a single chemical exposure.  

 

There has been very little research published into the effects of digenean metacercarial 

infections of gastropods, or their affects on gastropod reproduction, whereas, digenean 

sporocyst infections in gastropods have been more widely investigated. Their negative or 

modulatory impacts on reproductive output in pulmonates has been of special interest to a 

number of researchers, and is discussed above. A number of species of digenean sporocyst 

have the ability to chemically castrate or inhibit reproduction, the best-known example of 

which is the L. stagnalis-T. ocellata interactions (de Jong-Brink et al. 2001). In my 

research, sporocyst infections (of the digestive tissue) were observed to reduce the number 

of embryos harboured by adult female V. viviparus (Chapters 2, 4 and 5). Whether this was 

due to reduced nutrition of the snail or some kind of chemical disruption is, however, 

unknown. Unfortunately the effects of metacercarial cysts seem to be less straightforward. 

As discussed earlier, the encysted parasites may be considered dormant and only waiting to 

be ingested by their next host. However, it is still important to asses their possible impacts 

to reproduction, as so little literature is available. When the RW and RW+S exposed adult 

females were assessed, slight (but not significant) positive correlations were found between 

parasite score and mean oocyte number, shelled embryos harboured, and unshelled 

embryos harboured. The RW and RW+S females with metacercarial infections were found 

to harbour slightly more embryos that those without infection. This however may be 



 294 
related to the size or age of the snail rather than a stimulatory effect of infection. A 

slight (but not significant) correlation was found between the shell length and mean 

parasite score of pre-exposed/health check (Chapter 2, Section 2.3.3.4) V. viviparus, and 

Zhokhov (Zhokhov 1993) also reported digenean infection increased with age in V. 

viviparus. Similar results were found when the parasite score was correlated with oocyte 

number or shell length in the developmentally exposed (LM and HM) F1s. Although in the 

developmentally exposed and then depurated snails only the LM exposed snails continued 

to show the slight positive correlation. The HM developmentally exposed snails showed a 

slight (but not significant) negative correlation. The HM exposed snails had a significantly 

higher infection intensity compare to the LM exposed snails. Therefore whether this 

negative correlation is related to the higher number of parasites or to the developmental 

exposure is unknown. It is important to note that none of the RW developmentally exposed 

V. viviparus had parasites to make comparisons with. Also due to the lack of embryos 

harboured by the F1 developmentally exposed snails, the effect of metacercarial infection 

on embryos harboured could not be assessed. Further research including a large survey of 

wild V. viviparus with various intensities of infection would be needed to fully elude 

possible effects of this type of digenean infection on female reproduction.  

 

Male reproduction can also be negatively affected by trematode infection. Spermatogenesis 

was inhibited in vitro cultures of Ilyanassa obsolete gonad co-incubated with Zoogonus 

lasius extracts (Pearson and Cheng 1985). Only one of the male V. viviparus had a 

sporocyst infection of the digestive tissue in my experiment. In this individual 

spermatogenesis was completely absent. The small number of adult males sampled makes 

correlating the parasite score (metacercarial infection) with spermatogenic score difficult. 

However, full spermatogenesis was evident in all the other adult males analysed. As with 

the female F1s, only the oestrogenic mixture exposed males had metacercarial infections. 

In the HM developmentally exposed snails the mean spermatogenesis score and parasite 

score were significantly positively correlated. However, the LM developmentally exposed 

males did not exhibit this correlation and indeed showed a slight (but not significant) 

negative correlation. This slight negative correlation was also found in both the LM and 

HM developmentally exposed and then depurated F1s. It is important to note that full 

spermatogenesis was found in all the depurated male F1s (RW, LM, HM) at this time, and 

therefore it can be assumed the metacercarial infection did not affect spermatogenesis to a 

great degree in either the adults or developing offspring. Further controlled experiments 

where snails are exposed to either the oestrogenic mixture alone or in combination with 

parasite cercaria (similar to those performed by Kiesecker, (Kiesecker 2002)) would be 
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extremely useful in determining (a) whether increased parasite infection was definitely 

related to oestrogenic mixture exposure and (b) if these parasites had any additional affects 

on reproduction and development.   

 
In contrast to the findings that V. viviparus exposed to the oestrogenic mixtures had 

increased levels of parasitism, no trend was observed in the infection of P. corneus. The 

literature suggests that P. corneus can be heavily and widely parasitised by larval 

trematodes (Digenea) in the wild. A survey of molluscs conducted in two small ponds and 

one swamp in the Czech Republic between 1998 and 2000 found 78.2% of the P. corneus 

sampled to be infected with larval trematodes (Faltynkova 2005) and in a larger survey of 

12 species of planorbid snails (7628 snails) in Central Europe between 1998 and 2006 

found P. corneus to be the most widely and heavily infected of the 12 species (Faltynkova 

et al. 2008). These differences in pattern of infection may relate to definitive hosts present 

up-stream in the river water, which fed the mesocosm tanks. Gibson and Bray (Gibson and 

Bray 1994) conducted a survey from a host-parasite database of 119 digenea families. 

They found that generally, digenea that had a fish as its vertebrate host favoured 

prosobranchs and bivalves as their first intermediate host. Those that had frogs, birds, or 

mammals as their vertebrate host favoured pulmonates as their intermediate host. 

Therefore perhaps the river contained a larger population of fish, which would supply 

digenean parasites, which would favour a prosobranch rather than a pulmonate host. It is 

also possible that the P. corneus, as a shorted lived species, which were parasitically 

infected had already died by the time sampling occurred.  
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6 Discussion 
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6.1 Major finding of this research 

The main aims of these mesocosm experiments were to assess the possible effects of E2 or 

oestrogenic mixture exposure to reproduction and sexual development in two species of 

gastropod mollusc. In this experiment, E2 exposure was seen to modulate adult 

reproduction in both species, reducing the normal late-summer reproductive decline in P. 

corneus, and increasing the number of neonates released and new embryos harboured by V. 

viviparus. Using histopathological analysis, effects on oogenesis and spermatogenesis were 

observed in both species, with the F1s being especially sensitive to E2 and oestrogenic 

mixture exposure. An additional effect of exposure to the oestrogenic mixtures was 

increased parasitic infection, indicating possible effects to the snail’s immune system. The 

mechanisms by which these effects took place are as yet unkown. Molluscs are known to 

have estrogen-like receptors, however, it is not known if steroids (or steroid mimics) can 

modulate the endocrine system of gastropods via these receptors, in the same way they 

have been observed to do in vertebrates. 

 

6.2 Dosing 

For the E2 study the results showed that the actual concentrations of the dosed oestrogen in 

the treatment tanks were highly variable throughout the study, such that statistically 

significant differences between the RW and the dosed tanks, but not between the low and 

high dosed tanks, could be found. Similarly, in the oestrogenic mixtures experiment, the 

measured concentrations of each chemical dosed were generally lower than the nominal 

concentrations, with the exception EE2. The variability in the actual concentrations of 

dosed chemicals relative to the nominal in both experiments is likely to be related to 

experimental set up, namely the use of river water (complete with algae, bacteria and 

suspended sediments). Steroid oestrogens, alkylphenols and BPA are all subject to sorbtion 

to sediment, bacterial degradation and up-take by biota within the mesocosm tanks. In both 

experiments there was also microbial growth in the dosing reserviours, which may have led 

to degradation of chemicals even before they entered the mesocosm tanks. In both the E2 

and the oestrogenic mixtures experiments, there were unexpectedly high concentrations of 

E2 in the un-dosed tanks, and EE2 in both the un-dosed tanks and the river water inlet. 

