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Abstract: 

 

 The population of harbour ragworms, Nereis diversicolor, inhabiting the upper 

reaches of Restronguet Creek in the Fal Ria, UK, are known to be resistant to the acute, 

toxic effects of copper, zinc and cadmium.  This research aimed to establish whether 

metabolic and reproductive performance costs were associated with the resistance 

phenomenon and what the biochemical mechanisms of resistance were, by comparing 

animals from the Creek with two comparable study sites in the South West of England: 

Froe Creek and the Teign estuary.  There was a significant metabolic cost, measured as 

a reduction  in Scope for Growth, associated with the resistance phenomenon.  As no 

differences in energy intake or uptake were found between resistant and non-resistant 

animals it was concluded that this cost was covered by demand-side regulation of 

energetics.  A reduction in the amount of biochemical energy reserves in the form of 

lipids and sugars was also observed in resistant animals suggesting that resource 

allocation had been shifted away from this endpoint and towards maintenance and 

activity.   

 

The perturbed metabolism and physiology of resistant N. diversicolor is shown to have 

detrimental consequences for their life-history.  Sexually mature, resistant females were 

significantly smaller than non-resistant ones, indicating that they had either matured at a 

younger age or grown more slowly.  Both total fecundity and mass-specific fecundity 

were significantly reduced in resistant females, likely as a direct result of the metabolic 

costs of resistance reducing the resources available to fuel gametogenesis.  No 

differences were found in the energetic reserves stocked within each gamete by resistant 

and non-resistant animals, suggesting that this trait is heavily selected for.  

 

Synthesis of reduced glutathione [GSH] in resistant animals’ tissues appeared to be 

elevated.  Glutathione peroxidase activity was also increased, likely to remediate the 

effects of Reactive Chemical Species [RCS] that result from the inevitably incomplete 

binding of intracellular metals.  As GSH functions in metal detoxification to covalently 

binding metals entering resistant animals’ cells, preventing their involvement in toxic 

interactions and their catalysis of the production of RCS, it is proposed that together 

there two phenomena comprise the fundamental mechanism of resistance to metal 

toxicity.   
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Ultimately, this research revealed a hierarchy of health and reproductive performance 

across the three study populations, with significant associations evident between 

measured biological endpoints and the degree of metal contamination, illustrating the 

consequences of anthropogenic pollution for the biology of wild animals.   
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1 Abstract. 

1.1 General Introduction. 

 

 Global ecosystems are affected by a plethora of stresses resulting both 

from natural change as well as from human activity, many of which are intensifying.  It 

is vital that our understanding of the effects of these diverse stresses upon the ecosystem 

be understood at a level sufficient to predict catastrophic collapses in ecosystem 

services and functions in advance.  One phenomena whose implications for ecosystem 

resilience to stress is currently poorly understood is that of resistance.  This research 

aims to elucidate the underlying implications of the development of resistance for the 

health and reproductive performance of a model population of resistant organisms:  The 

Nereis diversicolor inhabiting the upper reaches of Restronguet Creek, Cornwall, 

United Kingdom.  The estuarine ecosystem provides a wealth of services to other 

ecosystem components including habitat provision, nursery services and feeding 

grounds for an enormous diversity of macrofauna, waste processing and nutrient cycling 

and cultural services from transport to recreation.  This is, therefore, a particularly 

relevant subject in which to investigate this phenomenon.  

 

 

1.1.1 Resistance. 

 

The phenomenon of organisms that are able to survive stressful physical, 

chemical or biological conditions that are otherwise lethal to their conspecifics is now 

common.  It was first encountered at the beginning of the 20th century in strains of 

microbial pathogens that were found to be resistant to the antibiotics that had only 
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recently been invented.  By 1946 there were reports of bed bugs resistant to DDT and 

Carson (1962) predicted the ultimate development of resistance in any pest species 

managed through the application of biocides (Barnes 1946).  Although organisms can 

exhibit resistance to any sort of biotic or abiotic stress it is in the development of 

resistance to toxicants that the phenomenon is most obvious.  Examples of such 

resistance now includes many diverse taxonomic groups including bacteria (Reyes et al. 

1999; Ramaiah and De 2003), microalgae (Ivorra et al. 2002), macroalgae (Nielsen et 

al. 2005), fish (Weis et al. 1981; Meyer et al. 2002; Meyer and Di Giuliuo 2003; Wirgin 

and Waldman 2004; Timme-Laragy et al. 2005), molluscs (Hoare et al. 1995a; Hoare et 

al. 1995b; Millward and Grant 1995; Regoli and Principato 1995), crustaceans (Duan et 

al. 2000; Kashian 2004), oligochaetes (Klerks and Levinton 1989; Martinez and 

Levinton 1996), polychaetes (Bryan and Hummerstone 1971; Bryan and Hummerstone 

1973; Mouneyrac et al. 2003; Bocchetti et al. 2004), and many different types of 

terrestrial insects (Posthuma 1990; Postma and Davids 1995; Postma et al. 1995).  (See 

reviews by Klerks and Weis 1987; Holloway et al. 1990; McKenzie 1996; van Beelen 

and Doelman 1997).  

 

The population of harbour ragworms, N. diversicolor, found inhabiting the upper 

reaches of Restronguet Creek in the Fal Estuary, Cornwall, UK, exhibit one of the best 

known examples of resistance to metal toxicity.  The sediments of Restronguet Creek 

contain elevated concentrations of several metals as a result of the extensive tin mining 

heritage of the catchment of the Carnon River which flows into the creek (Bryan and 

Gibbs 1983; Pirrie et al. 2003).  As a result sediment concentrations of zinc and copper 

in particular are high enough in the upper reaches of the creek ( >4.4 mg g-1 copper and 

>3.6 mg g-1 zinc) to be toxic to non-resistant N. diversicolor (Bryan and Gibbs 1983; 

Mouneyrac et al. 2003).  The population of N. diversicolor inhabiting this location has 
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previously been demonstrated to be resistant to the acute, toxic effects of dissolved 

copper and zinc and Grant et al. (1989) demonstrated that this resistance was heritable 

to the F1 generation in the absence of elevated copper concentrations, suggesting that 

there is a genetic element to the resistance (Bryan and Gibbs 1983; Grant et al. 1989).  

The research presented in this thesis is intended to elucidate the nature of this resistance 

phenomenon in terms of how the ecology, physiology and biochemistry of resistant 

animals differs from non-resistant ones.  This understanding is vital to the efficient and 

effective management of the environment.  Estuarine productivity is dependent upon the 

productivity of the resident flora and fauna.  Whether individuals which have developed 

resistance to severe contamination of their environment remain functional and 

productive is relevant to our handling of contaminated environments.   

 

Resistance to stressors other than toxicants is equally prevalent within the 

natural world, such as elevated temperatures and predation.  However, a concise 

discussion of the resistance phenomenon first requires the definition of certain 

terminology. 

 

 

1.1.2 Terminology and definitions. 

 

Resistance to stress- defined here as “an acquired ability in an individual or 

population to moderate the detrimental effects of stress beyond that of non-resistant 

conspecifics”- can be described as a product of microevolution (Bone and Farres 2001; 

Hendry and Kinnison 2001; Feil 2004; Parsons 2005; Morgan et al. 2007).  

Microevolution was defined by Feil (2004) as “any change at or below the level of a 

single species.”  These changes referred to include variation in allele frequency within a 
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population or a species as well as nongenetic changes in the effects of those alleles upon 

organisms’ form, i.e. the phenotype (Reznick and Ricklefs 2009).   Consequently, 

different forms of resistance are recognised: An organisms’ resistance could be the 

product of plasticity in its phenotype in the absence of genetic change- this is 

“acclimation”.  Alternatively, resistance could result in genetic changes, produced 

through selection or mutation, that result in an organism that is genetically distinct from 

its non-resistant conspecifics and that is endowed with an extraordinary biology – this is 

“adaptation”.  Clearly, adaptation can only occur over multiple generations whereas 

acclimation can be acquired by an organism over time (Morgan et al. 2007). 

 

The definition of “stress” which will be employed throughout this document is 

slightly modified from that given by Sibly and Calow (1989):  "An environmental or 

ecological condition that reduces Darwinian fitness when first applied".  This 

amendment encompasses all stressors, both biotic and abiotic.  Resistance must be 

differentiated from “tolerance”.  This latter term refers to the innate differences  in the 

organisms comprising a population to moderate the detrimental effects of stress events.  

“Tolerate” implies that significant, sublethal damage has been incurred as a result of 

exposure to the stressor.  However, such damage does not significantly compromise the 

tolerant organism’s chances of survival.   

 

Darwinian fitness, or just "fitness", is a term originally applied to individual 

genes and is itself a vague concept that refers to the ability of an entity, be it a gene, an 

organism or a population, to reproduce (McGraw and Caswell, 1996).  Various precise, 

mathematical definitions of fitness exist depending upon the entity of reference (Murray 

1990).  For this reason the term will be avoided in this work.  Reference will instead by 

made to the reproductive performance of individuals and populations.  Where the 
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concept of fitness must be specifically referred to the value of the Malthusian parameter, 

r, will be used.  This parameter represents the intrinsic rate of increase of a population 

or an individual within a population, i.e. the rate at which that organism or population is 

multiplying itself.  As r is a rate function it is always expressed in association with a 

temporal unit:  normally the lifetime of an individual organism with respect to the 

fitness of that individual and the period of a reproductive cycle where that differs from 

the former, for a collection of such individuals comprising a population.   

 

 The differential ability of organisms to tolerate a stress event is a product of the 

normal intraspecific genetic variation inherent within any natural population and can 

even be evident in the phenotypic plasticity of genetically identical clones (eg. Weider 

and Lampert 1985; Muyssen et al. 2002).  Phenotypic plasticity is “the ability of a 

single genotype to produce more than one alternative form of morphology, 

physiological state, and/or behaviour in response to environmental conditions” (West-

Eberhard 1989).  The phenotype of an organism is the product of the interaction 

between its genotype and its environment and is a primary determinant of “tolerance”.  

An organism’s capacity for tolerance is, therefore, solely a function of its genotype and 

varies with it (de Jong 2005; Fordyce 2006).  Crucially, the converse is also true, in that 

genes encoding a phenotype that endows an organism with a competitive advantage will 

be selected for within a population, increasing their prevalence (Morgan et al. 2007).  

Hence, this chain of causality comes full circle, illustrating that development of an 

adapted phenotype can result from microevolutionary mechanisms of selection for 

acclimated phenotypes. 
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1.1.3 Metal resistance. 

 

As mentioned, resistance to the toxic effects of metals has been documented in 

many phyla.  It is particularly associated with areas impacted by Acid Mine Drainage 

[AMD], mine spoil heaps and sites used by metal-based industries where metal 

concentrations in the substrate can become greatly elevated (eg. Bryan and Gibbs 1983; 

Klerks and Weis 1987). 

 

 

1.1.4 Mechanisms of metal toxicity. 

 

The differential toxicity of metal ions that occur frequently either naturally or as 

contaminants- arsenic, cadmium, calcium, chromium, cobalt, copper,  lead, magnesium, 

manganese, mercury, nickel, potassium, selenium, silver, sodium, tin and zinc- is a 

product of their physico-chemical properties and the biology involved in their handling 

and detoxification (Stohs and Bagchi 1995).  The principle mechanisms of toxicity 

generally fall into two categories, with a few exceptional cases.  These include: 

 

1. The production of Reactive Chemical Species [RCS] (Stohs and Bagchi 1995; 

Valko et al. 2005). 

2. Covalent binding to macromolecules, non-specifically- such as that of As to 

disulphide oxidoreductases (Cunningham et al. 1994)- or competitively, as in 

metalloproteins (Kirberger and Yang 2008). 
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These two mechanisms both require free metal ions in solution.  The essential 

metals within cells are generally very carefully handled and there are a plethora of 

metalloproteins and chaperones dedicated to binding metals covalently and carrying 

them to their biological destination without leaving them free to engage in these 

damaging interactions (O'Halloran and Culotta 2000). The membrane-delineated 

compartmentalisation of organelles is a key structural asset that allows cells to maintain 

the various diverse biochemical environments that are essential for different metabolic 

processes.  These different environments are critical to the speciation of metals and their 

subsequent toxicity as they provide a controlled environment with a specific redox 

potential, pH, ionic composition, strength and- consequently- a specific environment for 

the complexation of metals with ligands.  Disruption of the integrity of the membranes 

that delineate these compartments causes a change in the speciation of metals within the 

cell and immobilised metals that have been detoxified can be remobilised, adding to the 

toxic effect (Mason et al. 1995). 

 

A third potential mechanism of metal toxicity exists, which is the interference by 

non essential metals in ionic regulatory mechanisms such as ATPases.  These trans-

membrane ion transporters can become blocked or denatured, as is the case with Ag+ 

ions and the Na+/K+ ATPases in the gills of teleost fish and with also Cd2+ and K+ and 

Ca2+ homeostasis (Larsson et al. 1981; Wright 1995; Bury and Wood 1999; Morgan et 

al. 2004).   

 

One exceptional case of metal toxicity is that of zinc.  Free Zn is highly toxic in 

excess due to the corrosive nature of its free ion.  Although the metal itself is not redox-

active it is thought to be involved in highly sensitive regulation of cellular redox 

signalling (Maret and Vallee 1998; Palmiter 1998; Palmiter 2004). The intracellular 
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concentration of zinc is incredibly tightly regulated in higher organisms through binding 

to the thiol residues of metallothioneins and glutathione and the activity of zinc 

transporters (Jiang et al. 1998; Outten and O'Halloran 2001; Haase and Maret 2004; 

Palmiter 2004).   

 

 

1.1.4.1 Mechanisms of metal toxicity: Production of Reactive Chemical Species. 

 

Production of reactive chemical species of oxygen occurs in all respiring cells in 

direct proportion to the concentration of molecular oxygen (Sies 1991).  Cellular 

signalling, electron transport, oxidase enzymes and immune reactions are just some of 

the physiological processes that involve the endogenous production of RCS (Siraki et al. 

2002).  In addition, RCS production can be catalysed by Fe, Cu, Cd, Cr, Pb, Hg and Ni 

(Valko et al. 2005).  The initial generation of radicals in vivo by these metals involves 

oxygen via the Haber-Weiss reaction and this will be the mechanism focused upon here 

(Valko et al. 2005).  The Haber-Weiss reaction is shown in Equation 1. 

 

O2
•– + H2O2 ↔ O2 + •OH + OH- 

Equation 1.1:  The Haber-Weiss reaction (Valko et al. 2005). 

 

The role played in the Haber-Weiss reaction by metal ions is shown in Equation 2, 

using Fe as an example (the Fenton Reaction).  Other metal ions can interact with 

oxygen in a similar fashion.  For example, Cu cycles between cuprous (Cu I, Cu+) and 

cupric (Cu II, Cu2+) forms. 
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Fe(III) + O2
•– ↔ Fe(II) + O2 

               Fe(II) + H2O2 → Fe(III) + •OH + OH- 

Equation 1.2:  The Fenton Reaction (Stohs and Bagchi 1995). 

 

The pre-existing radicals involved in these reactions are produced endogenously 

as a result of normal cellular functions at a variety of locations including mitochondria, 

endoplasmic reticulum and microbodies such as peroxisomes and glyoxysomes (Lesser 

2006).  The production of reactive oxygen species is only an intermediate stage to the 

induction of actual cellular damage which occurs through the oxidation of cellular 

macromolecules and metabolites by the RCS (Stohs and Bagchi 1995; Valko et al. 

2005; Lesser 2006).  Examples of such damage include lipid peroxidation, 

compromising the structure of the lipid bilayers of cell and organelle membranes, the 

oxidation of proteins, resulting in their inactivation or fragmentation of the peptide 

chain, and production of deletions, mutations, strand-breaks and protein cross-links in 

DNA.   

 

Many smaller metabolites are crucial to cellular function, such as antioxidant 

compounds.  Antioxidants compounds, such as ascorbic acid and the tripeptide 

glutathione (γ-glutamyl-cysteinylglycine), are directly involved in the remediation of 

oxidative stress (Hayes and McLellan 1999).  Extraordinary levels of RCS production 

can result in the exhaustion of reserves of these compounds and the oxidative damage 

can disrupt the enzymatic cycling and de novo synthesis that maintains such pools of 

metabolites.  This level of oxidative stress inevitably induces dysfunction in normal 

cellular functions that operate via the production of RCS, such as signal transduction 

and NADPH-dependent electron transport involving cytochrome P450s in the 
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peroxisomes (Lesser 2006).  Finally, oxidative stress, particularly lipid peroxidation, 

greatly increases the chances of apoptotic pathways being triggered (Lesser 2006). 

 

 

1.1.4.2 Mechanisms of metal toxicity:  Covalent binding to macromolecules. 

 

The toxicity of a given compound is a product of the concentration of the metal 

that is metabolically available and not the total concentration within an organism’s 

tissues (Rainbow 2007).  Metals can be detoxified by immobilisation within cells 

through precipitation as metals must be in solution to cause damage (Rainbow 2002).   

Metal ions readily form covalent bonds with amine, carboxyl, hydroxide, oxide and 

particularly thiol functional groups (Brezonik et al. 1991; Nies 1999).  These reactions 

can compromise the function of the cellular objects and structures to which those 

functional groups belong.  There are a variety of metabolites and macromolecules 

dedicated to the handling of essential metals for normal biochemical and physiological 

purposes and to prevent this non-specific binding (Finney and O'Halloran 2003).  Non-

essential metals can bind to these ligands competitively.  Furthermore, the function of 

metalloproteins relies upon the covalent binding of specific essential metal cofactors 

and elevated concentrations of metals can result in the substitution or displacement of 

cofactors with other metals (O'Halloran and Culotta 2000).  Finally, there are several 

different physiological functions which are involved in the handling of metal ions for 

signalling purposes, such as the competitive binding of divalent metal ions to Ca2+ 

binding proteins involved in cell signalling (Vijverberg et al. 2002).   
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1.1.5 Mechanisms of metal  resistance. 

 

There are three hypothetical mechanisms by which toxic effects of elevated 

extracellular metal concentrations can be resisted, all involve regulation of internal 

concentrations of the metal in question: by preventing the metal from entering cells in 

the first place (the “exclusion” strategy), by rapidly removing the metal from cells by 

active transport once they have entered or by biochemically removing them from 

solution.  This control of intracellular metal concentrations within an optimal range over 

a broad range of external metal concentrations is energy-intensive (Mason et al. 1995).   

 

Regulation is achieved by balancing uptake and excretion and infers the capacity 

to monitor and modify body loads by some form of feedback loop in response to 

varying metal concentrations.  Organisms can synthesise both appropriate ligands and 

transport proteins to bind any surfeit of metals which might appear within the cell, 

preventing any toxic effect and sequestering the metals at a metabolically isolated 

location where they can be semi-permanently immobilised and- consequently- 

detoxified (Mason et al. 1995; Brown and Depledge 1998; Canesi et al. 1999).  This 

process of immobilisation is thought to take place in lysosomes and involves the 

precipitation and concretion of metals into insoluble granules in a process known as 

biomineralisation (Mouneyrac et al. 2003; Amiard et al. 2006).  These strategies are not 

mutually exclusive, however and a continuum can be observed between the protective 

responses (Mason et al. 1995).  They may even function in compliment, as observed by 

Mouneyrac et al (2003).  Langston & Spence (1995) noted that the “accumulator” tactic 

maintains a diffusion gradient across membranes as the metals are removed from 

solution and effectively immobilised.  This explains the considerable concentrations of 

metals found in the tissues of many organisms that employ such a tactic and continually 
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accumulate and immobilise such metals (Rainbow 2002; Mouneyrac et al. 2003; 

Geffard et al. 2005).  Even in pristine environments such ‘accumulators’ 

bioconcentrated metals from solution (Mason et al. 1995). 

 

The functional components of these mechanisms are now well characterised.  

Various metal-handling ligands have been identified, some dedicated to that task 

exclusively and others with a broader spectrum of ligands, have been identified (Canesi 

et al. 1999; O'Halloran and Culotta 2000).  Two such examples are the tripeptide 

glutathione and  the polypeptide metallothionein.  Both of these have been implicated in 

metal resistance in various organisms;  (eg. Singhal et al. 1987; Freedman et al. 1989; 

Canesi et al. 1999; Fraysse et al. 2006).  Similarly, many examples of specific (eg. 

ATP7 and Ctr1 for Cu, ZnT1 for Zn) and non-specific (eg. Multidrug Resistance 

Associated Protein) trans-membrane active transport pumps involved in the extrusion or 

internal isolation of metals and ligand-metal complexes have been identified (Broeks et 

al. 1996; Li et al. 1996; Kim et al. 2008).  For example, a copper-specific 

transmembrane ion transporter, has recently been identified in lobsters, Homarus 

americanus, which has a homologue in higher animals (Ctr1) that is implicated in 

copper resistance (Chavez-Crooker et al. 2003; Kim et al. 2008).  Non-specific, active 

transport mechanism for extruding metal ions that have been similarly implicated in 

metal resistance have also been identified. The multixenobiotic resistance pump [MXR] 

is a P-glycoprotein related to a family of generic extrusion pumps that can remove 

metals and metal-ligand complexes directly from the cytosol (Broeks et al. 1996; Li et 

al. 1996).  A diagram illustrating these cellular metal-handling pathways is shown in 

Figure 1.1. 
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Figure 1.1:  Diagram showing examples of specific and non-specific inter- and 

intracellular metal transport and handling mechanisms. The diagram is not exhaustive.  
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1.2 The Metabolic Cost Hypothesis. 

 

“It would be instructive to know not only by what physiological 

mechanism a just apportionment is made between the nutriment 

devoted to the gonads and that devoted to the rest of the parental 

organism, but also what circumstances in the life-history and 

environment would render profitable the diversion of a greater 

or lesser share of the available resources towards reproduction.” 

(Fisher 1930) 

 

The Metabolic Cost Hypothesis [MCH] provides a theoretical framework that 

can be used to relate those “physiological mechanisms” and “circumstances in life-

history and environment” that determine a species’ distribution and abundance.  Simply 

stated, the MCH contends that the processes of resisting stress through escape from- or 

avoidance of- the stressor; its exclusion, extrusion, neutralisation or excretion; or simple 

tolerance of the stress and remediation of any damage inflicted is costly in terms of the 

resources and energy that must be allocated away from productive endpoints that would 

otherwise contribute towards growth or reproduction (Sibly and Calow 1989; Calow 

and Sibly 1990).   

 

It is broadly appreciated that stress influences the metabolic and physiological 

processes of growth and reproduction and that these determine the distribution and 

abundance of a species.  This doctrine was first established by Liebig (1840), who 

formulated a Law of Minimum in recognition of the fact that certain minimum 

conditions are necessary for life.  Ecological distribution and abundance was therefore 

established as a function of physiological limitation.  This was referred to again by 
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Blackman (1905) before Shelford (1911) then formalised the argument for 

environmental conditions limiting metabolic processes in his Laws of Tolerance.  Odum 

(1953) and Hutchinson (1957) developed the concept, ultimately describing the 

relationship between environmental parameters and their limiting effect upon the 

aforementioned processes of growth and reproduction and the effects of these upon 

species’ distribution and abundance.  

 

The relationship between stress and abundance and distribution is clearly a 

complicated one with a plethora of competing factors and influences.  What is clear is 

that organisms in the wild are almost perpetually stressed in one way or another 

(Parsons 2005).  Bioenergetic and demographic theory contend that resources are 

allocated so as to maximise reproductive performance-  the “Principle of Allocation” 

described by Cody (1966) and attributed to Richard Levins and Robert MacArthur:   

 

“It is possible to think of organisms as having a certain limited 

amount of time or energy expenditure, and of natural selection 

as that force which operates in the allocation of this time or 

energy in a way which maximises the contribution of a genotype 

to the following generation.” 

 

The “energy” referred to by Cody is specified in the Metabolic Cost Hypothesis 

as comprising “Scope for Metabolism”.  This is one of a number of different “Scopes” 

in bioenergetic theory, “Scope” referring to that fraction of energy and resources 

remaining once the requirements of essential basal metabolism has been covered.  The 

concept of bioenergetics, in relation to the metabolic limits to physiology that determine 

distribution, was first introduced by Fry (1947; 1971) who established that an 
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organism’s Scope for Activity was determined by the difference between its basal and 

maximal metabolic rate.  When environmental conditions cause this value to become 

zero or negative an organism will quickly die from an inability to maintain the basal 

metabolic functions that result in homeostasis.  Warren and Davies (1967) produced a 

similar energetic model by defining Scope for Growth [SfG] as the difference between 

total energy absorbed and total metabolic losses.  When environmental conditions cause 

SfG to be zero or negative an animal is not in immediate danger of death but cannot 

grow or reproduce and therefore will not be able to persist at its current location.  This 

relationship can be used to map the ecological niche of a species as those individuals 

subsisting at the limits of their niche are likely to experience zero SfG, whereas those 

inhabiting regions of their niche where conditions are close to optimal will grow and 

reproduce at maximal rates for the species (Sibly & Calow, 1986).  The Metabolic Cost 

Hypothesis describes a mechanism by which the interaction between an organism and 

its environment, in terms of the stress it experiences and the resources at its disposal, 

influences its allocation of those resources to the physiological and biochemical 

endpoints which ultimately determine reproductive success.   

 

 

1.2.1 What are the implications of costs for higher levels of biological organisation? 

 

As organisms’ responses to stress invariably require the investment of energy 

and raw materials in order to survive it follows that other endpoints in demography that 

are positively correlated with the resources allocated to them must be reduced to 

compensate.  It is assumed here that we are dealing exclusively with demand-side 

regulation of bioenergetics whereby extra resources cannot be simply acquired.  

Following from this it can be seen that organisms’ distribution and abundance is a 
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function of the environmental conditions that they are physiologically capable of 

surviving within and their ability to sequester sufficient surplus resources over and 

above that required for them to survive in order to fuel reproduction.  Sibly and Calow 

(1989), with reference to various real-world examples, laid out a theoretical framework 

describing how dealing with different types of stressors would incur costs upon 

organisms and influence their life history choices.  Calow and Sibly (1990) developed 

the “Scope” concept further and applied it to the challenge of quantifying this 

interaction between organisms and their environment.  They established that a 

functional relationship exists between “Scope for Metabolism” - that is total metabolism 

less the costs of synthesis- and specific demographic parameters that determine the 

fitness of an individual or population (Calow and Sibly 1990).  This relationship is 

shown in Figure 1.2.  It should be noted that although Calow and Sibly’s hypothesis 

specifically describes the consequences of toxicological stress, their theory applies 

equally well to most biotic and abiotic stressors. 
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Figure 1.2:  General model of resource allocation, redrawn from Sibly and Calow 

(1990). 

 

 

As mentioned previously, fitness is generally quantified as the intrinsic rate of 

increase of an individual or population, r.  In demography r is calculated through the 

Euler-Lotka equation, shown in Equation 1.3, using the three parameters on the right of 

Figure 1.2.  Successive reproductive episodes are indexed by i, ti indicates age at the ith 

episode or the time between them, Si is the probability of survivorship until then and ni 

is the number of offspring produced. 

 

 

 1 = ∑ 
i 

e
-rti Si ni  

Equation 1.3:  The Euler-Lotka equation (Calow and Sibly 1990). 
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Changes in the allocation of resources between diverse biochemical, 

physiological and behavioural endpoints in response to stress will, therefore, have 

consequences for the reproductive performance of the individual or population 

experiencing the stress (Bayne 2004).  The purpose of these trade-offs in the allocation 

of resources is to maximise reproductive performance by varying resource allocation in 

order to modulate both the probability of survival to reproductive age and the 

reproductive output at that point (Sibly and Calow 1986; Watt 1986; Bradshaw and 

Hardwick 1989; Calow 1989; Koehn and Bayne 1989; Sibly and Calow 1989; Calow 

and Sibly 1990; Holloway et al. 1990; Hoffmann and Parsons 1991; Lewis 2002; 

Parsons 2005).  Ultimately, then, reproductive performance is inversely correlated with 

stress. 