Notwithstanding this, in both experiments, the biological results generally suggest the high 

dose tanks did recive a higher dose than the low dose tanks.  
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6.3 Comparison of effects between single oestrogenic chemical exposure and 

oestrogenic mixture exposure on two species of freshwater gastropods 

6.3.1 Test species 1 - Planorbarius corneus 

There are a number of similarities between the effects seen in the E2 and the oestrogenic 

mixtures exposures. Both the LE2 and the LM exposed adults laid the highest number of 

eggs over the breeding study. Both these groups also continued to lay eggs at a higher rate 

than the other exposure groups during the normal autumn decline, suggesting inappropriate 

stimulation of reproduction. The E2 exposure seemed to cause more significant effects of 

exposure than the oestrogenic mixtures study. However, the trends were broadly similar to 

each other and to the effects reported by Clarke et al (Clarke et al. 2009), when the same 

species was exposed to TSE. This suggests that environmentally relevant mixtures of 

oestrogenic chemicals may have a modulating effect on P. corneus reproduction. Table 6.1 

illustrates the trends in the histological endpoint measured in the adult snails from the two 

exposures. Some striking similarities are present. Both the oestrogenic mixtures and the E2 

exposure had significant impacts on Sertoli cells and the immature spermatogenic cells 

they support. The sloughing of immature spermatogenic cells has also been reported by 

Clarke et al (Clarke et al. 2009), in the same species exposed to TSE. Oestrogenic exposure 

(E2 or mixtures) also affected oogenesis, with higher percentages of young stages of 

oocytes in exposed snails. However, whether this is a result of stimulation or perhaps some 

kind of follicle cell dysfunction would require further research. The vitellogenic area of the 

acini, where both oocytes and sperm mature, was also negatively affected by exposure to 

oestrogenic mixtures or E2 alone.  The developmentally exposed F1s showed similar 

trends in their histopathology (Table 6.2). Oestrogenic exposure (LE2, HE2 and HM) 

significantly reduced the percentage of active vitellogenic areas. Immature spermatogenic 

cell and Sertoli cells sloughing generally increased after developmental exposure to either 

E2 or the oestrogenic mixture. Similarly, the percentage of young oocytes was significantly 

higher in E2 and oestrogenic mixture exposed snails compared to RW exposed snails. 

 

In addition to the similarities in histopathology of the snails between the two different 

exposures there were also a number of differences. For instance the HE2 exposure seemed 

to be toxic to the adult P. corneus, resulting in lower percentage survival, and a reduced 

correlations between size and weight at the end of the exposure. In contrast, the HM 

exposure did not cause an increase in percentage mortality and indeed at the end of the 

exposure F0 P. corneus from the HM exposure had significantly larger shells than those 

from the RW exposure. Differences could also be observed between the phenotypes of the 

animals from the adult exposure and developmental exposure. P. corneus adult exposure to 
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E2 or oestrogenic mixtures resulted in larger numbers of offspring in the tanks at the 

end of the exposure. However, in both cases, the oestrogenic developmentally-exposed 

offspring were smaller (length and weight) than their RW counterparts, significantly so in 

both the HE2 and the HM. However, once depurated, again there were marked differences 

between the two exposures. The oestrogenic-mixture exposed snails suffered extremely 

high over-winter mortality and grew poorly compared to RW developmentally exposed 

snails (Table 5.28). Whereas, the E2 exposed snails had higher over-winter survival 

compared to the RW developmentally exposed snails, and the LE2 developmentally 

exposed snails grew larger than those from the RW exposure (Table 4.23). It was therefore 

surprising that these large and presumably healthy E2 exposed (and then depurated) snails 

exhibited both delayed and reduced reproduction compared to the RW exposed snails 

(Figure 4.8). As discussed in Chapter 4, these results could indicate a disruption to the 

normal balance of growth and reproduction wich is controlled by the light green cells 

(LGC) and the lateral lobes (LL). This would be an interesting area for further research if 

the results could be replicated. Perhaps laboratory exposures could determine if the day 

length threshold for egg laying can be modulated by developmental exposure to E2. This 

type of experiment may also enlighten some of the unknown aspects of pulmonate neuro-

endocrinology relating to the stimulation of the LL. Disruption to the normal pattern of 

reproduction could be disastrous for a temperate species, which obviously relies heavily on 

external cues to time reproduction with food availability and clement conditions for 

growth. Also, for a species that is known to be highly fecund reducing the period over 

which reproduction occurs could have large population-level effects.   

 

As discussed above, adult snails exposed to the oestrogenic mixtures survived and grew 

well. This cannot be said for the developmentally exposed F1 P. corneus. Indeed the 

overriding effect of the HM developmental exposure was toxicity, resulting in markedly 

reduced growth and survival. This inevitably also affected reproductive output. This 

highlights how important full lifecycle studies can be in determining the effects chemicals 

(or mixtures) may have at a population level. With a species that lives for only a few years, 

a whole population may be wiped out very quickly. Unlike marine gastropods, freshwater 

snails do not have a planktonic larval stage; therefore re-colonisation could take a long 

period of time. The loss of an important detritivore and prey item may also alter the wider 

ecology of the environment. The LM developmentally-exposed P. corneus were also 

negatively impacted by exposure. Again reduced over winter survival and growth were 

observed (Table 5.25 and Table 5.26). However, during the F1 breeding study, these snails 

showed good survival, growth and reproductive output compared to the RW exposed snails 
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(Figure 5.7, Figure 5.8, Figure 5.9 and Table 5.28). This indicates that at the lower 

‘polluted river’ (LM) concentration individual snail reproductive output may not be as 

severally affected. Although, the reduced over-winter survival of these F1s would still be 

of consequence when assessing population health. 

 

Table 6.1 Comparison of trends in the histological endpoints measured in adult 

(F0) P. corneus from the 17β-oestradiol and oestrogenic mixtures experiments 

Endpoint 17ββββ-oestradiol Oestrogenic mixtures 

Vitellogenic area activity Dose dependant ↓ Dose dependant ↓ 

Acini wall covered in germ 
cells 

LE2 significantly less than RW HM significantly less than RW 

Sloughing of Sertoli cells Dose dependant ↑, HE2 
significantly more than RW 

Dose dependant ↑, LM and 
HM significantly more than RW 

Sloughing of 
spermatogonium 

Dose dependant ↑ Dose dependant ↑ 

Sloughing of spermatocytes HE2 ↑ than RW or LE2  Dose dependant ↑ 

Sloughing of spermatids Dose dependant ↑ LM ↑ than RW+S 

Mature spermatozoa only Dose dependant ↓ Dose dependant ↓ 

Percentage of acini affected 
by immature spermatogenic 
cell sloughing 

Dose dependant ↑ LM ↑ than RW+S 

Oogenesis E2 exposure ↑ in percentage 
of young stages  

LM ↑ in percentage of young 
stages 

 

 

The histopathology of the depurated F1 P. corneus showed less marked effects when 

compared to the recently exposed snails in both the E2 and the oestrogenic mixture 

exposed snails (Table 6.3). However, many of the same trends were still apparent (reduced 

vitellogenic area activity, altered oogenesis, sloughing of spermatogenic cells) after a year 

of depuration. In a species that only lives for perhaps 2-3 years, these effects may hamper 

reproduction for a large proportion of the animal’s lifetime.  
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Table 6.2 Comparison of trends in the histological endpoints measured in F1 

P. corneus from the 17β-oestradiol and oestrogenic mixtures experiments 

Endpoint 17ββββ-oestradiol Oestrogenic mixtures 

Vitellogenic area activity Dose dependant ↓, LE2 and 
HE2 significantly lower than 
RW 

Dose dependant ↓, HM 
significantly lower than RW 

Acini wall covered in germ 
cells 

LE2 significantly more than 
RW or HE2 

LM and HM significantly more 
than RW 

Sloughing of Sertoli cells Dose dependant ↑ LM ↑ 
Sloughing of 
spermatogonium 

Dose dependant ↑ No trend observed 

Sloughing of spermatocytes LE2 ↑ RW ↑ 
Sloughing of spermatids Dose dependant ↑, HE2 

significantly more than RW 
Dose dependant ↑, LM and 
HM significantly more than RW 

Mature spermatozoa only HE2 significantly less than RW 
or LE2 

HM ↓ 

Percentage of acini affected 
by immature spermatogenic 
cell sloughing 

RW significantly less than LE2 
and HE2  

RW ↑ 

Oogenesis E2 exposure ↑ in percentage 
of young stages, LE2 and HE2 
significantly more young 
oocytes 

LM ↑ in percentage of young 
stages, LM and HM 
significantly more young 
oocytes 

 

 

Table 6.3 Comparison of trends in the histological endpoints measured in 

exposed and then depurated F1 P. corneus from the 17β-oestradiol and 
oestrogenic mixtures experiments 

Endpoint 17ββββ-oestradiol Oestrogenic mixtures 

Vitellogenic area activity Dose dependant ↓ Dose dependant ↓ 
Acini wall covered in germ 
cells 

HE2 lowest, LE2 highest No trend observed 

Sloughing of Sertoli cells RW highest HM ↑ 
Sloughing of 
spermatogonium 

HE2 lowest, LE2 highest HM ↑ 

Sloughing of spermatocytes Dose dependant ↑ Dose dependant ↑ 
Sloughing of spermatids Dose dependant ↓ No trend observed 

Mature spermatozoa only Dose dependant ↓ Dose dependant ↓ 
Percentage of acini affected 
by immature spermatogenic 
cell sloughing 

No trend observed Dose dependant ↑ 

Oogenesis No trend observed HM higher percentage of stage 
1 and 4 oocytes 

 

6.3.2 Test species 2 - Viviparus viviparus 

The adult V. viviparus experienced quite different effects of exposure to either E2 or 

oestrogenic mixtures. The HE2 exposed snails released a significantly higher number of 

neonates during the last month of exposure compared to the LE2 and the RW exposed 

snails (Figure 4.10). However, this was accompanied by high mortality (Figure 4.11), and 

was presumably due to premature neonate release as a result of toxicity. Both the male and 

female HE2-exposed adult V. viviparus were smaller, and the females harboured less 

embryos, at the end of the 16 week exposure, again suggesting toxicity at this 
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concentration. In contrast, the LE2 females harboured significantly more unshelled 

embryos, indicating possible reproductive stimulation (Table 4.30). There were no 

significant effects of oestrogenic mixture exposure on adult size or weight (Table 5.37 and 

Table 5.38). In this experiment the RW exposed snails released the highest number of 

neonates. This indicates that the oestrogenic mixture exposure may have inhibited 

reproduction in this species. The histopathology of the female gonad can shed some light 

on these differing reproductive outputs. In the E2 study, the mean number of oocytes 

increased in a dose-dependant manner, again suggesting possible (E2) stimulatory effects 

of female reproduction. However, in the mixtures study, the oestrogenic mixture exposed 

adult females had less oocytes compared to the RW exposed snails. This suggests the 

oestrogenic mixtures affected the female’s reproduction in a different manner, perhaps 

through suppression of oogenesis or via some toxic mechanism. Adult male 

spermatogenesis scores were not significantly affected by either E2 or oestrogenic mixture 

exposure.  

 

Developmental exposure to the oestrogenic mixtures or E2 suppressed spermatogenesis in 

a dose-dependant manner. The LE2, the HE2 and the HM developmentally exposed males 

had significantly lower spermatogenesis scores compared to RW exposed F1s (indicating 

that different life stages differ in their susceptibility). Mean oocyte number was also 

reduced in a similar manner in the E2 F1 exposed snails, both directly after exposure, and 

after a years depuration. However, in the mixtures experiment, the F1 RW+S exposed 

snails also had reduced oocyte numbers compare to the RW snails (as did the LM and HM 

snails) sampled in September 2006. However, these differences in mean oocyte number 

were found to be related to the smaller female body size exhibited by the RW+S, LM and 

HM snails (after analysis with ANCOVA). However, after depuration in river water it was 

found that the LM and HM females did have significantly less oocytes compared to the 

RW snails, even after accounting for differences in size. F1 size was affected in both 

experiments; snails were significantly smaller from both the HE2 and the HM at the end of 

the dosed exposure. During the F1 breeding study both the LM and the LE2 

developmentally exposed snails grew more than the RW exposed snails (Table 4.31, Table 

4.32, Table 5.47 and Table 5.48). The LE2 developmentally-exposed and depurated 

females harboured significantly more embryos than the RW or the HE2 developmentally-

exposed snails, this maybe related to over-wintering density and is discussed further in 

Section 6.4 (below). The mixture-exposed snails did not harbour any embryos. At the end 

of the breeding study, the mean number of oocytes was reduced in a dose dependant 

manner, for both E2 and oestrogenic mixture exposures. These results show that in an 
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exposure during early development may have long-term effects. There were a number 

of other quirks observed in the developmentally exposed V. viviparus worth noting. (1) 

The LE2 developmentally exposed males grew larger than the LE2 females (which 

according to the literature is unusual), (2) the misidentification of F1 males from 

morphology alone increased in a dose-dependent manner, for example, some males 

appeared to have a female-like pointed right tentacle, this was especially apparent in the 

HM exposed males. These observations suggest that exposure to oestrogenic chemicals 

may also alter sex specific morphology. Therefore, if the experiments were to be repeated, 

the morphology of the exposed snails may be another useful endpoint. 

 

These experiments indicate along with a growing body of other publications, that molluscs 

may be sensitive to vertebrate EDCs. Indeed, molluscs may be extremely sensitive to 

certain EDC action. NP, OP and BPA have all been reported to affect mollusc reproduction 

at environmentally relevant concentrations (Oehlmann et al. 2000, Oehlmann et al. 2006, 

Duft et al. 2007, Duft et al. 2003, Nice 2005, Jobling et al. 2004).  

 

6.4 Possible alternative explanation - Density 

At the start of the exposure, the total number of snails per tank was 60 (See Section 3.5.4 

for details) in the E2 exposure (RW, LE2 and HE2) and 102 in the oestrogenic mixtures 

exposure (RW, RW+S, LM, HM), resulting in a density of 0.09 snails per litre (sn/l) and 

0.15 sn/l, respectively. However, after the initial set-up, the density of snails in each 

exposure tank was constantly changing with snail recruitment (neonates released or 

hatched) and/or mortality. As can be seen from Table 6.4, the density of snails in each tank 

at the end of the 16-week exposure varied quite widely. Therefore, the question has to be 

asked; could the reproductive and developmental effects measured in these experiments be 

a product of different densities, rather than of differing chemical exposure. 

 

The effect of population density on sexual development is not well documented in the 

literature. However, the effects of density on growth and adult reproductive success or 

fecundity have been frequently studied. In general, the theory is that high population 

density leads to limited resources, such as food, which reduces growth, which in turn 

reduces fecundity. This type of density-mediated effect is especially evident in animals that 

require a high body condition to sustain energy intensive reproduction, such as mammalian 

pregnancy. A good example of this is demonstrated by Stewart et al (Stewart et al. 2005), 

who experimentally altered two populations of North American Elk (high or low density), 

and then monitored reproductive success. As might be expected, the higher density 
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population had significantly lower pregnancy rates (adjusted for age) compared to the 

low density group.  

 

Table 6.4 The number of snails collected from each tank at the end of the 16-

week exposure study and the resulting density of snails in each tank. 

 PC VV Density snail/litre 

 All 
F1s 

F1s 
>10mm 
shell 
diameter 

Adults All 
F1s 

F1s 
>10mm 
shell 
length 

Adults All 
snails 

Adults + F1s 
>10mm shell 
diameter/length 

RW 
(mix) 

239 105 25 553 443 37 1.25 0.89 

RW+S 213 84 5 100 49 33 0.51 0.25 
LM 2129 129 25 250 150 41 3.56 0.50 
HM 461 21 25 140 90 30 0.96 0.24 
RW 
(E2) 

164 119 21 119 97 24 0.48 0.38 

LE2 274 125 24 175 129 28 0.73 0.45 
HE2 483 233 13 160 100 15 0.98 0.53 

Each tank had a 685 litre capacity; initial density in the E2 experimental tanks 

(RW, LE2, HE2) were 0.09 sn/l, and in the Mixtures experimental tanks (RW, 

RW+S, LM, HM) 0.15 sn/l. The density of ‘all snails’ is given to represent the 

total density of snails at the end of the exposure study, the density of ‘adult + 

F1s over 10mm shell diameter/length’ is given in an attempt to show the F1s 

which would have been resident in the tank over a longer period.           
 