 

 

1.2.2 Why is the Metabolic Cost Hypothesis of significance? 

 

As mentioned above, organisms in the wild are constantly stressed in one way or 

another (Parsons 2005).  This is especially so in the boundary regions between 

contiguous types of habitat; the terrestrial and the marine, for example, or the fresh 

water and the marine (Elliott and Quintino 2007).   Anthropogenic influences act in 

concert with natural stressors to increase the total burden of stress imposed upon wild 

populations.  Many anthropogenic stresses are intensifying with expanding human 

development and as a direct consequence many taxonomic groups of animals are seeing 

reductions in population size and distribution as marginal habitats become inhospitable 

(Duraiappah and Naeem 2005).  In particular, due to the rapidly changing nature of our 

environment as a result of anthropogenic climate change and contamination, it is 

imperative that biologists understand the implications of this changing environment for 
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the ecosystem and the vital functions and services it provides (Depledge and Galloway 

2005). 

 

The Metabolic Cost Hypothesis is a vital tool to help quantify the effects at 

higher levels of biological organisation of stress upon individual organisms.  

Monitoring of the ecosystem to establish that the services and functions provided by it 

do not deteriorate requires that the integrity of ecosystem components be established.  

The determination of the health of the populations and communities that comprise an 

ecosystem is labour-intensive and costly in both time and resources and if an impact is 

detected, provides no information as to the cause (Attrill and Depledge 1997).  

Furthermore, changes in ecosystem health may only become apparent once they have 

been effected (Moore 2002).  It is desirable, therefore, to develop an understanding of 

the mechanisms by which anthropogenic pressures affect ecosystem health.  This will 

allow appropriate monitoring programs to be established in order to detect the 

symptoms of elevated stress in the individual organisms of vulnerable ecosystem 

components.  This will, in turn, allow rapid diagnostic tools to be applied in order to 

diagnose the cause, allowing prompt remediation and avoiding significant effects at 

higher levels.   

 

Such monitoring programs generally rely upon observations made upon 

individual organisms as experimental units.  The reasons for this have been established 

by Maltby (1999) and include the relevance of organism-level responses to responses at 

higher tiers of biological organisation (populations and communities) and the ability to 

conduct mechanistic investigations upon individuals in order to link sub-individual-

level causes with ecologically relevant effects.  The Metabolic Cost Hypothesis 

provides a theoretical framework that is not only capable of linking sublethal effects 
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upon individuals to effects at higher levels of organisation but can also provide insight 

into the mode of action of a stress event by establishing where in an organisms’ 

physiological and biochemical pathways costs are incurred (Calow 1991; Widdows and 

Salkeld 1993; Davies and Hatcher 1998; Muyssen et al. 2002). 

 

 

1.2.3 How do you measure metabolic costs? 

 

Metabolism is a product of thermodynamically unfavourable reactions which 

rely upon a constant supply of chemical energy, in the form of transfer molecules, to 

proceed (Lucas 1996).  Organisms have evolved to make the most efficient use of 

energetic resources possible in order to maximise reproductive performance according 

to the Principle of Allocation.  This has been achieved by similarly efficient 

mechanisms at the biochemical level.  Departures from the desired efficiency, as results 

from the uncoupling of oxidative phosphorylation or by the inhibition of enzymes, 

results in reductions in metabolic efficiency and ultimately pathology (Cunningham et 

al. 1994; Penttinen and Kukkonen 1998).  Energy flow can be measured across any 

process at any level.  Its flow and partitioning can be abstracted from the diverse 

biochemical and physiological processes that constitute life.  Researchers can 

essentially ignore the enormous complexity of biological systems in order to follow the 

functional allocation of energy, thereby elucidating the etiology of resource allocation 

that underlies organisms’ life history “choices”. 
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1.2.4 What previous estimates have been made? 

 

Empirical estimates of costs are sparse, despite the broad application of 

bioenergetics studies to environmental- and eco-toxicology.  Possibly this is because the 

value of such estimates are only now being appreciated by ecotoxicologists seeking to 

link effects at one level of biological organisation to higher levels.  For example, 

measurements of Scope for Growth are generally made with the intention of 

ascertaining the “health” of an organism and are generally interpreted solely in this 

context, even after Calow & Sibly (1990) laid out the theoretical framework by which 

the parameters of Scope for Growth were functionally linked to demographic 

parameters (Section 1.2.1).  An exception to this is the work of Barber et al (1990), who 

estimated the costs of synthesis of metallothionein-like-proteins [MTLP] in Daphnia 

magna chronically exposed to sublethal concentrations of cadmium to comprise less 

than 2% of total metabolism.  Their estimate was crude, however, and based upon the 

assumption that MTLP synthesis was the sole cost incurred.  Many other studies have 

found reduction in an animal’s energy reserves, in terms of their lipid and sugar 

contents, associated with toxic stress (Muyssen et al. 2002; Smolders et al. 2004; Canli 

2005; Durou et al. 2005; Moolman et al. 2007; Mouneyrac et al. 2008).  However, none 

have established a quantitative relationship between mechanisms of tolerance and 

metabolic costs. 

 

Cases of reduced growth, as well as reproductive output in response to stress, are 

well documented in invertebrate species including crustaceans (De Coen and Janssen 

1997; Bossuyt and Janssen 2003; Soetaert et al. 2007; Kwok et al. 2009), bivalves 

(Smolders et al. 2004) and annelids (Klok and de Roos 1996; Rozen 2006; Arnold et al. 
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2008) and a trade-off exists between animals’ ability to survive stress events and their 

growth (Sibly and Calow 1989).  This suggests rather strongly that costs do exist. 
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1.3 Restronguet Creek. 

 

 

1.3.1 Metal resistance in the Nereis diversicolor of upper Restronguet Creek. 

 

Metal resistance has been reported for several species inhabiting Restronguet 

Creek:  The polychaetes N. diversicolor and Nephtys hombergi, the crustacean 

Corophium volutator, the bivalve Scrobicula plana, the common shore crab Carcinus 

maenas and the algae Fucus vesiculosus have all been shown to exhibit degrees of 

resistance to copper toxicity (Bryan and Gibbs 1983).  In the upper reaches of the creek 

where contamination is at its highest only the latter two species, the common, brackish 

water amphipod Gammarus zaddachi and N. diversicolor were encountered by Bryan 

and Gibbs (1983).  Both N. diversicolor and C. maenas also exhibited resistance to Zn 

toxicity and N. diversicolor also shows resistance to cadmium toxicity (Bryan and 

Gibbs 1983; Mouneyrac et al. 2003).   

 

By far the best studied example, and the subject of this research, is that of N. 

diversicolor; specifically the population inhabiting the upper reaches of Restronguet 

Creek.  Several investigators have reaffirmed the presence of this phenomenon.  Grant 

et al. (1989) mapped the extent of resistance to Cu and Zn in worms from the creek and 

found a gradient of resistance, peaking at its head, that appeared to be correlated with 

metal concentrations in the sediment.  They also demonstrated that this resistance was 

inheritable to the F1 generation reared in the absence of elevated metal concentrations.  

Mouneyrac et al. (2003) demonstrated a similar resistance to Cu and Zn and also to Cd.  

However, they also found that Restronguet Creek worms were less resistant to Ag 

toxicity than a non-resistant, reference population. 
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1.3.2 Mechanisms of resistance to metal toxicity. 

 

The precise mechanisms by which the N. diversicolor of upper Restronguet 

Creek resist the acute, toxic effects of metals present in their environment are only 

generally understood.  It is clear that, for the three metals to which this population is 

demonstrably resistant, different handling and detoxification strategies exist.  Both 

cadmium and copper are accumulated within the tissue of resistant individuals to 

extraordinarily high levels and appear to be sequestered by the animal into insoluble, 

biologically inert granules in epidermal cells (Luoma and Bryan 1982; Bryan and Gibbs 

1983; Berthet et al. 2003; Mouneyrac et al. 2003; Geffard et al. 2005).  Zinc, on the 

other hand, appears to be highly regulated, with resistant animals exhibiting only 

moderate increases in total body zinc, despite inhabiting sediments containing order-of-

magnitude greater zinc concentrations.  For example, Berthet et al (2003) measured zinc 

concentrations in the sediment and in the bodies of N. diversicolor from five 

differentially metal-contaminated estuaries in France and the UK, including upper 

Restronguet Creek.  Mean concentrations (± standard deviation) measured were 136.8 

(±38.0) µg g-1 d.w. for animals’ bodies and 1021.9 (±1529.9) µg g-1 d.w. for sediment.  

Zinc is, therefore, heavily regulated within the tissues of resistant and non-resistant N. 

diversicolor, implying the presence of a potent handling and excretion mechanism 

which is currently undescribed.  Zn has been reported to be found concentrated in 

epidermal lysosomes of non-resistant, reference worms but not in the worms from the 

creek.  Instead, Restronguet Creek worms localise Zn in spherocrystals in the cells of 

the gut wall- possibly prior to excretion via exocytosis (Mouneyrac et al. 2003). 

 



 42 

What is clear about any metal resistance mechanism is that metals must be 

covalently bound to minimise their involvement in Fenton cycling, the production of 

Reactive Chemical Species and competitive binding (Sections 1.1.5 & 1.1.6).  

Additionally, there is little potential for behavioural or physiological mechanisms to be 

involved in the resistance phenomenon:  The uptake of metals from the environment by 

aquatic organisms is thought to occur either across external surfaces exposed to 

contaminated media or via ingestion with the diet (Meyer et al. 2005).  N. diversicolor 

is an infaunal, deposit- and detritus-feeding organism.  As a result of this lifestyle the 

uptake of metals from the sediment and its immediate habitat is unavoidable as the 

animal has no ability to relocate to a less contaminated habitat or to avoid ingesting 

contaminated sediment and food.  Therefore, biochemical mechanisms are strongly 

implicated in the ability of the N. diversicolor inhabiting the upper reaches of RC to 

resist metal toxicity.   

 

Biochemical mechanisms of metal resistance in this population must involve at 

least two different mechanisms to account for the diferent handling strategies for zinc 

and copper/cadmium.  Metals whose extra- and intra-cellular concentrations are heavily 

regulated within organisms’ tissues, such as Zn in N. diversicolor, require active 

transport of the metal across plasma membranes, as well as across organelle membranes 

such as those of vesicles, golgi bodies and lysosomes (Murgia et al. 1999; Cragg et al. 

2002; Kirschke and Huang 2003).  This not only requires synthesis of metal-specific 

transporters, such as the ZnT family in the case of Zn, but also the upregulation of 

specific and non-specific metal-handling elements such as the tripeptide glutathione and 

metallothionein-like proteins [MTLP] (Palmiter 2004).  It is highly likely that, in 

response to an excess of essential metals in their habitat, resistant animals have 

downregulated the expression of metal-specific transporters as these will be unnecessary 
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to ensure sufficient uptake of those metals.  This will not prevent toxic effect as copper 

uptake appears to occur by passive processes and internal concentrations seem to be 

regulated by active extrusion from epithelial cells (Bury et al. 2003).  High 

concentrations of metals in the gut will likely result from the low pH found in this organ 

and the surfactant compounds secreted there (Mayer et al. 1997; Bock and Mayer 1999).  

Consequently, free metals are likely to be highly available to enter gut epithelial cells by 

the active and passive uptake processes that operate there .  

 

Finally, the production of RCS will inevitably result from elevated 

concentrations of cellular metals.  Consequently, it will be necessary to be able to 

eliminate these, as well as remediate the damage to cellular structures and functional 

elements that they will cause.  It is, therefore, expected that antioxidant enzymes and 

functional elements will also be somewhat elevated in resistant organisms.   

 

 

1.3.3 Knowledge gaps. 

 

There exists considerable gaps in our understanding of the resistance 

phenomenon in the population of N. diversicolor that inhabits the upper reaches of 

Restronguet Creek.  It is unclear whether the population experience any significant cost 

to their health and reproductive performance associated with resistance.  If costs exist it 

is similarly unclear how the animals allocate resources in order to cover the costs whilst 

maximising reproductive performance.  Evidence exists to indicate that animals living 

in chronically stressed environments are smaller in size (Durou et al. 2005).  As 

described in Section 1.2.1, trade-offs exist between various life-history parameters; 

including growth rate, age at reproduction and reproductive output (Marshall and 
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Keough 2008a; Marshall and Keough 2008b).  This observation correlates well with the 

Metabolic Cost Hypothesis.  A consequence of this is that reduced body sizes can 

become selected for in chronically stressed populations (Weis et al. 1999; Sebens 2002).  

Again, whether this is the case in metal resistant N. diversicolor in Restronguet Creek is 

unknown.   

 

Whilst initial investigations into the biochemical mechanisms of metal resistance 

have revealed much about the internal localisation of different metals little is understood 

about the cellular processes by which metals are handled within and between cells and 

tissues.  Developments in our understanding of specific and non-specific metal transport 

pumps implicate both specific and non-specific examples in resistance (Li et al. 1997; 

Belinsky et al. 2002; Cragg et al. 2002; Sharma et al. 2002; Kirschke and Huang 2003).  

Similarly, there are a variety of cytosolic metal-binding elements which might be 

involved (Li et al. 1997; Brouwer et al. 2002; Palmiter 2004; Chen et al. 2008).  Finally, 

there are many different antioxidant elements and enzymes which may be involved in 

the remediation of metal-induced oxidative stress (Hayes and McLellan 1999; Valko et 

al. 2005; Lesser 2006).   
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1.4 Aims and hypotheses 

 

This research aims to elucidate whether a metabolic cost is associated with 

resistance to metal pollution in the population of N. diversicolor inhabiting the upper 

reaches of Restronguet Creek.  The relevance of the physiological energetic 

measurements and the extrapolation from measurements made at the level of the 

individual to that of the population, as proposed by Calow & Sibly (1990), will be 

validated by a study of the reproductive output of each of the selected populations.  