 

To fully understand the role (if any) of density on growth, development and reproduction 

in each of the exposure tanks, elegant modelling techniques would need to be employed. 

As these data have not been collected, a more simplistic approach must be used. To 

achieve this, adult and F1 snails held at different initial densities in the E2 reference 

(RWE2) or Mixtures reference (RWmix) tanks were compared. The RWE2tank held 3 

replicate cages of each species (total 60 adult snails), whereas, the RWmix had six replicate 

cages (total 102 adult snails). There were 11 Viviparus in each replicate cage in both 

experiments, but there were 9 Planorbids (RWE2) and 6 Planorbids (RWmix).  Given the 

larger total number of adult snails in the Mixtures RW tank (around 48% more than in the 

E2 RW tank), it was not surprising that at the end of the 16 week exposure the density of 

F1 snails in the Mixture RW tank was more than double that seen in the E2 RW tank 

(Table 6.4, above). 

 

There is very little information in the literature about the effect of density or nutrition on V. 

viviparus. However, in one study by Brown (Brown and Richardson 1992)(Brown and 

Richardson 1992, Brown and Richardson 1992) growth and reproduction were compare in 

two species of viviparid prosobranch snail (V. subpurpureus and Campeloma decisum) in 
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two waters in south Louisiana USA (Brown and Richardson 1992). The first site had 

higher levels of coarse and fine organic mater (food) but also had lower water temperature, 

lower dissolved oxygen, lower pH and lower water hardness when compared to the second 

site. However, the density of snails at the first site was quadruple that of the second, 

indicating that when large quantities of food are present these species could adapt to 

multiple unfavourable conditions (Brown and Richardson 1992). To assess the effect of 

density on reproductive output of V. viviparus in my experiments, the numbers of neonates 

released by the F0 females in the two RW tanks were compared. On average over the 16-

week study, the snails from the RWE2 tank (lower density) released more neonates per 

adult than the Mixture RW tank (higher density) (16.6 and 14.7, respectively), and at week 

6 this was significantly greater (P=0.024, M-W). At the end of the 16-week breeding study, 

there were no significant differences in the total numbers of embryos harboured in the 

brood pouch by the F0 females. However, there were differences when the embryos were 

split between shelled (mature) and unshelled (immature) embryos. The number of 

unshelled embryos harboured by the females from the RWE2 (lower density) tank (8.4 ± 

5.1) was significantly (P=0.001, t-test) higher than the RWmix (higher density) tank (4.0 ± 

3.5). The occurrence of earlier life-stage embryos in the brood pouch of the RWE2 snails 

was probably due to the fact that they had already released more of their shelled embryos.  

It is possible that snails held at the higher density (RWmix) had less food and therefore less 

energy for reproduction, resulting in a longer gestation period (lower reproductive output) 

and a higher likelihood of finding shelled embryos in the brood pouch at the end of the 

experiment. Therefore density (possibly via differences in nutrition) may have affected 

reproductive output in the F0 V. viviparus. This information is extremely important when 

considering the results of the E2 F1 breeding study (Table 4.40). In this study, remaining 

F1 snails from the RWE2 and RWmix were combined and overwintered together. All snails 

(reference and treatment) were placed into breeding groups the following spring. The F1 

snails developmentally exposed to RW harboured significantly less embryos in the brood 

pouch compared to the LE2 females at the end of the breeding study. This result was 

contrary to the histopathological evidence collected from the developmentally exposed F1s 

prior to overwintering, where a combination of a higher spermatogenic score and oocyte 

number was observed in the RW exposed F1s compared to the LE2 F1s. However, as RW 

developmentally exposed F1s were overwintered at much higher densities than E2 exposed 

snails (Table 6.5) it is possible that density may have directly (nutrition) or indirectly 

affected reproduction in this group, thereby masking any effect of E2 exposure on embryo 

recruitment. Therefore in this case, density may affect the interpretation of the data 

obtained from the V. viviparus F1 breeding study. 
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In contrast to the differences found in F0 V. viviparus unshelled embryo numbers, the shell 

length, shell aperture, total weight, soft body weight and soft body weight with embryos 

removed were all almost identical between the two reference tanks. Therefore, differences 

in density did not appear to affect adult growth. Moreover, and importantly (for my 

results), there were no significant differences between the mean oocyte numbers for the 

two (density) groups of F0 females, suggesting that oogenesis was not affected by density, 

or that this endpoint is not a reliable measure of density-effects on reproduction (based on 

observed differences in neonate production mentioned earlier). As previously mentioned, 

Viviparus snails are known to naturally congregate in high densities. Therefore, they might 

be well adapted for such conditions and may not be expected to show gross changes to 

gonad development. 

 

Table 6.5 Total number of P. corneus and V. viviparus F1s and overall density of 

snails at the start and end of the over-wintering (depuration) period 

 Start of over-wintering period End of over-wintering period 

 P. 
corneus 

V. 
viviparus 

Total 
density 
sn/l 

P. 
corneus 

V. 
viviparus 

Total 
density 
sn/l 

River Water tank 
(RW) 

332 520 1.23 60 273 0.48 

Low 17-
βoestradiol tank 
(LE2) 

240 125 0.53 68 117 0.27 

High 17-
βoestradiol tank 
(HE2) 

442 108 0.80 109 59 0.25 

Low oestrogenic 
mixture tank (LM) 

2096 200 3.36 123 66 0.28 

High oestrogenic 
mixture tank (HM) 

440 84 0.77 8 63 0.10 

Snails per litre, Sn/l. 

 

The same analysis was conducted for the F1 V. viviparus snails immediately after the end 

of the 16-week F0 dosed study. The RWmix (higher density) F1 females were slightly 

smaller than their RWE2 (lower density) counterparts, however there were no statistically 

significant differences between the two groups for shell length, shell aperture, total weight, 

or soft body weight. Also, similarly to the F0 females there were no significant differences 

in mean oocyte number between the high and low-density groups. This is important 

information given the significantly lower number of oocytes observed in the F1s 

developmentally exposed to E2 (both immediately after exposure and after depuration in 
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river water) and oestrogenic mixtures (after depuration). This information suggests that 

in the case of oocyte number, chemical exposure had a greater effect than density. 

 

In contrast to the F1 females, significant differences were found between the F1 V. 

viviparus males from the two density groups: F1 males from the RWmix (higher density) 

tank were significantly smaller and lighter, and had a significantly lower spermatogenesis 

score compared to those from the RWE2 (lower density) tank. This indicates that (1) sex-

specific density effects may occur, that (2) the developing males may be more sensitive to 

increased density than developing females, and (3) that higher density negatively affected 

growth and sexual development in males. Therefor sex-specific differences may occur in 

developing V. viviparus with regard to density. 

 

There is very little information in the literature relating to the effect of density in 

prosobranch snails. However, a number of laboratory studies have been conducted relating 

to effects on oxygen consumption in Viviparus contectoides under different conditions, 

including increased density and reduced nutrition. The oxygen consumption of male and 

female V. contectodies were measured at a range of densities (2, 4, 6 or 8 snails) with 

either single sex or mix sex (1:1 ratio) groups. No effect on oxygen consumption was 

observed in any group tested when compared to snails housed individually (Studier and 

Pace 1978). Therefore density its self does not seem to impact the snails (oxygen 

consumption) directly. However, in another experiment, oxygen consumption of male and 

female V. contectodies were measured after snails were starved for 3, 9 and 12 days. After 

corrections for weight were made, it was observed that male and female snails reacted 

differently to starvation (Studier and Pace 1978). Oxygen consumption rose significantly in 

male snails when compared to pre-starvation rates, whereas, in females snails oxygen 

consumption slowly dropped over time and was significantly lower than pre-starvation 

rates by 9 days of starvation. The authors felt that differences in energy reserves may 

account for the differences in oxygen consumption in males and females and that males 

having fewer energy reserves, may have increased food-finding activity. Although in my 

study the F1s would have been young and less likely to have food reserved, it may be that 

differences in behaviour exhibited by males and females account for the differing growth 

reactions to density. Whatever the causes, the fact that males were smaller at the higher 

density makes interpreting the F1 V. viviparus spermatogenesis data in the exposure 

studies complicated.  This is especially true in the E2 experiment, where the (end of 

exposure) density increased in a dose-dependent manner and spermatogenesis score 

decreased dose-dependently. This suggests the possibility that density is the only factor 
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influencing gonad development in the male V. viviparus in this experiment. However, 

the same explanation does not fit with the results from the mixtures experiment. Although 

the highest spermatogenic score was observed in the lowest density tank (RW+S), the next 

lowest density tank had the lowest spermatogenic score (HM).  This suggests that the 

chemicals may have had a greater influence on spermatogenesis than density in this case. 