Finally, the biochemical mechanisms of resistance to metal toxicity will be assessed 

through direct measurements of a suite of the various antioxidant enzymes and elements 

implicated in metal detoxification.   

 

A comparative approach will be employed throughout, whereby the 

physiological energetics of animals sampled from reference populations of metal-

contaminated but non-resistant animals will be compared to those of the resistant 

population.  In order to appropriately differentiate between effects associated with 

resistance and effects resulting from normal variation between populations two different 

reference populations will be used.  The null hypothesis for all experiments is that 

differences between the resistant population and the reference population will be no 

greater than differences between reference populations.  Null hypotheses are, therefore: 

 

H0I -  Physiological energetic profiles of the resistant population will not differ from 

that of the two reference populations any more than they differ between each 

other. 
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H0II -  Demographic parameters will be similarly undifferentiated between the resistant 

and reference populations. 

H0III -  Biochemical mechanisms of handling metals and remediating oxidative stress 

will be undifferentiated between resistant and reference populations.  

 

 

1.5 List of abbreviations used. 

 

AMD  - Acid Mine Drainage 

DDT  - dichlorodiphenyltrichloroethane 

MCH  - Metabolic Cost Hypothesis 

MTLP  - Metallothionein Like Proteins 

MXR  - Multixenobiotic Resistance Pump 

n  - fertility (number of gametes released at reproduction) 

r  - the intrinsic rate of population increase 

RCS  - Reactive Chemical Species 

S  - rate of survival to reproduction  

SfG  - Scope for Growth 

t  - time to reproduction  
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Chapter Two 

 

Identification and description of study sites and 

populations and quantification of resistance to acute 

copper toxicity. 



 48 

 

2 Abstract. 

 

A comparative approach to study the ecotoxicology of the metal resistance 

phenomenon in N. diversicolor requires confirmation of the prevalence of the resistance 

phenomenon, as well as the identification of suitable metal-contaminated, non-resistant 

reference populations.  Here the selection parameters for suitable reference sites and 

populations are described, as are the three sites and populations selected.  The relative 

toxicity of the various metals contaminating Restronguet Creek [RC] is discussed in 

order to identify the most relevant to studies of resistance.  Resistance to acute copper 

toxicity was ascertained through quantification of median Lethal Concentrations 

required to kill 50% of animals sampled from each population (LC50).  The RC 

population exhibited an LC50 of 2193 µg l-1 whereas the Teign and Froe populations’ 

LC50s were 1022 µg l-1 and 1052 µg l-1, respectively.  As the lower 95% confidence 

interval for the median LC50 of the RC population was greater than the upper 95% CI 

of either reference population, it can be stated that the RC population exhibits 

significantly elevated resistance to acute copper toxicity at P < 0.05. 
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2.1 General introduction. 

 

 Comparative studies in ecotoxicology require the isolation of effects resulting 

from the factor of interest from the ‘noise’ of individual variation.  The phenomenon of 

resistance to the acute toxic effects of dissolved copper and zinc in the polychaete N. 

diversicolor has been mapped along the length of Restronguet Creek [RC] by Grant et 

al (1989).  There exists a gradient of resistance similar to that of metal contamination, 

being highest in the upper reaches of the Creek and diminishing along its length (Grant 

et al, 1989).  Resistance of N. diversicolor inhabiting the mouth of RC to copper and 

zinc toxicity appears to be similar to that of animals inhabiting Mylor Creek- another 

Creek in the Fal Ria a few kilometres from the mouth of RC- and also to animals 

inhabiting the Avon estuary ~80km away to the East (Grant et al. 1989). However, it 

cannot be assumed that resistance is absent from other populations of N. diversicolor, 

particularly when they are also heavily contaminated by metals.   

 

 Two populations of N. diversicolor inhabiting mud flats similar to that of 

Restronguet Creek were selected as references for this comparative study:  Froe Creek 

in the Percuil estuary- and also part of the Fal Ria and Arch Brook in the Teign Estuary.  

These sites are shown in Figure 2.1.  Populations of N. diversicolor from geographically 

distinct estuary systems have been shown to be genetically distinct, likely as a result of 

the limited dispersal capacity of only a few kilometres for this species (Röhner et al. 

1997; Virgilio and Abbiati 2004).  Genetic heterogeneity and phenotypic plasticity 

influence tolerance to different stressors (Hoffmann and Parsons 1989; Baird et al. 

1990; Barber et al. 1990; Evenden and Depledge 1997).  In order to reduce the 

confounding influence of such variation it was decided to employ two different 

reference sites so as to include both a geographically proximate population at Froe 
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Creek, to which some limited gene flow may occur from the resistant population ~5km 

away across the Fal Ria, as well as a geographically distinct population.  The population 

of N. diversicolor inhabiting the Teign Estuary is highly unlikely to experience any 

gene flow from the Fal Ria a hundred kilometres away. 

 

 

Figure 2.1:  Map showing the location of the three populations sampled  (Google 

Maps). 
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2.1.6 Description of study sites:  Restronguet Creek. 

 

Restronguet Creek is a branch of the Fal Ria in the South West of the United 

Kingdom.  It has an extensive legacy of metal pollution as a result of the tin mining 

heritage of its catchment, which dates back to the 17th century (Bryan and Gibbs 1983; 

Pirrie et al. 2003).  The distribution of mines in mid-Cornwall is illustrated in Figure 

1.3.  The great majority of these mines have now been closed and in the absence of 

pumps to drain the workings they often fill with ground water.  The exposed workings 

leach sulphite metal deposits into the ground water, lowering the pH and increasing 

subsequent dissolution.  Flooded mine workings can overflow into surface water ways 

after heavy rainfall.  Similarly, the spoil heaps and tailings ponds that surround these 

defunct sites are also leached out by rainfall (Bryan and Gibbs 1983).   

 

One such incident occurred at the Wheal Jane tin mine in the Carnon River’s 

catchment.  Wheal Jane was one of the last working tin mines in Cornwall when 

operations ceased and the mine was effectively abandoned in 1991.  Several months 

later the water levels had risen within the mine workings to the point where Acid Mine 

Drainage [AMD] was leaking into the Carnon River and on the 16th January, 1992, 

50,000m3 of AMD was released when the Nagiles Adit failed (Younger 2002).  As a 

result the government was forced to construct a treatment plant on the mine site 

deploying lime dosing to flocculate and precipitate metals from the AMD.  During its 

first full winter of operation this plant treated 4.4 million m3 of AMD, removing a total 

of 1000 tonnes of metals (Younger 2002).  Fortunately, the Carnon River has such an 

extensive heritage of metal contamination that the AMD release from Restronguet had 
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little effects upon the Fal Ria, despite a plume of metal precipitate several kilometres 

long flowing out through Restronguet Creek.  

 

 

Figure 2.2:  Map of the Fal Ria showing the catchments of its various branches (dotted 

lines).  The locations of historical hard rock mines (filled circles) and smelters (open 

circles) are indicated.  Note that the largest concentration of mines is within the 

catchment area for Restronguet Creek (arrowed). Reproduced from Pirrie et al. (2003). 
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Due to the physico-chemical properties of the estuarine environment many 

metals dissolved in the fresh water inputs to an estuary flocculate and precipitate to 

become resident within the sediments of the estuary (Bryan and Gibbs 1983; Pirrie et al. 

2003).  This has resulted in metal concentrations in the sediment, interstitial water and 

overlying water being extraordinarily high at the head of Restronguet Creek.  A gradient 

of contamination exists along the length of the creek and extends out into the Fal Ria 

(Bryan and Gibbs 1983; Pirrie et al. 2003).  This gradient of contamination is illustrated 

in Figure 1.4, which shows the distribution of sedimentary copper in the ria. 

 

 

2.1.2 Ecology of Restronguet Creek. 

 

The flora and fauna of Restronguet Creek differs significantly from that of other 

branches of the Fal Ria (Bryan and Gibbs 1983; Bryan et al. 1987; Somerfield et al. 

1994a; Somerfield et al. 1994b; Millward and Grant 1995; Austen and Somerfield 1997; 

Warwick 2001).  Particularly at the head of the creek, where metal contamination is 

greatest, biodiversity is considerably lower than in other branches of the ria with only a 

handful of resilient, euryhaline species, such as N. diversicolor, Fucus vesiculosus, two 

species of Gammarid prawns and the highly mobile Carcinus maenas, being recorded 

(Bryan and Gibbs 1983).  This compares starkly with other intertidal regions of the Fal 

Ria which are resident to nine species of polychaetes and an oligochaete, six molluscs 

and seven crustaceans; although N. diversicolor still dominates muddy substrates 

(Bryan and Gibbs 1983).  The F. vesiculosus and C. maenas species have also been 

demonstrated to exhibit resistance to metal toxicity Bryan and Gibbs, 1983).  
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Figure 2.3:  Silhouette of the lower Fal Ria illustrating the gradient of copper 

contamination originating at the head of Restronguet Creek.  The orange arrow indicates 

the mouth of the Creek.  Redrawn from Bryan & Gibbs (1983). 

 

 

Field sampling of large numbers of N. diversicolor must be carried out within a 

region of contiguous habitat to minimise the confounding influence of small-spatial-

scale variations in the physico-chemical environment that typically occurs in intertidal 

habitats.  This species tends to be relatively sparsely distributed across the flat areas of 

mudflats, tending to cluster around the run-off channels and rivulets that are enriched 

with organic detritus.  Therefore the sampling site selected was a point at 50:12:30N, 

5:05:18W that was 50-100m from sample site R5 used by Bryan & Gibbs (1983), which 

is shown in Figure 2.5.  This point on the North side of the upper Creek included a 
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small stream channel running over the surface of the mud at low tide that hosted large 

communities of N. diversicolor in the many runnels and rivulets that drained into it.  

 

 

Figure 2.4:  Satellite Image of Restronguet Creek (Google Maps). The sampling area is 

shown as an white bar.  

 

 

2.1.6 Description of study sites:  Arch Brook in the Teign Estuary. 

 

The Teign Estuary, like the Fal Ria, and Restronguet Creek in particular, has an 

extensive history of contamination with mining-derived metals (Merefield 1995).  Tin 

mining in its Dartmoor catchment dates back to the 12th century and commercial mining 

continued until 1958 at the Bridford Baryte Mine (Merefield 1987).  As a result 

concentrations of metals in the sediments of the Teign River and Estuary are very high 

(Turner et al. 2001).  A site in the middle of the Teign Estuary at Arch Brook, 

50:32:23N , 3:32:28W, was selected as the emersion regime and mud-flat habitat is 

similar to that at Restronguet Creek, with a stream running across the surface fed by 
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rivulets and channels that support dense populations of N. diversicolor. A satellite 

image of the estuary, showing the location of the sample site, is shown in Figure 2.3. 

 

 

Figure 2.5:  Satellite image of the Teign Estuary (Google Maps).  The sampling site at 

Arch Brook is indicated by the white bar. 

 

 

 

2.1.6 Description of study sites:  Froe Creek in the Percuil Estuary. 

 

Froe Creek is a branch of the Percuil estuary on the far side of the Fal Ria from 

Restronguet Creek. A satellite image of the site is shown in Figure 2.4.  The Percuil 

estuary is a relatively uncontaminated site compared to the rest of the Fal Ria, although 

metal concentrations remain higher than at completely unimpacted sites.  It has, 

however, been shown to be impacted by organotin contamination (Bryan et al. 1987). 
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Figure 2.6:  Satellite image of the Roseland Peninsula and the Percuil Estuary (Google 

Maps).  The sample site at Froe is represented by the white bar.  

 

 

2.1.6 Metal contamination of study sites. 

 

Lewis et al (in prep) measured copper and zinc concentrations in surface 

sediments (<10cm) at the study site in Restronguet Creek and found 2200 µg l-1 Cu and 

3900 µg l-1 Zn.  Metal concentrations recorded by Bryan & Gibbs (1983) in the top 

20cm of sediment at the head of Restronguet Creek, site number five in Figure 2.5, are 

3435 µg g-1 Cu and 2815 µg g-1 Zn.  Concentrations of metals in the interstitial water at 

site number seven were 56 µg l-1 Cu and 396 µg l-1 Zn (Bryan and Gibbs 1983).  Pirrie 
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et al (2003) measured concentrations of Cu and Zn in the surface sediments of upper 

Restronguet Creek of ~4000 µg g-1 and ~6000 µg g-1, respectively (Figure 2.6).  

Concentrations of metals dissolved in the seawater are highly variable in space and time 

due to the dynamic physico-chemical environment of estuaries.  Different metals also 

get retained to varying degrees by estuarine conditions.  Bryan & Gibbs (1983) 

observed that only small amounts of the Co, Cd, Mn, Ni and Zn in the freshwater input 

tend to be deposited in the sediments of the Creek whereas much of the Ag, As, Cu and 

Pb is retained.  

 

 

Figure 2.7:  Map of Restronguet Creek reproduced from Bryan & Gibbs (1983) showing 

the location of their sample sites (numbered).   
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Figure 2.8:  Concentrations (µg g-1) of copper and zinc in the surface 5cm of sediment 

in the Fal Ria.  Reproduced from Pirrie et al (2003). 
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In contaminated habitats such as Restronguet Creek N. diversicolor accumulate 

certain metals to high levels within their bodies (Berthet et al. 2003; Geffard et al. 

2005).  Handling strategies appear to be specific to each metal (Bryan and 

Hummerstone 1971; Bryan and Hummerstone 1973).  For example, copper is 

accumulated within the animals’ bodies to similar concentrations as the surrounding 

sediment. Values of 3940 µg g DW-1 were measured by Berthet et al. (2003).  

Conversely, zinc is actively regulated by N. diversicolor to maintain tissue 

concentrations that are only slightly elevated over that of animals from uncontaminated 

locations (Bryan and Gibbs 1983; Bryan et al. 1987; Berthet et al. 2003).  Some metal 

concentrations- copper and cadmium, for example- do correlate closely with the degree 

of contamination (Bryan and Hummerstone 1971).  Data for sediment metal content 

have been presented in Table 2.1 in order to illustrate the different levels of 

contamination at the study sites.  

 

It should be noted that the Fal Ria has been particularly impacted by 

contamination with the antifouling organotin compound tributyltin [TBT] as a result of 

the maritime activity associated with Falmouth Docks.  Bryan et al (1987) states that the 

Fal Ria is host to the greatest incidence of imposex in Nucella Lapillus on the South 

Coast with a 100% occurrence in parts of the Ria.  Austen & Somerfield (1997) 

reported concentrations of TBT of 24 ng g-1 in the sediment of Restronguet Creek and 

75 ng g-1 in the Percuil Estuary.  However, since TBT was banned in 1987 for use on 

vessels under 25m in length it is possible that ambient levels in the marine environment 

will fall (Champ and Seligman 1996).  
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Table 2.1:  Concentrations (µg g-1) of different metals in the sediments of the three experimental 

sites.  “R” – Restronguet Creek, “F” – Froe Creek, “T” – Teign Estuary. 

Site Ag As Cd Cu Pb Sn Zn reference 

R   2.76 4413   3650 (Berthet et al. 

2003) 

R   1.2 1073   1244 (Geffard et al. 

2005) 

R 3.63  2.75 2532   3814 (Somerfield et al. 

1994b) 

R  983 - 

2803 

 1172 - 

5073 

217 - 

570 

752 - 

3400 

950 - 

6600 

(Pirrie et al. 

2003) 

R 4.1 2520 1.2 2540 290 1730 3515 (Bryan and 

Gibbs 1983) 

R    2640 192  3729 (Williams et al. 

1998) 

R   3.029 2524 241  4462 (Austen and 

Somerfield 1997) 

F   0.15 239 118  390 (Austen and 

Somerfield 1997) 

F 0.32  0.32 165   302 (Somerfield et al. 

1994b) 

T    2310   2920 (Turner et al. 

2001) 

T     100 50 250 (Merefield 1987) 

T   1.26    268 (Bryan and 

Hummerstone 

1973) 

 

 

Resistance to acute copper and zinc toxicity has been repeatedly demonstrated in 

the N. diversicolor population inhabiting Restronguet Creek (Bryan and Hummerstone 

1973; Grant et al. 1989; Mouneyrac et al. 2003).  As previous research on resistance has 

focused quite specifically upon these two metals it must be queried which, of all the 

metals in the sediment of Restronguet Creek, exerts the greatest toxic stress to this 
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species and therefore whether this focus is justified.  The obvious solution lies in 

comparing the metal concentrations of metals in the Creek with their toxicities to the 

species to determine which theoretically exerts the greatest relative toxic stress.  Acute 

toxicity tests for contaminants present within sediment are only now enjoying 

widespread use (Eg. ASTM 2007).  There remains a dearth of information as to the 

toxicity of particular contaminants in a sediment environment, likely as a result of the 

incredible complexity of the geochemical and biogeochemical interactions that occur in 

sedimentary environments (Watling 1991).  Furthermore, it is not at all likely that 

dissolved metals are of relevance to a study of resistance in a benthic, infaunal organism 

that routinely ingests sediment when burrowing or feeding.  Exposure of N. diversicolor 

to sediment-bound contaminants cannot be avoided, indeed the dietary route of 

exposure is thought to be the primary one in aquatic invertebrates (Wang and Fisher 

1999; Wang 2002; Meyer et al. 2005).  

 

Tests for contaminants in solution, on the other hand, are established and 

relatively straightforward to conduct upon aquatic organisms due to the simplistic 

nature of the experimental exposures.  There exists a wealth of data for the toxicity of 

various compounds in solution that has been produced using relatively homogenous 

procedures.   The classical measure of acute toxicity involves calculating the lethal 

concentration required to produce 50% mortality in a sample of individuals (USEPA 

2002).  Available data for the acute toxicity of different metals in solution to N. 

diversicolor have been compiled in Table 2.2.   
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Table 2.2:  List of reported acute toxicities of metals, as 96 hour median LC50s, to N. 

diversicolor.  Values are in µg l-1 of dissolved metal.  Concentrations marked with an asterisk 

indicate values for animals sampled from the metal-resistant population at Restronguet Creek. 

metal metal LC50 in µg l-1
 reference 

cadmium 50,000 (Mouneyrac et al. 2003) 

 270,000 * (Mouneyrac et al. 2003) 

   

copper 920 (Mouneyrac et al. 2003) 

 181 (Bryan and Hummerstone 1973) 

 540 (Bryan and Gibbs 1983) 

 2,300 * (Bryan and Gibbs 1983) 

 80 (Jones et al. 1976) 

 175 (Jones et al. 1976) 

 191 (Jones et al. 1976) 

 147 (Jones et al. 1976) 

 179 (Jones et al. 1976) 

   

silver 650 * (Mouneyrac et al. 2003) 

 120 (Mouneyrac et al. 2003) 

   

zinc 12,000 (Mouneyrac et al. 2003) 

 2,227 (Bryan and Hummerstone 1973) 

 55,000 (Bryan and Gibbs 1983) 

 94,000 * (Bryan and Gibbs 1983) 

 

 

The most broadly toxic metal is mercury, which has not been considered here as 

it is present at concentrations three orders of magnitude lower than copper and zinc in 

the sediments of Restronguet Creek (Bryan and Gibbs, 1983).  Of the remaining metals 

As is elevated in the creek and yet no toxicological information exists for the effects of 

this metal on N. diversicolor.  It has been reported to be less toxic to fish than copper, 

however (Taylor et al. 1985).  As no other notoriously toxic metals are present at higher 
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concentrations it is suggested surmised that, of all the metals present in Restronguet 

Creek, these latter two represent by far the greatest stressors (Bryan and Gibbs 1983).  

This is not to say that copper and zinc are the only stressors present.  As can be seen 

from the sediment concentrations reported by Bryan & Gibbs (1983) and Pirrie et al 

(2003) several other metals are present in the sediment of upper Restronguet at 

concentrations which may be acutely toxic to N. diversicolor.  However, in light of the 

reported tissue burdens of other toxic metals in the N. diversicolor inhabiting 

Restronguet Creek, which do not indicate that any other metals are accumulated to 

excess, this does not appear to be the case in the resistant animals.  Reported tissue 

burdens of As, Cd, Cr, Pb, Sn and Hg do not exceed 200% of values reported for 

uncontaminated specimens (Bryan and Gibbs 1983).   

 

 

2.1.6 Aims of this research.  

 

Historically, dose-response curves have been used to assess the toxicity of a 

substance to animals.  Standardised methods are available from government bodies for 

quantifying the acute toxicity of substances in solution (Eg. USEPA 2002). These 

standardised techniques have been used here to determine the toxicity of dissolved 

copper to animals sampled from each of the study sites in order to determine the 

presence or absence of resistance in the population at the head of Restronguet Creek and 

to ascertain how resistant the two reference populations are.  Only resistance to copper 

toxicity was ascertained.  Resistance to zinc toxicity has also been reported for the N. 

diversicolor inhabiting Restronguet Creek.  However, the two phenomena appear to co-

occur and thus are assumed to in this investigation (Bryan and Gibbs 1983; Grant et al. 

1989).  
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H0:  The three study populations do not differ significantly in their resistance to acute 

copper toxicity. 
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2.2 Methodology for acute toxicity tests. 

 

  Median lethal concentrations were determined according to a protocol developed 

by the United States Environmental Protection Agency (USEPA 2002).  Animals were 

exposed individually to various concentrations of dissolved copper for a period of 96 

hours and mortalities were recorded.  Concentrations of dissolved copper for mortality 

tests were determined using previous estimates published by Bryan & Gibbs (1983).  

Specifically, the highest concentrations deployed were ~400% of LC50 concentrations 

reported for resistant and non-resistant animals by Bryan & Gibbs (1983).   

 

In Autumn of 2006 N. diversicolor populations were sampled at three locations 

in the South West of the United Kingdom- upper Restronguet creek in the Fal ria system 

(50:12:30N, 5:05:18W), Froe Creek in the Percuil estuary- and also part of the Fal Ria 

(50:09:43N, 4:59:14W) and Arch brook in the Teign estuary (50:32:23N , 3:32:28W).  

Animals were picked by hand from mud turned with a garden fork and transported back 

to the lab in a little mud and water from each site.  Upon return to the lab animals were 

removed from sediment and maintained in glass tanks filled with 5µm filtered seawater 

at 15°C and 12:12 light:dark photoperiod overnight to allow them to purge their gut 

contents prior to starting experiments.  Animals were supplied with ~120mm lengths of 

6mm internal diameter polyvinylchloride [PVC] air line to provide them with refuges.  

 

Sexually immature N. diversicolor of 400-500mg wet weight were individually 

exposed to eight concentrations of anhydrous copper chloride (Sigma, UK) in solution 

and a seawater control for 96 hours at controlled temperature (15 ±0.5°C) and 

photoperiod (12h:12h light: dark).  Care was taken to select five animals for each 
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concentration that were not missing significant lengths of their tails, as evidenced by the 

presence of an intact pygidium.  Individuals were exposed to 300ml volumes of each 

concentration of anhydrous copper (II) chloride dissolved in 5 µm filtered seawater 

[FSW] collected from Jennycliff Bay in Plymouth Sound and diluted to a salinity of 

17.5 psu with deionised water.  The concentrations to which animals from resistant and 

non-resistant populations were exposed are shown in Table 2.3.  Exposure solutions 

were replaced every 24 hours throughout the test.  Test containers comprised solvent- 

and acid-washed glass troughs measuring 150 mm x 50 mm x 50 mm containing a ~110 

mm length of 6mm internal diameter polyvinylchloride [PVC] airline tubing (Fisher 

Scientific, UK) to provide a refuge for the animal.  The experimental vessels are shown 

in Figure 2.7.  Dead animals were removed ~every 12 hours throughout the test.  An 

animal was considered dead once its anterior segments ceased to respond to mechanical 

stimulus.  Animals were not fed during the tests.  Dissolved oxygen [DO], salinity, 

temperature and pH in the test containers did not vary by more than ±0.5 °C, ±10%  DO 

and ±0.1 pH. 
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Table 2.3:  Exposure concentrations of anhydrous copper (II) chloride for acute toxicity tests on 

ostensibly resistant and non-resistant populations of N. diversicolor, in µg l-1.  

non-resistant resistant 

0 0 

100 600 

300 1200 

500 1800 

700 2400 

900 3000 

1100 3600 

1300 4200 

1500 4800 

 

 

Figure 2.9:  Photograph of the experimental vessels for acute toxicity tests.  The trays 

were covered with glass tops to prevent the animals escaping. 
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Normality of distribution for each population’s mortality data was confirmed 

with the Anderson-Darling test before dose-response curves and associated 95% 

confidence intervals were generated using probit analysis in the statistical package 

Minitab 15 (Minitab Ltd, UK).  
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2.3 Results of acute toxicity tests 

 

The results of the dissolved copper acute toxicity tests are presented in Table 

2.4.  The two reference populations display statistically similar susceptibilities to acute 

copper toxicity with median LC50s of 1022µg l-1 and 1053 µg l-1.  The LC50 and 

associated confidence intervals for the Froe and Teign populations were almost 

identical, with the dose-response curves and confidence intervals of one superimposed 

over the other.  Therefore, it can be stated that these populations do not differ 

significantly in their resistance to acute copper toxicity. 

 

Table 2.4:  Dissolved copper LC50s and confidence intervals in µg l-1, calculated by probit 

analysis. 

Population median LC50 lower 95% C.I. upper 95% C.I. 

Teign 1022 811 1309 

Froe  1053 860 1287 

Restronguet  2193 1646 2764 

 

 

The median LC50 of the Restronguet Creek population was 2193µg l-1, more 

than twice that of the other two populations.  The lower 95% confidence intervals for 

the Restronguet population’s LC50 was 1646µg l-1 whilst the upper 95% confidence 

intervals for the Teign and Froe populations were 1310µg l-1 and 1287µg l-1, 

respectively.  As these values do not intersect it can be stated that the Restronguet Creek 

population display a significantly elevated median LC50 to the acute toxicity of 

dissolved copper (P < 0.05). The dose-response curves and associated confidence 

intervals generated by probit analysis are shown in Figure 2.8. 
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Figure 2.10:  Dose-response curves for the acute toxicity of anhydrous copper chloride 

to three populations of N. diversicolor, generated by probit analysis. 
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2.4 Discussion 

 

 The site selected for sampling in Restronguet Creek yielded N. diversicolor that 

exhibit a significantly elevated median LC50 to acute copper toxicity of 2193 µg l-1.  

The sites sampled from the Teign and Percuil estuaries yielded animals with similar 

levels of resistance, despite the apparent order-of-magnitude variations in metal 

concentrations in the sediments at these sites.  However, both values were only 47% of 

the LC50 for the Restronguet Creek population, demonstrating that the Restronguet 

population exhibits a significantly elevated resistance to acute copper toxicity.  

Subsequently, the Restronguet Creek population will be referred to as “resistant” and 

the reference populations “non-resistant”. 

 

The LC50 value for the Restronguet Creek population compares well with an 

empirical value for this population of 2300 µg l-1 of copper citrate (Bryan and Gibbs 

1983).  The values for non-resistant populations vary according to the salt used and 

include 181 µg l-1 copper citrate (Bryan and Hummerstone 1973), 80-191 µg l-1 copper 

sulphate (Jones et al. 1976) and 717 µg l-1 copper (II) chloride (this research, 

unpublished data).  Normalisation of these values to the concentration of dissolved 

copper, assuming the anhydrous salt has been used produces values for dissolved copper 

ranging from 0.5 to 5.3 µM for the LC50 of non-resistant animals.  Resistant LC50 

concentrations equate to copper concentrations of 12.3µM (Bryan and Gibbs 1983) and 

16.3 µM (this study). 