Also, if you assume there is no effect of chemical exposure on spermatogenesis, and plot 

(or correlate) the snail density against the mean spermatogenic scores, from all seven of the 

treatment tanks, there is no significant trend (Figure 6.1). Therefore, in the mixtures 

experiment at least, there is little evidence to suggest that density was the only factor 

affecting spermatogenic development. Nevertheless, density does affect growth (and 

spermatogenic score) and differences in density might explain the discrepancy between the 

spermatogenic scores of the F1 males from the RW (lower spermatogenic score and higher 

density) and the RW+S (higher spermatogenic score and lower density) tanks in the 

oestrogenic mixtures experiment. These results highlight the need to control density in 

these types of experiment (discussed further in Section 6.5). 

 

 

Figure 6.1 Mean spermatogenesis score in F1 V. viviparus plotted against the 

density of snails in each tank at the end of the 16-week exposure study.  

A, density calculated using all adults plus F1s over 10mm in shell 

diameter/length. B, density calculated using all snails (F1s of all sizes and 

adults). See Table 6.5 for details. Pearson’s correlation were not significant for 

either A -0.028 P= 0.953 or B -0.357 P= 0.432. 
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No literature could be found on the effect of density on P. corneus growth, 

development and fecundity. However, a number of studies on other Basommatophora have 

been conducted and summarised by Jordaens et al (Jordaens et al. 2007). Members of the 

families Planorbidae (Biomphalaria glabrata, Bulinus abyssinicus, Bulinus forkalii, 

Bulinus truncates, and Helisoma duryi) Physidae (Physa gyrin, and Physa heterostropha 

pomilia) and Lymnaeidae (Lymnaea stagnalis) were all found to be negatively affected by 

crowding in terms of fecundity and growth rate/body size (Jordaens et al. 2007). To assess 

the effect of density on P. corneus from my study, the reproductive outputs of the snails 

from the two RW tanks were compared. The P. corneus snails from the RWE2 (low 

density) tank laid more eggs per snail than those from the RWmix tank (high density). 

Indeed, although the pattern of reproduction was the same, the RWE2snails laid 

significantly more eggs per snail at weeks 4, 8, 10, 12, 14 and cumulatively over the 16 

weeks of exposure, again suggesting density plays a very important role in fecundity in this 

species. It can be assumed that the increased density in the RWmix tank lead to increased 

competition for resources, such as food or minerals. No literature could be found on the 

effect of nutrition on P. corneus fecundity. There is, however, literature on the more 

widely studied species Lymnaea stagnalis and it is assumed that P. corneus would be 

affected in a similar manner. Scheerboom (Scheerboom 1978) found that the level of food 

quality, food consumption and food assimilation were positively related to egg production 

in L. stagnalis. Further work by Joosse (Joosse 1984), also on L. stagnalis, found 

reproductively active snails removed from large breeding tanks with high density and food 

competition and placed in isolation laid up to four times as many eggs per snail. The idea 

that the higher density (RWmix) tank had limited resources is also supported by the size of 

the F0 snails at the end of the 16-week exposure; the lower density (RWE2) P. corneus 

were significantly larger in shell diameter and total weight (P= 0.004 and 0.029 t-test, 

respectively) than the higher density (RWmix) snails. Similar analysis was also conducted 

for the F1 P. corneus, and a similar trend was observed in the F1 snails as seen with the F0 

generation; the lower density (RWE2) snails were significantly larger and heavier than 

those from the higher density tank (RWmix). 

 

The histopathological endpoints of the F0 P. corneus (cell coverage of the acini walls, 

vitellogenic area activity, sloughing of Sertoli cells or immature spermatogenic cells, 

percentage of acini with only mature sperm in the lumen, percentage of oogenesis stages) 

were also compared between the high and low-density RW tanks (t-test). No significant 

differences were found between the RWE2 (low density) snails and the RWmix (high 

density) snails. This indicates the differing densities found in the two RW tanks did not 



 310 
impact these endpoints. The histopathological endpoints were also compared in the F1 

generation; only the percentage of Stage 5 oocytes was significantly different between the 

two density groups (RWmixhaving on average less than RWE2). Additionally, for the 

RWmixF1s all the histopathological endpoints measured were correlated (Pearson’s) with 

shell length to assess whether there were any significant relationships between the 

endpoints and size; no significant correlations were found. This indicates that the 

histopathology seen (such as Sertoli cell sloughing) in the F0 and F1 snails are not size 

dependent and unlikely to be related to density or growth. 

 

Although having different densities in each tank has made interpreting some of the data 

more complex, having all the offspring grow and develop in the parental tanks was part of 

the initial experimental plan. Unlike many marine mollusc species, freshwater gastropods 

do not have a planktonic larval stage, which would facilitate dispersal. Therefore, in the 

wild it is likely that increased reproductive activity in adults would lead to increased 

density of juveniles in close proximity. Indeed, the density of snails in each tank itself may 

also be a product of exposure. Certainly in the E2 experiment, the number of V. viviparus 

neonates released into the tank increased dose-dependently, and although the E2 exposed 

juveniles at the end of the 16-week exposure were smaller there was also an increase in 

their percentage survival, which again reinforced the increase in density. 

 

6.5 Limitations 

As with all experiments, there are a number of limitations of this work, which should be 

recognised. Firstly, and perhaps most importantly, these experiments have not been 

repeated. Due to the long time period required (over 16 months) to conduct these life-cycle 

experiments, there was no possibility for repetition or refinement during my PhD research. 

My colleague, Rachel Benstead, has conducted a similar E2-dosed mesocosm study in 

2004 (Benstead 2005). The main purpose of that exposure was to investigate F0 

reproduction in P. corneus and V. viviparus (egg laying/neonate release); no 

histopathological endpoints were measured and the F1 generation was not fully 

investigated. However, during these experiments, similar trends in F0 reproduction were 

found, namely E2-exposure altered the pattern of reproduction in P.corneus (extending the 

egg laying season) and V. viviparus (increased reproductive output towards the end of the 

experiment). Similarities were also seen in mortality, in that the high E2 concentrations 

increase mortality (Benstead 2005).  Repetition of the developmental exposures would be 

most enlightening and the other limitations given below would need to be considered to 

refine the experimental set-up. 
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The use of river water and the effect this had on the chemical analysis of the water samples 

was somewhat limiting when trying to interpret the biological results. It is important to 

highlight there were no true control tanks, in that the diluent river water already contained 

variable amounts of E2 and most likely other chemicals. As previously mentioned in the 

exposure chapters (Chapter 4 and 5), the use of river water was fundamental to the 

mesocosm design, to recreate (as far as possible) the natural environment, with all the 

interactions that go with it and to provide natural food for the V. viviparus. However, it 

also provided some complicating factors such as varying limits of detection for chemical 

analysis, un-dosed chemicals in the reference tanks, sediment, bacteria and algae; all of 

which may have affected the level of dosed chemicals, and parasites. The use of river 

water did provide a more ‘real world’ aspect to the experiment and in this sense the 

experiment was very successful. It is unlikely that in a river receiving effluent, the 

chemicals within it would remain in the water column at a fixed concentration. 