 

From the range of LC50s to copper for uncontaminated populations of N. 

diversicolor it seems that this species exhibits plasticity in its resistance to metal 

toxicity.  The degree of resistance in the population inhabiting Restronguet Creek is 
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twice the highest value measured in non-resistant animals, illustrating the extraordinary 

nature of the resistance phenomenon in this population.  The three selected sites are, 

therefore, inhabited by populations of N. diversicolor that are suitable for a comparative 

study of the ecotoxicology of metal resistance in this species. 
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2.5 List of abbreviations used. 

 

AMD  - acid mine drainage 

CI  - confidence interval 

DO  - dissolved oxygen 

DW  - dry weight 

PVC  - polyvinylchloride 

RC  - Restronguet Creek 

TBT  - tributyltin 
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Chapter Three 

 

Energetic accounting of the metabolic cost associated 

with metal resistance in Nereis diversicolor. 
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3 Abstract. 

 

 Stress carries costs a theoretical cost to an organism due to the resulting sub-

optimal allocation of resources.  In this chapter the study population’s patterns of 

resource acquisition, allocation and sequestration is examined to elucidate whether a 

metabolic cost is associated with resistance to metal toxicity.  The processes and 

endpoints where such costs are incurred indicate which biochemical and physiological 

mechanisms are implicated in the resistance phenomenon.  These patterns are also 

analysed to infer whether different life history choices are made by resistant organisms 

in order to maximise reproductive performance.  A simple energy budget was quantified 

and the partitioning of produced material between lipid, carbohydrate and protein 

endpoints was quantified in order to determine whether differences exist between 

resistant and non-resistant organisms.  There were no differences between resistant and 

non-resistant animals in terms of their feeding rates (energy intaken) or energy uptaken, 

despite a significant, 4% elevation in absorption efficiency in resistant animals over 

both non-resistant populations.  Metal-resistant animals exhibited a Scope for Growth 

that was 46–62% less than that of animals from the non-resistant reference populations, 

corresponding to a mean metabolic cost of 1.31 mJ h−1 mg DW−1. The resistant 

population also contained 13% less lipid than animals from the reference populations 

and 19-27% less carbohydrates.  These results are discussed in the context of the trade-

offs involved in allocating limited resources to diverse physiological and biochemical 

processes and endpoints. 
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3.1 General introduction to bioenergetics. 

 

Bioenergetics is the study of energy flow through living systems (Watt 1986; 

Lucas 1996).  Examination of animal energy balance helps us to understand the 

adaptations different species make to their environment that ultimately dictate their 

distribution, abundance and demographic equilibrium (Lucas 1996).  Energy is an 

essential resource to fuel useful processes. Its flow and partitioning can be abstracted 

from the diverse biochemical and physiological processes that constitute life.  

Researchers can essentially ignore the enormous complexity of biological systems in 

order to follow the functional allocation of energy, thereby elucidating the etiology of 

resource allocation that underlies organisms’ life history “choices”.   

 

Of particular interest when investigating biological responses to varying 

environmental conditions is the allocation of resources between survival, growth and 

reproductive endpoints.  For example, if chronic stress causes a population of animals to 

allocate resources away from growth and reproductive endpoints and towards 

physiological and biochemical mechanisms of stress resistance (i.e. survival) then 

production- i.e. growth and reproduction- will be diminished.  Such an event can have 

detrimental implications for the stability of a population of organisms, the community 

of which they are an element and ultimately the ecosystem services and functions they 

provide (Attrill and Depledge 1997).  Quantifying the significance of such stress events, 

and predicting their future effects upon the population, is one of the primary objectives 

of ecotoxicologists (Calow and Sibly 1990; Attrill and Depledge 1997). 
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3.1.1 Bioenergetics in ecotoxicology. 

 

 Efficient and effective ecosystem management requires that threats to the 

ecosystem are detected rapidly and unequivocally so that remedial action can be taken 

promptly (Maltby and Calow 1990).  Once detrimental effects manifest themselves at 

the population, community and ecosystem levels it can be too late to apply remedial 

action to avoid significant mortalities amongst resident flora and fauna.  For this reason 

effects at the individual level and below are of particular relevance in ecotoxicology in 

order to detect the first signs of harm at the molecular and cellular level.  However, 

linking effects at such small scales directly to the top levels of organisation is 

particularly challenging because many biochemical and cellular biomarkers are not 

clearly- or even closely correlated with population-level effects due to compensatory 

and remedial mechanisms working across the various scales of organisation (Stefano et 

al. 2002; Hyne and Maher 2003).  For example, transient stresses, which may elicit 

significant responses at lower levels of organisation, may not result in any significant 

effect upon the health of the individual or the population (Wu et al. 2005).  Energetic 

analysis of individuals has the potential to reveal whether such transient events- 

singularly or in concert- have had significant effects upon the physiology of an 

organism (Lucas 1996).  In ecotoxicological terms this information is more relevant 

than analysis at lower levels of organisation as many physiological endpoints and 

processes are functionally linked to population-level processes of survival and 

reproduction, allowing direct extrapolation from one to the other (Calow and Sibly 

1990).    
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3.1.2 The use of simple energy budgets in ecotoxicology. 

 

Bioenergetic accounting of the metabolic costs associated with toxic exposure 

has been specifically proposed to provide insight into mechanisms of toxic action 

(Calow 1991; Widdows and Salkeld 1993; Davies and Hatcher 1998).  Specifically, the 

way in which bioenergetics differ between organisms can reveal which processes and 

endpoints are affected, indicating the mechanisms involved.  For example, Penttinen & 

Kukkonen (1998) made direct microcalorimetric measurements upon two species of 

aquatic invertebrates in order to identify the mode of toxic action of a polychlorinated 

biphenyl.  By comparing their results with those from reference experiments with other 

PCBS of known toxic action they demonstrated that their uncharacterised toxicant was 

an uncoupler of oxidative phosphorylation.  Bioenergetics studies can be useful, 

therefore, in elucidating the mode of action of a particular stressor or combination of 

stressors.   

 

An example of an energetic budget applied by Widdows and Staff (2006) to the 

blue mussel, Mytilus edulis is given in Equation 3.1: 

 

 

C  -  F  =  A  =  P  +  R  +  E 

Equation 3.1 

where 

C  =  total consumption of food energy F  =  faecal energy loss  

A  =  absorbed food energy or total 

metabolic energy  

P  =  energetic cost of production of both 

somatic tissue and gametes 

R  =  respiratory energy expenditure  E  =  energy lost as excreta 
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 This energy budget is used to quantify SfG and has been deployed in many 

studies as a quantitative measure of organism health (eg. Maltby et al. 1990a; Maltby et 

al. 1990b; Roast et al. 1999; Knops et al. 2001; Widdows et al. 2002; Crowe et al. 2004; 

Verslycke et al. 2004).  SfG has also been shown theoretically and experimentally to be 

functionally linked to higher levels of biological organisation, as described in Chapter 1 

(Calow and Sibly 1990; Maltby and Naylor 1990).  Scope for growth, therefore, 

provides insight into the health of an organism as it reveals the excess of energy, over 

and above basal requirements, available to fuel activity.  “Activity” in this sense 

includes both motility and metabolic activity necessary to ensure survival.  The greater 

the SfG, the better an organism can ensure its survival against diverse stresses and 

threats and the more probable its survival to reproduction becomes (Calow and Sibly 

1990).   

 

For the purposes of interpreting differences between organisms such as N. 

diversicolor a general model of resource allocation, the bioenergetic and demographic 

parameters derived from it and a derivation of the Euler-Lotka equation have been 

adapted from Calow and Sibly (1990) and is shown in Figure 3.1.     
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Figure 3.1:  Diagram showing the functional links between physiological processes and 

endpoints and the demographic parameters that ultimately determine fitness.  Adapted 

from Sibly & Calow (1990).  Energy absorbed equates to the bioenergetic parameter A, 

in the energy budget shown in Equation 3.1.  “Maintenance” equates to standard 

metabolic rate R, “activity” to any active process other than those defined here and 

“growth” to somatic growth.  “Sequestration” is self-evident.  Scope for growth 

comprises the sum of energy allocated to the physiological endpoints of activity, growth 

and sequestration.  Reproductive output is represented as the product of the 

conventional fecundity parameter, n, and the mean investment of resources in gametes, 

z, as this value includes the effects of variation in gamete investment. 
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 Scope for growth is not the only widely used energetic index of organism health 

and reproductive performance.  De Coen & Janssen (1997) presented an index of 

organism health calculated from simple biochemical measures of total protein, 

carbohydrates and lipids, together with an estimate of mitochondrial respiratory 

capacity that they termed “cellular energy allocation” [CEA].  CEA was presented by 

De Coen & Janssen (1997) as an equivalent to SfG in terms of its ecological relevance 

but with the advantage of being more straightforward to quantify.  However, it is not 

clear that CEA is equivalent to SfG as the two indices are measured in quite different 

ways and produce information relating to very different aspects of organisms’ 

metabolism.  Scope for Growth involves direct physiological measurements made upon 

living animals in the laboratory which are then used to estimate energy fluxes whereas 

CEA is measured in animals taken directly from their habitats and snap frozen in the 

field.  This is an advantage of CEA over SfG as animals’ responses in the laboratory can 

vary significantly from those experienced in their natural habitat.  However, for the 

calculation of CEA all of the lipids, carbohydrates and proteins that constitute an 

organism’s viscera are assumed to comprise “energy reserves”.  In reality, protein is 

continuously turned over in a cycle of catabolism and anabolism.  Considering an 

organism’s stock of protein as an energy reserve ignores not only its essential function 

but fluctuations in protein concentration according to a variety of biotic and abiotic 

factors.  In extremis, certain proteins, such as muscular proteins, can be catabolised to 

provide energy but this is either an act of desperation due to starvation or, in 

semelparous organisms, a strategy for maximising productive output (Ogata et al. 1978; 

Hendry and Berg 1999).  Protein should be considered as an inert reference element in 

the CEA assay.   
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The measure of mitochondrial respiration, proposed by De Coen & Janssen to be 

equivalent to metabolic rate, was developed by Christensen & Packard (1977) and 

Olanczuk-Neyman & Vosjan (1977) to measure electron transport activity in marine 

sediments as an indicator of metabolic activity.  A review by Bamstedt (2000) of the 

electron transport system assay and its applicability to macroorganism studies as a 

surrogate measurement of metabolic rate explicitly stated that the results of the assay 

should be interpreted as metabolic capacity and not metabolic rate as the assay is 

carried out under substrate-saturated conditions that are not likely to occur naturally 

within an organism.  The metabolic rates of facultative anaerobes too, of which there are 

many amongst the aquatic invertebrates, may be misrepresented by estimation via 

quantification of electron transport capacity as their metabolism may mix both 

anaerobic and aerobic pathways of ATP production.  These different pathways involve 

different levels of electron transport efficiency and therefore the level of absolute 

electron transport activity measured corresponds to widely different metabolic 

capacities depending upon which pathway is operating.  Similar criticism can be 

levelled at conventional measurements of oxygen consumption in facultative anaerobes 

as a measurement of metabolic rate unless it has previously been shown that under the 

assay conditions such animals maintain aerobic respiration and do not resort to 

anaerobic metabolism.   

 

The Cellular Energy Allocation assay is, therefore, not an appropriate answer to 

the question posed by Watt (1986):  “What general measures of metabolic performance 

can be shown to function as bioenergetic fitness indexes?”.  Scope for Growth, on the 

other hand, has been repeatedly demonstrated to function as such an index.  The 

quantification of classes of biochemical macromolecules can be relevant to studies of 

stress biology, however.  Lipids and sugars function as metabolic reserves is to sustain 
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an organism during periods of stress when resource acquisition is compromised and to 

fuel gametogenesis, particularly in semelparous organisms such as N. diversicolor 

(Giese 1966).  Quantification of such reserves, specifically lipids and sugars, is of 

interest to ecotoxicologists as they can indicate how well an organism will survive 

subsequent stress events and its output at the next reproductive event.  In organisms 

such as N. diversicolor, which reproduce semelparously, reserves are intimately related 

to reproductive output and are of particular relevance in the interpretation of the 

ecological consequences of animals’ physiological energetics (Pellerin-Massicotte et al. 

1994; Luis and Passos 1995; Durou et al. 2005).  The sum efforts of each individuals’ 

lifetime acquisition and assimilation of resources culminates in a single reproductive 

episode, after which they die.  The generation of gametes in N. virens occurs over 

winter, when food supply is low.  Feeding activity is suppressed by the seasonal 

reduction in photoperiod and resources are directed away from growth and towards the 

synthesis of gametes and vitellogenin (Last 2000).  Prior to this sexes are 

indistinguishable.  Gametogenesis involves the mobilisation of previously sequestered 

reserves- a strategy termed “capital breeding” in reference to the prior sequestration of 

reserves as “capital”, as opposed to “income breeding” whereby resources are acquired 

and allocated to gametogenesis throughout the process (Zera and Harshman 2001).  

Therefore the quantity of reserves should be predictive of future reproductive output. 

 

In N. diversicolor the synthesis of gametes can consume as much as 70% of total 

metabolic resources (Fidalgo e Costa 2003).  The synthesis of gamete components, such 

as the yolk glyco-lipo-protein vitellogenin, and the DNA replication required to produce 

millions of sperm requires a substantial amount of metabolic reorganisation.  It seems 

surprising then, that Nereids suppress their feeding activity for much of the period prior 

to spawning.  However, Olive et al (2000) demonstrated that the trade-off between the 
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risks and the benefits of foraging should result in a suppression of foraging during 

Autumn and Winter when food is scarce, temperatures and metabolic rates are low and 

predation remains a significant threat.  Additionally, much of the muscular tissue of the 

animal is broken down during the later stages of gametogenesis, likely to be reprocessed 

to provide sustenance and raw materials for the maturation of gametes (Dales 1950).  

Gametogenesis in this species is, paradoxically, a resource-intensive process that occurs 

with a limited intake of resources.  This implies that the feeding season of N. 

diversicolor during the Spring and Summer months presents these animals with their 

sole opportunity to accumulate resources to fuel their Winter gametogenesis and Spring 

reproductive episodes.  The reproductive performance of this species is therefore 

directly correlated with their foraging success during the active feeding period.  This is 

why measurements of reserve sequestration and resource allocation in pre-reproductive 

animals can be functionally linked to reproductive indices and, ultimately, reproductive 

performance. 

 

 

3.1.3 Bioenergetics and the metabolic cost hypothesis. 

 

Bioenergetics is the obvious tool to use to investigate metabolic costs.  

Metabolism relies upon thermodynamically unfavourable reactions that require 

chemical energy to proceed (Lucas 1996).  Lack of energy is therefore hazardous to life 

and all life has evolved to make the most efficient use of the meagre resources at its 

disposal (Parsons 2005).   

 

 The metabolic cost hypothesis  postulates that an organism’s metabolism will be 

perturbed by stress, incurring a “cost” in terms of the allocation of resources away from 
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productive endpoints that determine reproductive performance and towards remedial 

mechanisms (Chapter 1).  As discussed previously, these costs may not be immediately 

realised but may be temporally displaced, making their quantification challenging.  

Bioenergetics provides a useful method for integrating performance over time, 

measured as changes in the way organisms acquire and use resources and via the 

quantification of metabolic and material production rates.    

 

Empirical estimates of costs are sparse, despite the broad application of 

bioenergetics studies to environmental toxicology.  Possibly this is because the value of 

such estimates are only evident to ecotoxicologists seeking to link effects at one level of 

biological organisation to higher levels.  For example, measurements of Scope for 

Growth are generally made with the intention of ascertaining the “health” of an 

organism and generally interpreted solely in this context, even after Calow & Sibly 

(1990) laid out the theoretical framework by which the parameters of Scope for Growth 

were functionally linked to demographic parameters (Section 2.1).  An exception to this 

is the work of Barber et al (1990), who estimated the costs of synthesis of 

metallothionein-like-proteins [MTLP] in Daphnia magna chronically exposed to 

sublethal concentrations of cadmium to comprise less than 2% of total metabolism.  

Their estimate was crude, however, and based upon the assumption that MTLP 

synthesis was the sole cost incurred.  

 

Many studies have found reduction in an animal’s energy reserves associated 

with toxic stress (Muyssen et al. 2002; Smolders et al. 2004; Canli 2005; Durou et al. 

2005; Moolman et al. 2007; Mouneyrac et al. 2008).  These results are often derived 

from measurements of Cellular Energy Allocation.  As observed above, the 
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quantification of total sugars and lipids is of interest to ecotoxicologists as these 

endpoints are closely linked to reproduction and survival endpoints.   

 

 

3.1.4 The application of bioenergetics to the study of metal resistance. 

 

 Bioenergetic accounting has also been proposed to elucidate the mechanisms of 

resistance to a toxicant (Muyssen et al. 2002; Parsons 2005) by establishing whether 

such costs are incurred and where.  For example, quantification of energy fluxes for 

contaminated/resistant and control specimens will establish the existence of costs and 

whether they are covered by supply-side or demand-side regulation of resource 

allocation.  Understanding the physiological responses of individual organisms to stress 

can be used to both predict population-level responses and also provide insight into the 

mechanisms of resistance to stress (Maltby 1999).  Quantifying the scale of relevant 

energetic fluxes and endpoints can enable further, targeted investigation of mechanistic 

frameworks by identifying where in the budget such costs are incurred.  Parsons (2005) 

observed that ecological factors determine the availability of resources, including 

energy, and hence functional responses that enable adaptation. 

 

Different resistance mechanisms carry different theoretical costs (Coustau et al. 

2000).  The mechanism of resistance varies with species and with the contaminant 

involved (Taylor and Feyereisen 1996).  In an attempt to classify the types of 

mechanism involved in xenobiotic resistance Coustau et al. (2000) described them as 

being either: (I) Constitutive overproduction of one gene product; (II) constitutive 

underproduction of one gene product; (III) alteration of a target or receptor; or (IV) an 

inducible change in gene regulation. Examples of each type of mechanism include the 
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highly elevated synthesis of esterase enzymes for detoxifying organophosphorous 

insecticides in resistant peach-potato aphids (type I) (Devonshire et al. 1998);  the 

suppression of cytochrome P450 enzyme activity in PAH- and PCB-resistant Atlantic 

killifish, Fundulus heteroclitus (type II) (Wirgin and Waldman 2004); a point mutation 

in the GABA receptor in  various insects endows them with resistance to cyclodiene 

insecticides (type III) (Ffrench-Constant 2000).  Examples of mechanism type IV are 

particularly common in the  context of tolerance as inducible changes have been 

reported in the regulation of a diversity of enzymes and proteins involved in stress 

remediation (Harvell 1992; Ishikawa et al. 1996; Xu et al. 2005). 

 

For benthic, infaunal organisms such as N. diversicolor whose mode of feeding 

frequently involves the intake of contaminated sediment or similarly contaminated prey 

or food items, exposure to the toxic metals present in their immediate habitat can be 

neither escaped nor avoided (Wang 2002).  Therefore, physiological and biochemical 

mechanisms are heavily implicated in the survival of the N. diversicolor population 

inhabiting the richly metal-contaminated sediments of Restronguet Creek.  Such 

mechanisms will involve the covalent binding of metals to prevent their involvement in 

competitive binding and the production of Reactive Oxygen Species (Morgan et al. 

2007).  This requires the prophylactic production and maintenance of functional 

elements involved in metal detoxification; the active transport of metal-ligand 

complexes for the purposes of extrusion, sequestration and isolation; the remediation of 

inevitable damage resulting from excessive metals.   

 

Protein synthesis and turnover as well as osmoregulation are the two most 

resource-intensive physiological processes (Lyndon and Houlihan 1998).   Proteins and 

enzymes involved in metal detoxification may include antioxidant enzymes that directly 
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remove the reactive oxygen species that free, redox-active metals produce, such as 

superoxide dismutase; enzymes that actively bind metals to cytosolic ligands, such as 

glutathione-S-transferase; antioxidant peptides such as the ubiquitous antioxidant 

compound glutathione; enzymes that indirectly contribute to the removal or 

detoxification of ROS or metals, such as glutathione reductase; proteins that are capable 

of directly binding free metals in order to sequester them, such as metallothionein and 

enzymes that remediate the damage inflicted by the metal-catalysed production of ROS, 

such as glutathione peroxidase (Dameron and Harrison 1998; Canesi et al. 1999; Ercal 

et al. 2001; Berthet et al. 2003; Mouneyrac et al. 2003; Palmiter 2004; Valko et al. 

2005).  Organising and maintaining such a system is likely to be highly resource 

intensive in terms of increased turnover of the proteins as well as the raw materials 

diverted away from endpoints related to growth and reproduction.   

 

 

3.1.5  Aims of this Chapter. 

 

The objectives of this chapter are: 

 

1. To gain insight into the acquisition and allocation of resources by the three 

populations of N. diversicolor in order to determine whether a metabolic 

cost, in terms of their allocation of resources towards productive endpoints, 

is associated with the resistance phenomenon.   

2. To infer, from any revealed differences in resource allocation, where and 

how these costs are being incurred and by which physiological and/or 

biochemical stress-remediating processes. 

3. To predict the costs to the population, in demographic terms, of a metabolic 

cost associated with resistance. 
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H0:  Resistant animals’ physiological energetics and biochemical energy reserves are 

not significantly different from non-resistant ones.  
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3.2 Methodology. 

 

3.2.1 Feeding trials. 

 

 Feeding trials were carried out according to a method adapted from that of 

Widdows & Staff (2006).  Whole animals of 300 – 600 mg wet weight (n = 48) were 

padded dry with paper towel and weighed.  They were then placed in experimental 

containers measuring 15 x 5 x 5cm, containing 200 ml 17.5 psu filtered seawater and a 

similar length of PVC tubing to that provided in the toxicity tests to provide a refuge for 

the animals.  Animals were maintained at 15 ºC on a 12h:12h light-dark cycle for the 

duration of the experiment.  Animals were left overnight without food to allow them to 

purge their gut contents.   
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Figure 3.2:  Photograph of an experimental container containing N. diversicolor.  

Containers were covered with glass lids to prevent the animals escaping and paper 

towels to minimise ambient light levels.   

 

 

Prior to commencing feeding trials the animals’ containers and refuges were 

rinsed out with experimental FSW to remove faecal and mucal matter excreted by the 

animals and the water was replenished.  Glass trays were covered completely with paper 

towel to reduce the amount of ambient light entering the enclosures and to prevent and 

movement in their surrounds disturbing their behaviour.  Feeding trials then 

commenced at 22:00 when animals were offered a pre-weighed fish food pellet (Tetra 

Pleco Wafers, Tetra (UK) Ltd) of 50-100 mg dry weight and left overnight to feed ad 

libitum.  At 10:00 the following day the remaining pellet was recovered, rinsed in 



 93 

deionised water and dried in an oven at 50 ºC for 48 hours and then weighed to 

determine the mass consumed.  24 hours after recovering the pellets faecal material was 

collected from three animals’ containers in succession with a 12 ml syringe and retained 

on a 25 mm diameter glass fibre filter (GF/C, Fisher Scientific, UK).  Care was taken to 

separate faecal pellets, identifiable due to the persistence of the green colour of the fish 

pellets after digestion, from yellow-grey mucus strands secreted by the animals.  Figure 

3.3 shows such material in one of the experimental containers.  Excess salt was rinsed 

from faecal material by passing 12 ml of deionised water through the filter after 

collection of faecal matter and the filters and excreta were then dried for 48 hours at 50 

ºC and weighed to determine the mass produced by each animal.  Dried filters were 

subsequently ashed in an oven at 420 ºC for two hours and the ashed mass recorded.  

All masses were accurate to ±0.02 mg.   



 94 

 

 

Figure 3.3:  Photograph showing a polychaete in its container.  The large green object is 

an algal pellet, the small green-brown blobs are faecal pellets and the yellow-grey 

strands are mucus.  During collection of faecal material such strands- which were 

produced by many animals in abundance- were carefully separated from the faecal 

material. 

 

 

Condensation of atmospheric moisture upon the dried and ashed samples, which 

results in significant increases in their mass over periods of a few minutes after their 

removal from an oven due to the hygroscopicity of the material, was accounted for by 

following the increase in mass over time of procedural samples and controlling for the 

associated increase in experimental samples.   
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3.2.2 Respirometry. 

 

Animals were maintained overnight following the feeding trials to purge their 

guts again.  Standard metabolic rates were then measured by static respirometry by 

enclosing animals in the dark for four hours within ~600 ml kilner jars filled with 100% 

oxygen-saturated 17.5 psu, 5 µm filtered seawater at 15 ºC.  Oxygen saturation of the 

water was then measured with a pair of Strathkelvin SI130 microcathode oxygen 

electrode connected to a Strathkelvin 782 dual-channel oxygen meter (Strathkelvin 

Instruments, Motherwell, UK).  Blank samples without animals were measured every 

10th sample to control for microbial respiration in the FSW.   

 

To keep the animals quiescent during the experiment they were induced to enter 

lengths of PVC air line, as described above, in which they were retained by securing 

pieces of 2 mm diameter plastic mesh across each end.  This allowed the animals to 

ventilate their refuges naturally by undulating their bodies but prevented them from 

leaving the tube during the experiment, which would confound attempts to measure 

standard metabolic rate.  A photograph showing an animal restrained within its refuge is 

shown in Figure 3.4. 
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Figure 3.4:  Photograph showing a polychaete restrained within its refuge by pieces of 

2mm nylon mesh tied across each opening for the measurement of standard metabolic 

rates.  Animals remained quiescent for extended periods, content to undulate their 

bodies naturally in order to draw oxygenated water through their refuges. 

 

 

Oxygen saturation of the initial water was calculated according to the salinity, 

temperature and atmospheric pressure of the FSW at t = 0 .  Pressure values were 

derived from archived data from a weather station <100 metres from the research 

station.  Temperature and salinity were measured with a Multi 340i meter (WTW, 

Germany).  Oxygen electrodes were calibrated in experimental water directly before 

readings were taken and final oxygen concentrations were normalised to the pressure, 

salinity and temperature of this water.  After Respirometry had been conducted animals 
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were snap frozen in liquid nitrogen and then lyophilised and weighed.  The dried 

animals were stored at -20 ºC for biochemical analysis.   

 

 

3.2.3 Calculation of Scope for Growth. 

 

N. diversicolor Scope for Growth was calculated by the following equation: 

 

    SfG  =  A  –  (R  +  U) 

Equation 3.2 

 

Where A is energy absorbed from the diet, R is maintenance requirements and U is the 

energy lost through excretion.  U is typically <5 % of the total energy budget and is 

usually omitted from SfG calculations (Widdows and Salkeld 1993). Values for R were 

derived by multiplying ‘standard’ (resting and unfed) oxygen consumption by the 

oxygen uptake heat equivalent of 0.456 J µmole-1 O2, as calculated by Gnaiger (Gnaiger 

1983).  The energy uptaken from the diet was calculated by multiplying the mass 

consumed during feeding trials by the typical value for the energy content of organic 

matter, 23 J g-1 according to Widdows & Staff (2006), to produce a value for the 

amount of energy intaken.  This value was then multiplied by the absorption efficiency 

to give the amount of energy uptaken.  This gives values for A and for R in joules per 

hour per milligram dry weight, allowing SfG to be calculated in the same units. 
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3.2.4 Quantification of biochemical reserves. 