Degradation by bacteria, sorbtion to sediments, and uptake by biota are naturally occurring 

process. The use of river water also gave some very interesting (and unanticipated) results, 

such as the parasite infection rate of V. viviparus, which would not have occurred if a 

‘clean’ water source had been used. However, I am aware it also limits the impact of some 

of the results, as it makes it difficult to prove without doubt that the effects seen are caused 

by chemical exposure. Therefore, it would have been advantageous if chemical analysis of 

snail tissue, filamentous algae and sediments had been conducted. Additionally the level of 

detection of all the chemicals dosed should have been fully discussed with the chemist 

analysing the samples, so that LOD were not above or close to the nominal concentrations 

dosed.  

 

Wild caught snails were used in these experiments, and to a certain extent this too was a 

limitation. Unlike a laboratory animal the history (genetic background, age, previous 

chemical exposure, nutrition, parasite status) of my snails was unknown. Therefore, large 

amounts of variation in the reaction to stressors, such as chemical exposure, could be 

expected, and did occur. This was an unfortunate consequence of using relatively ‘new to 

toxicological testing’ group of animals (such as gastropod molluscs), rather than using 

more traditional laboratory breed species such as a rodent or a fish. If the experiment were 

to be repeated, or if freshwater gastropods were to be used in further investigations with 

EDC (as I feel they should be), it would be important to have sustainable laboratory 

cultures. The use of laboratory-cultured individuals would certainly remove a proportion of 

the individual variability experienced thus far. 
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The differing density of snails encountered in these experiments is another limitation when 

interpreting the results. As discussed above (Section 6.4), the different density of snails 

may have been a product of the chemical exposure, however, it makes a direct cause and 

effect relationship difficult to deduce. In a laboratory experiment, density would have been 

more easily controlled, and the effects seen in the animals would only be due to the 

chemical exposure. However, the mesocosm set up did not lend its self to constant 

readjustment of density. As stated above (Section 6.4), density did affect some endpoints 

(adult reproduction, growth, F1 spermatogenesis). However, it did not affect all endpoints 

measured, especially those relating histopathology such as the mean oocyte number in V. 

viviparus and sloughing of immature spermatogenic cells/Sertoli cells or vitellogenic area 

activity in P. corneus. Therefore, on balance, effects of chemical exposure can still be 

deduced. 

 

The significant increase in parasite infection observed in the oestrogenic mixture exposed 

V. viviparus F1 was an additional, and possibly important, impact of exposure. However, it 

was also a confounding factor when trying to assess reproductive and growth endpoints, 

which were the initial focus of the study. As discussed in Chapter 5 Section 5.5.4 and 

5.5.5, some parasite are know to modulate their hosts fecundity and growth. Therefore if 

the experiment were to be repeated, additional measures would need to be taken to stop 

parasite infection. There are several ways this could be achieved. (1) By preventing the 

parasite entering the mesocosm tanks e.g. UV radiation or finer filtration. (2) By protecting 

the snails from infection by perhaps using a finer mesh surrounding the snail cages. This 

method may have the added benefit that some snails could be protected and others not. 

Perhaps this would enable comparisons to be made between infected and non-infected 

snails reproduction and development. 

 

Another possible limitation to the work is the use of a single exposure tank per treatment. 

In an ideal world, a larger number of tanks would have been used, however, in reality this 

was not possible as the footprint of such an experiment would be enormous and in practical 

to run without a large team of people. Within each tank the adult snails were split into 

‘replicate’ breeding groups, which given the nature of the mesocosm tank would have 

experienced slightly different physical, chemical and biological conditions, allowing each 

group to be considered independent. However, all the offspring were held as one big 

group. This made statistical analysis of some of the data impossible. 
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6.6 Further Work 

As with much research, there are many more questions raised by the results of this study 

than perhaps answers. Further research relating to gastropods and endocrine disrupting 

chemicals is surely necessary to better elude the problems faced by gastropods (and 

molluscs in general) in the polluted environment. To aid this, further research on basic 

gastropod neuro-endocrinology would also be extremely important. This may provide 

evidence of the mechanisms behind some of the effects observed in my work. For example 

detail information on the function and activity of receptors (ER-like, RXR and suggested 

D1) or neuro-endocrine cells (LL, LGC, DB, CDC) in relation to sexual development, 

growth and reproduction would be advantageous. Additionally, vast numbers of 

toxicological tests conducted are with single chemicals at environmentally irrelevant 

concentrations. Therefore, research into the effects of EDC mixtures and effluents on 

reproduction and immune system function (in any taxa) would be vitally important in 

understanding the ‘real world’ effects of our anthropogenic pollutants.  

 

I, myself, would be especially interested in the relationship between chemical exposure and 

immune function. Recent research suggests there maybe a link between metabolic and 

immune related diseases, such as diabetes, and exposure to chemicals initially regarded as 

reproductive endocrine disruptors (Newbold et al. 2008, Lang et al. 2008, Nadal et al. 

2009). Therefore finding animal models, which can be used to further investigate these 

effects would be extremely important.    

 

6.7 Conclusions 

Historically there has been very little research into oestrogenic ED effects on molluscs. 

This has generally been related to a lack in the basic understanding of molluscan neuro-

endocrinology. However, my (and other recently published) research indicates that some 

molluscs are sensitive to EDCs known to be in the aquatic environment and to affect 

vertebrate reproduction. The effects reported here, such as stimulated reproductive output, 

inappropriate reproductive timing, Sertoli cell dysfunction, inhibited spermatogenesis, 

modulated oogenesis, and stunted juvenile growth have all also been reported in 

vertebrates exposed to environmental oestrogens. Whether these effects are mediated 

through traditional nuclear receptors or via some non-genomic mechanism is still up for 

debate. However, rather than shying away from research into the effects our anthropogenic 

waste may be having on this large and diverse taxonomic group, we should be investing 

more resources into understanding both the normal endocrinology and its possible 

disruption by pollutants in molluscs. 
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Appendix I 

 
YEAST SCREEN PROTOCOLS 

 
PREPARATION AND STORAGE OF MINIMAL MEDIUM AND MEDIUM 

COMPONENTS  

Minimal medium and medium components prepared in glassware contaminated with an 
oestrogenic chemical will lead to elevated background expression. Glassware, spatulas, 
stirring bars, etc., must be scrupulously cleaned, and should not have had prior contact with 
steroids. 
Rinse glassware, spatulas, stirring bars twice with absolute ethanol, and leave to dry. 
Alternatively, wash twice with methanol, and once with ethanol. 
 
Minimal Medium (pH 7.1) 
Add 13.61 g KH2PO4, 1.98 g (NH4)2SO4, 4.2 g KOH pellets, 0.2 g MgSO4, 1 ml 

Fe2(S04)3 solution (40 mg/50 ml H20), 50 mg L-leucine, 50 mg L-histidine, 50 mg 

adenine, 20 mg L-arginine-HCl, 20 mg L-methionine, 30 mg L-tyrosine, 30 mg L-
isoleucine, 30 mg L-lysine-HCl, 25 mg L-phenylalanine, 100 mg L-glutamic acid, 150 mg 
L-valine, and 375 mg L-serine to 1 L double-distilled water. Place on heated stirrer to 
dissolve. 
Dispense 45 ml aliquots into glass bottles. 
Sterilise at 121˚C for 10 min, and store at room temperature. 
 

D-(+)-Glucose 
Prepare a 20% w/v solution.  
Sterilise in 20 ml aliquots at 121˚C for 10 min. 
Store at room temperature. 
 

L-Aspartic Acid 
Make a stock solution of 4 mg/ml. 

Sterilise in 20 ml aliquots at 121˚C for 10 min. 
Store at room temperature. 
 

Vitamin Solution 
Add 8 mg thiamine, 8 mg pyridoxine, 8 mg pantothenic acid, 40 mg inositol, and 20 ml 
biotin solution (2 mg/100 ml H2O) to 180 ml double-distilled water.  

Sterilise by filtering through a 0.2-µm pore size disposable filter, in a laminar air flow 
cabinet. Filter into sterile glass bottles in 10 ml aliquots.  
Store at 4˚C. 
 

L-Threonine 
Prepare a solution of 24 mg/ml. 
Sterilise in 10 ml aliquots at 121˚C for 10 min. 
Store at 4˚C. 
 

Copper (II) Sulfate 
Prepare a 20 mM solution. 
Sterilise by filtering through a 0.2-µm pore size filter, in a laminar flow cabinet. Filter into 
sterile glass bottles in 5 ml aliquots.  
Store at room temperature.
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Chlorophenol red-ß-D-galactopyranoside (CPRG) 
Make a 10 mg/ml stock solution. Sterilise by filtering through a 0.2-µm pore size filter into 
sterile glass bottles, in a laminar flow cabinet. 
Store at 4˚C. 
 
 
PREPARATION AND STORAGE OF YEAST STOCKS 
 
All yeast work carried out in a type II laminar flow cabinet. 
 
SHORT TERM STORAGE (-20˚C) - 10X concentrated yeast stock culture 
 

Day 1 
Prepare growth medium by adding 5 ml glucose solution, 1.25 ml L-aspartic acid solution, 
0.5 ml vitamin solution, 0.4 ml L-threonine solution, and 125 µl copper (II) sulfate solution 
to 45 ml minimal medium. Transfer to a sterile conical flask (final volume of 
approximately 50 ml). Add 125 µl of 10X concentrated yeast stock from cryogenic vial 
stored at -20˚C. Incubate at 28˚C for approximately 24 hour on an orbital shaker, or until 
turbid. Yeast from a cryovial stored at -80˚C can also be used, but may take longer to 
produce a turbid culture. 
 

Day 2  
Add growth medium to two conical flasks (each with a final volume of approximately 50 
ml). Add 1 ml yeast from 24-h culture to each flask. 
Incubate at 28˚C for approximately 24 hour on an orbital shaker, or until turbid. 
 

Day 3 
Transfer each 24-h culture to a sterile 50-ml centrifuge tube. 
Centrifuge the cultures at 4˚C for 10 min at 2,000 g.  
Decant the supernatant, and resuspend each culture in 5 ml of minimal medium with 15% 
glycerol (add 8 ml sterile glycerol to 45 ml minimal medium). 
Transfer 0.5 ml aliquots of the 10X concentrated stock culture to 1.2-ml sterile cryovials. 
Store at -20˚C for a maximum of 4 months. 
 
 

LONG-TERM STORAGE (-70˚C/-80˚C) 

 
Preparation of minimal medium agar slopes (1% agar) 

 
Add 1 g bacteriological grade agar to 90 ml minimal medium. 
 
Autoclave, and allow to cool to 50˚C before adding the growth medium components; 
 10 ml glucose, 
 2.5 ml L-aspartic acid, 
 1 ml vitamin solution, 
 0.8 ml L-threonine solution, and 
 250 µl copper (II) sulfate. 
 
Swirl, and quickly pour into sterile universals (approx. 10 ml per universal). Leave the 
universals at an angle of approximately 45˚, so that the agar sets forming a slope.  
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Preparation of yeast 
Using a sterile loop, take some yeast from a cryovial (stored at either -20˚C or -80˚C), and 
spread this over the surface of the slope. 
Incubate the slopes at 32˚C for 3 days. 
 
Add 1 ml sterile glycerol (100 %) to each universal, and resuspend the cells using a sterile 
loop. 
Aliquot the glycerol yeast suspension to cryovials (0.5 ml per cryovial), and store at -70˚C 
or -80˚C. 
 

PREPARATION AND STORAGE OF CHEMICALS 
 
Glassware must be scrupulously cleaned since contamination may give rise to false 
positives. 
Rinse all glass bottles twice with absolute ethanol (or twice with methanol, and once with 
ethanol), and leave to dry. 
 
Weigh chemicals directly into bottles. 

Prepare the 17ß-estradiol stock for the standard curve in absolute ethanol, at 2x10-7 M 
(54.48 µg/L). 

Stock solutions of test chemicals are prepared in absolute ethanol at 2x10-2 M or 2 g/L, 
although this concentration may vary, depending on potency, toxicity etc.  
 
If the chemical is insoluble in ethanol, try another solvent, such as minimal medium. 
However, certain solvents will melt plastic plates. 
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Appendix II 

 
CHEMISTRY PROTOCOL 

 
Chemistry Protocol obtained from the Environment Agency’s National Laboratory Service 
(NLS), Nottingham, UK. 
 

For APEs 
Aqueous sample is solvent extracted using 50/50 v/v diethyl ether/iso-hexane.  Extract is 
concentrated prior to GC-MS with EI detection (operated in SIM mode).  The calibration 
standards were a technical mix of isomers for NP, pure p-tert OP, and similarly a mix of 
isomers for NP-ethoxylates and single isomerfor OP-ethylate. 
 

BPA 
Spiked with deuterated BPA before solvent extracted with DCM.  Extract is then dried 
before derivatisation using trifluoroacetic anhydride. Same GC-MS system as for APEs. 
 

Oestrogens 
Spiked with deuterated ostrogen analogues prior to extraction with a styrene divinyl 
benzene polymer SPE cartridge.  Steriods are then deabsorbed with DCM.  Extract is 
concentrated and cleaned-up using gel permeation chromatography fractionation.  Extract 
then undergoes a solvent exchange to 95/5v/v isohexane/propan-2-ol and is cleaned up 
using normal pahse chromatography in an amino LC column.  It is then evaporated to 
incipient dryness and disolved in methanol.  Analysed using HPLC with negative ion 
atmospheric photo-ionisation interface and MS time-of-flight detection.  
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Appendix III 

 

Kahel’s Fluid recipe 
 
Kahel’s Fluid was prepared in a fume cupboard and stored in acid resistant glass bottle. 
NBF, ethanol and glacial acetic acid were added to the distilled water.  
 
Six parts Neutrally Buffered Formalin (NBF) 
Fifteen parts 95% Ethanol 
One part Glacial Acetic Acid 
Thirty parts distilled water  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 364 

Appendix IV 

 
Trace metals, minerals and compounds measured from the two river water mesocsom tanks 
(E2 study and oestrogenic mixtures study) and the river water plus solvent tank 
(oestrogenic mixtures study) at week 16 of the dosed mesocsom studies (August 2006). 
Chemical analysis provided by Environment Agency’s National Laboratory Service (NLS), 
Nottingham, UK. (< Limit of detection). 
 
 E2 Study  

River water tank 
Mixtures Study 
River water tank 

Mixtures Study 
River water plus 
solvent tank 

Barium µµµµg/l 26.9 26.8 26.6 

Boron µµµµg/l 110 <100 <100 

Calcium mg/l 96.8 6.10 94.1 

Iron µµµµg/l <30.0 <30.0 <30.0 

Lithium µµµµg/l 9.92 10.3 9.88 

Magnesium mg/l 9.38 9.20 9.13 

Manganese µµµµg/l <10.0 <10.0 <10.0 

Potassium mg/l 11.0 10.6 10.7 
Sodium mg/l 62.6 59.8 60.2 

Strontium µµµµg/l 419 409 405 

Sulphate SO4 mg/l 102 98.4 98.4 

TBT µµµµg/l <0.002 <0.002 <0.002 

Aluminium µµµµg/l <10.0 <10.0 <10.0 

Cadmium µµµµg/l <0.10 <0.10 <0.10 

Chromium µµµµg/l 0.506 <0.500 <0.500 

Copper µµµµg/l 1.89 20.6 1.88 

Lead µµµµg/l <0.40 <0.40 <0.40 

Nickel µµµµg/l <5.0 <5.0 <5.0 

Zinc µµµµg/l 5.16 8.67 5.32 
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Appendix V 

 

Histological description of P. corneus gonad during reduced temperatures under 

laboratory conditions 

The affect of reduced temperature on P. corneus gonad was assessed over 8 weeks. 

Approximately 40 laboratory raised sexually mature snails (~10-20mm diameter) were 

removed from their 80 l holding tank (17-18oC) and moved to a new 80l flow through tank 

(15oC). Due to the time of year (October) it was possible to use the dropping external 

ground water temperature to slowly reduce the temperature in the tank by around 1oC per 

week until it reached 11oC where it stabilised. The reduced temperature tank was inspected 

ever three to four days for the first four weeks for egg masses. At this point snails were 

also fed, any waste flake food from previous feedings was removed using a siphon, and 

uneaten carrot was left unless mouldy. Water temperatures were recorded twice weekly 

before cleaning and feeding.  

 

Effect of reduced temperature on egg laying 

No egg masses were laid after snails were transferred to the reduced temperature tank. 

 

Effect of temperature reduction on the histopathology of the acini walls 

No affect was seen on wall integrity over the 8 weeks of temperature reduction. A small 

amount of disruption was observed in the gonad at week 8 but this was due to artefact 

during histological sectioning and may have been in part due to over fixation of the tissue. 

At week 0 before temperature reduction the acini walls were thickly covered in 

spermatogenic, oogenic or supportive cells, with less than a third of the walls bare of cells 

(mainly at the luminal end). From week 1 to week 3 cell cover was slightly reduced, 

becoming less thick and in places gaps between clumps of spermatogenic cells could be 

observed. By week 4 bare patches could also be observed towards the vitellogenic end of 

the acini walls, this patchiness was still observed at week 8. 

 

Effect of temperature reduction on the histopathology of the vitellogenic end of the 

acini 

All of the gonad sections observed from snails sampled at weeks 0, 1, 3, 4 and 8 had a 

score of 5 which equals >70% of the acini have full vitellogenic ends i.e. those which 

contained oocytes, maturing spermatogenic cells or degenerating supporting cells (sertoli 

or follicle). During week 2, vitellogenic area activity was reduced slightly. Snails scored an 
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average of 4.6, which equalled two out of five sections (per snail) of gonad scored 4 

(50-70% of acini have active vitellogenic areas) with the remainder scoring 5. 

 

Effect of temperature reduction on the histopathology of spermatogenic and oogenic 

cells 

Figure Aii, is photomicrographs of the gonad of laboratory reared P. corneus at week 0 

(before temperature reduction) and weeks 1, 2 and 4 (after temperature reduction). On 

average only 10% of the sections of gonad observed had any immature spermatids and 

sertoli cells sloughed into the lumen prior to water temperature reduction. Sloughing of 

immature spermatogenic cells (spermatogonium, spermatocytes and spermatids) and sertoli 

cells increased markedly after one week of temperature reduction, around 70% of the 

sections observed had sloughed sertoli cells free in the lumen and 90% of the sections 

observed had spermatogonium, spermatocytes and spermatids free in the lumen. None of 

the sections observed from week 1 had only spermatozoa in the lumen (as generally 

observed in sexually active gonads). Between 80-100% of the sections observed from 

week 2 snail gonads had sloughed immature and/or sertoli cells, 80% had spermatogonium 

and spermatocytes, 90% had sertoli cells and 100% had spermatids sloughed into the 

lumen of the acini. 3 to 4 Weeks after temperature reduction started the level of sloughing 

had reduced slightly and in 30-40% of the sections observed spermatozoa were the only 

cells seen in the lumen. 20-50% of the sections observed had sertoli and spermatids free in 

the lumen, 30-40% had spermatocytes, and 60% had sloughed spermatogonium. By week 

8 the percentage of sections with only spermatozoa in the lumen had increased to 60% and 

the number with sloughed sertoli cells, spermatogonium or spermatids had been reduced to 

20%. No spermatocytes were observed sloughed into the lumen at this stage. No trend was 

observed in the percentage of different stages of oogenesis after 1, 2, 3, 4 or 8 weeks of 

temperature reduction (Figure Ai). 
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Figure Ai, Percentage of oocytes at different developmental stages during the 

temperature reduction experiment.  

Week 0, before temperature reduction. Five sections of gonad were analysed 

per adult snail. Stage 1 (oogonium) is the youngest stage of oogenesis, stage 5 

is ready to be ovulated, oogenesis stages based on description by de Jong-

Brink et al, (De Jong-Brink et al. 1976). 

 

Discussion and comparison to the literature 

In agreement with other P. corneus housed below 15oC (Costil and Daguzan 1995a) no egg 

masses were laid by snails after they had been moved to the temperature reduced tank. 

However, it is possible to get L. stagnalis to breed at 8oC if housed under a LD light 

regime (16:8 L:D) (Dogterom et al. 1983). Very little information on the effect of 

temperature reduction (or autumnal season) on the Basommatophoran gonad was found. 

Berrie (Berrie 1966) sampled L. stagnalis at different times of year from a pond in 

Lanarkshire, and the internal composition of histological sections of gonad was measured. 

Gonad composition was split into three classes; developing spermatozoa, mature 

spermatozoa or empty. In December (1957) 25.6% of the gonad was occupied by 

developing spermatozoa, 2.4% by mature spermatozoa and 72% was empty in snails with a 

shell length between 11.25 and 22.25 mm. At the same time larger snails (31.5-32 mm 

shell length) had 13.4% of the gonad occupied by maturing spermatozoa and 86.6% empty. 

In May (1958) snails of 15.5-30 mm shell diameter had 41.7% developing spermatozoa, 

23% mature spermatozoa and 35.3% empty, and snails with shell length of 26-34.5 mm 

had 31.6% of the gonad filled with developing spermatozoa, 19.3% mature spermatozoa 

and 49.1% empty (Berrie 1966). A general trend of decreased mature and developing 

spermatozoa and increased emptiness during winter can be observed from the data. 

Oocytes were also counted and less were observed in winter (1.8 and 78.5 in 1957 and 

1958, respectively) than spring (48.4 and 155.5). One other study, also on L. stagnalis 
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cooled a laboratory bred snail from 20oC to 8oC for 70 days (Boer and Joosse 1975). A 

photomicrograph indicates spermatogenesis has halted (only spermatogonium and 

spermatocytes are visible), and the lumen is empty except for many mature oocytes, 

indicating either oogenic maturation still occurs at this temperature (Boer and Joosse 1975) 

or that mature oocytes are stored in the lumen for some time. All stages of spermatogenesis 

were still observed in P. corneus gonads after temperature reduction of up to 8 weeks; 

however the percentage of spermatogenic cells covering the acini walls did reduce 

especially after 4 and 8 weeks of temperature reduction. Large quantities of immature 

sperm were seen sloughing into the lumen within the first few weeks of temperature 

reduction. The level of sloughing was greatly reduced by weeks 3 and 4 and had almost 

halted by week 8. By week 8 of temperature reduction the area of lumen filled by 

spermatozoa had been reduced, suggesting that longer periods of reduced temperature 

would lead to the empty gonad/lumen seen by Berrie (Berrie 1966) and Boer and Joosse 

(Boer and Joosse 1975). No accumulation (or percentage increase) of mature oocytes was 

observed in temperature reduced P. corneus as found by Boer and Joosse (Boer and Joosse 

1975) in L. stagnalis. 
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Figure Aii Photomicrograph of P. corneus temperature reduced gonad.  

(A) week 0 before temperature reduction, spermatogenic cells cover the acini 

wall thickly, spermatogenic and oogenic cells fill the vitellogenic area, 

spermatozoa fill the lumen; (B) 1 week after temperature reduction, some 

immature spermatogenic cells slough into the lumen, vitellogenic area quite full 

of oocyte and maturing spermatogenic cells; (C) 2 weeks after temperature 

reduction, immature spermatogenic cells still seen sloughing into lumen, 

vitellogenic area has become patch with spermatogenic cells, but many 

oocytes still evident; (D) 3 weeks after temperature reduction, thin covering of 

spermatogenic cells on acini walls, lumen still filled with spermatozoa, 

vitellogenic area dominated by mature oocytes. 5µm sections stained with H & 

E. Spermatogonium - spg; Spermatocytes - spc; Spermitids - spd; Spermatozoa - 

spz; Sertoli cells - ser; Follicle cavity - fc. Oocytes - O; Vitellogenic area - vit; 

Lumen - lum.  

 