 

Lyophilised animals were homogenised on ice with a Polytron PT1200 

mechanical homogeniser (Kinematica AG, Switzerland) in 3.5 ml 0.1M phosphate 

buffered saline pH 7.5 (Roche diagnostics GmbH, Germany) aliquoted into 0.5 ml 

volumes and stored at -20 °C.  All analysis was conducted on two different aliquots 

from each individual.  Spectrophotometric quantification was performed with a 

SpectraMax 340PC384 microplate reader (Molecular Devices, USA).  Total lipid content 

was measured by extraction of lipids into chloroform/methanol and charring at 200 °C 

according to the method of Bligh & Dyer (1959) with consideration given to the 

comments of Smedes & Askland (1999). Quantification of charred samples was carried 

out by measuring absorbance at 340 nm with a standard curve of the triglyceride 

tripalmitin (Sigma, UK) subjected to the same charring process. 

 

Total reducing sugars and glycogen were determined by deproteinisation of 

samples with trichloroacetic acid and subsequent reaction with anthrone reagent 

according to Carroll et al (1956).  Quantification was performed by measuring 

absorbance at 590 nm against a standard curve of glucose in deionised water. 

 

Total protein was quantified spectrophotometrically with Bio-Rad reagent (Bio-

Rad Laboratories, UK) according to the manufacturer’s instructions with a standard 

curve of bovine serum albumin (Sigma, UK). 
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3.2.5 Statistical Comparisons. 

 

Outlying data points more than two standard deviations from the mean were 

excluded from statistical analysis.  Homogeneity of variance of the remaining data was 

confirmed by Levene’s test before one-way Analysis of Variance [ANOVA] was 

carried out in the statistical package Minitab 15.  Post-hoc analysis using Fisher’s Least 

Significant Difference [LSD] was used to identify which populations differed. 

 

Independent data sets were also analysed by Analysis of Similarities [ANOSIM] 

and by Multidimensional Scaling [MDS] using the multivariate, non-parametric 

statistical package PRIMER 6 in order to determine and illustrate whether the three 

study populations varied overall in their biochemistry.  Data were normalised prior to 

multivariate analysis. 
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3.3 Results 

 

3.3.1 Physiological measurements. 

 

In the feeding trials a few worms from each population did not feed at all and 

when the recovered, dried pellets were reweighed to measure the mass consumed small 

negative values were obtained.  These data were discarded.  The majority of worms did 

consume significant quantities and the results of this analysis, normalised to dry weight, 

are shown in Figure 3.5.  No significant differences in feeding rate were evident 

between the three populations (F2,116 = 0.78, P = 0.459).  The means (±SD) of the Teign 

Estuary, Froe Creek and Restronguet Creek populations were 0.087 ±0.051, 0.119 

±0.109 and 0.103 ±0.078 mg mg D.W.-1, respectively. 

 

 The data for absorption efficiency showed significant differences between the 

Restronguet Creek population and the two reference populations  (F2,20 = 19.84, P < 

0.001).  The Restronguet Creek population had a mean absorption efficiency (±SD) of 

0.760 ±0.038, whereas that of the Teign Estuary and Froe Creek populations were 0.727 

±0.011 and 0.727 ±0.022,  which were 96% of the Restronguet Creek population’s 

mean value.  These data are also shown in Figure 3.5. 
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Figure 3.5:  Boxplots of data for feeding rate and absorption efficiency measurements 

for three populations of N. diversicolor.  Circles denote outlying data excluded from 

subsequent statistical analysis.  Triple stars after the title denote significant differences 

between populations at P < 0.001 and NSD indicates ‘no significant difference’.  

Numbers in brackets below X-axis site labels are n values and different letters indicate 

sites that differ significantly from each other as determined by Fisher’s LSD test. 
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Significant differences were evident in the results for resting, unfed oxygen 

consumption as well (F2,68 = 4.68, P < 0.05), as shown in Figure 3.6.  The Restronguet 

Creek population had a mean (±SD) of 0.204 ±0.098 µM O2 mg D.W.-1 which was 

114% of the mean of the Froe Creek population and 152% of the mean of the Teign 

Estuary population. The oxygen consumption of the Teign Estuary population was 

0.134 ±0.065 µM O2 mg D.W.-1, significantly lower than that of the Restronguet Creek 

population whereas that of the Froe Creek population- 0.179 ±0.102 µM O2 mg D.W.-1- 

was intermediate to these two values and did not differ significantly from either.   

 

 

Figure 3.6:  Boxplots of data for resting, unfed oxygen consumption for three 

populations of N. diversicolor.  Circles denote outlying data excluded from subsequent 

statistical analysis.  The star after the title denotes a significant difference between 

populations at P < 0.05.  Numbers in brackets below X-axis site labels are n values and 

different letters indicate sites that differ significantly from each other as determined by 

Fisher’s LSD test. 
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3.3.2 Bioenergetics. 

 

The feeding rates and standard oxygen consumption measured for the three N. 

diversicolor populations were transformed into energetic expressions as energy intaken, 

energy uptaken, standard metabolic rate and Scope for Growth [SfG].  These results are 

displayed in Figure 3.7 and 3.8.  As with the feeding rates, there were no significant 

differences between the energy intaken by the three populations (F2,115 = 0.68, P = 

0.509).  The mean energy intaken (±SD) by the three populations were 2.04 ±1.18, 2.74 

±2.52 and 2.37 ±1.79 J hr-1 mg DW-1 for the Teign Estuary, Froe Creek and Restronguet 

Creek populations, respectively.  The feeding rate values were multiplied by the 

absorption efficiency values to give the energy intaken from the diet which, despite the 

significantly elevated absorption efficiency in the Restronguet Creek population, did not 

produce any significant differences between the three populations (F2,19 = 1.51, P = 

0.247).  The mean energy uptaken (±SD) for the three populations were 2.02 ±0.49, 

2.87 ±1.16 and 2.53 ±0.83 J hr-1 mg DW-1, respectively. 
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Figure 3.7:  Boxplots of data for energy intaken and uptaken for the three study 

populations of N. diversicolor. Circles denote outlying data excluded from subsequent 

statistical analysis.  NSD after the title indicates ‘no significant difference’.  Numbers in 

brackets below X-axis site labels are n values. 
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Both standard metabolic rates and Scope for Growth varied significantly 

between the three populations, as shown in Figure 3.8.  The resting, unfed oxygen 

consumption was converted to standard metabolic rate by multiplying the oxygen 

concentrations by the value of 0.45 J µM O2
-1 calculated by Gnaiger (1983).  As with 

the oxygen consumption the standard metabolic rate of the Restronguet Creek 

population was significantly higher than that of the Teign Estuary population with 

means of 0.0923 ±0.0455 and 0.0579 ±0.0257 J hr-1 mg DW-1, respectively (F2,67 = 4.33, 

P < 0.05).  The standard metabolic rate for the Froe Creek population, with a mean of 

0.0806 ±0.0466 J hr-1 mg DW-1, was not significantly different from either of the other 

two populations.  

 

The results for Scope for Growth, revealed significant differences between the 

three populations with Restronguet Creek animals exhibiting lower SfG than those from 

the Teign Estuary and Froe Creek (F2,18 = 9.03, P < 0.01).  Mean SfG values (±SD) for 

the Teign Estuary, Froe Creek and Restronguet Creek populations were 1.96 ±0.48, 2.78 

±1.14 and 1.06 ±0.55 J hr-1 mg D.W.-1.  The mean SfG of the Restronguet Creek 

population was 54% of that of the Teign Estuary population and 38% of that of the Froe 

Creek population. 
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Figure 3.8:  Boxplots of data for standard metabolic rate and Scope for Growth for three 

populations of N. diversicolor.  Circles denote outlying data excluded from subsequent 

statistical analysis.   Single stars after the title denote significant differences between 

populations at P < 0.05, double stars denote P < 0.01.  Numbers in brackets below X-

axis site labels are n values and different letters indicate sites that differ significantly 

from each other as determined by Fisher’s LSD test. 
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3.3.3 Biochemical reserves. 

 

Significant differences were evident in the lipid content of the three populations, 

as shown in Figure 3.9 (F1,116 = 8.03, P < 0.01).  The Froe Creek animals had a mean 

lipid content (±SD) of 151.0 (±38.1) mg g D.W.-1 and the Teign Estuary animals a 

content of 148.3 (±46.2) mg g D.W.-1.  The Restronguet Creek population’s lipid 

content was 118.8 (±34.3) mg g D.W.-1, which was 80% and 79% of the values of the 

two other populations.   

 

 

Figure 3.9:  Boxplots of data for lipid content of three populations of N. diversicolor.  

Circles denote outlying data excluded from subsequent statistical analysis.   Double 

stars after the title denote significant differences between populations at P < 0.01.  

Numbers in brackets below X-axis site labels are n values and different letters indicate 

sites that differ significantly from each other as determined by Fisher’s LSD test. 
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Sugar content also differed significantly between the populations (F2,119 = 5.56, 

P < 0.01).  Again, the Restronguet population displayed a lower content than the two 

reference populations with a mean (±SD) of 74.2 (±34.5) mg g D.W.-1.  The Froe Creek 

and Teign Estuary populations had mean sugar contents (±SD) of 101.7 (±33.0) and 

91.3 (±41.1).  The Restronguet Creek population’s mean was 81% and 73%, 

respectively, of the Froe Creek and Teign Estuary population’s means.  The results of 

the sugar analysis are shown in Figure 3.10. 

 

 

Figure 3.10:  Boxplots of data for sugar content for the three study populations of N. 

diversicolor.  Double stars after the title denote significant differences between 

populations at P < 0.01.  Numbers in brackets below X-axis site labels are n values and 

different letters indicate sites that differ significantly from each other as determined by 

Fisher’s LSD test. 
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The Froe Creek population of N. diversicolor contained 36% and 31% less 

protein per unit dry weight than the Teign Estuary and Restronguet Creek populations, 

respectively (F2,118 = 24.04, P < 0.001).   The mean protein contents (±SD) of the 

animals sampled from the latter two populations was 318.7 (±66.9) and 296.1 (±82.2) 

mg g D.W.-1, whereas the Froe Creek population’s mean (±SD) was 203.4 (±60.9) mg g 

D.W.-1.  Results of the protein analysis are shown in Figure 3.11. 

 

 

Figure 3.11:  Boxplots of data for protein content for three populations of N. 

diversicolor.  Circles denote outlying data excluded from subsequent statistical analysis.   

Triple stars after the title denote significant differences between populations at P < 

0.001.  Numbers in brackets below X-axis site labels are n values and different letters 

indicate sites that differ significantly from each other as determined by Fisher’s LSD 

test. 
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3.3.4 Multivariate analysis. 

 

Independent variables measured in this research- energy intaken, absorption 

efficiency, standard metabolic rate and lipid, carbohydrate and protein contents-  were 

used for multivariate, non-parametric statistical analysis.  ANOSIM revealed the 

physiological energetics of the three study populations to be significantly different 

(Global R = 0.169, P = 0.0007).  Individuals sampled from Froe Creek and the Teign 

Estuary did not differ significantly from each other (R(Teign, Froe) = 0.055, P = 0.10), 

whereas the Restronguet Creek individuals were significantly different from both Teign 

Estuary (R(Restr, Teign) = 0.237, P = 0.0008) and Froe Creek individuals (R(Restr,Froe) = 

0.177, P = 0.006).  Based upon this analysis the null hypothesis is rejected.   

 

The differences between the three populations are illustrated in the MDS plot 

shown in Figure 3.12.  The stress of the plot was 0.18, suggesting that the two-

dimensional arrangement of the points is a reasonable representation of the higher 

ordination data, although the fine structure of any compact groups may not be 

representative of small-scale differences between them and, consequently, the plot 

should be interpreted with caution.  Individuals sampled from the three different 

populations are not well separated on the plot. The Teign Estuary individuals cluster in 

the lower right quadrant of the plot, whereas Restronguet Creek individuals form a 

cluster that is slightly higher than, but that overlaps with the Teign Estuary  individuals 

considerably.  There are several outliers from the Restronguet Creek individuals at the 

extreme bottom edge of the plot. Froe Creek individuals are spread across the plot, 

partly overlapping with both the other populations, although several of the individuals 

are comparatively isolated on the left hand side of the plot.   
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Figure 3.12:  Multidimensional Scaling plot of the independent physiological energetics 

data.  Individuals sampled from Froe Creek  are indicated by red triangles, those from 

the Teign Estuary  by green crosses and ones from Restronguet Creek are indicated by 

blue circles. 
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3.4 Discussion 

 

By comparing the physiological energetics of a demonstrably metal-resistant 

population of Nereis diversicolor with those of non-resistant animals we have 

demonstrated that there is a metabolic cost associated with the resistance phenomenon.  

Evidence for the existence of this cost lies in the significantly lower Scope for Growth 

and lipid and sugar contents of resistant animals.  In energetic terms, the mean 

metabolic cost to the SfG of resistant animals is 1.31 mJ hour-1 mg D.W.-1.  In terms of 

their ability to sequester metabolic reserves we have measured a mean cost to resistant 

animals of 1.61 kJ g D.W.-1.  The standard metabolic rate of resistant animals was only 

elevated over those of the Teign Estuary reference animals and did not differ from the 

Froe Creek animals.  The absorption efficiency of resistant animals was significantly 

elevated by 4% over that of either reference population.  However, the lack of any 

significant difference between resistant and non-resistant animals in energy intaken or 

uptaken indicates that any metabolic costs associated with resistance will be covered by 

demand-side mechanisms according to the Principle of Allocation (Cody 1966).  Such 

mechanisms influence the trade-offs in the allocation of limited resources between 

maintenance, activity, growth and reproduction so as to maximise reproductive 

performance; as opposed to supply-side mechanisms that involve elevated intake and 

absorption of resources (Sibly and Calow 1986).   

 

N. diversicolor has a diverse suite of feeding behaviours including active 

predation, deposit feeding, scavenging, grazing on macroalgae and estuarine plants as 

well as the ability to actively filter phytoplankton from the water column (Esselink and 

Zwarts 1989).  That no differences were observed in the feeding rates measured here 

suggests that the foraging aspect of their feeding behaviour is not very plastic.  Foraging 
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in Nereids is generally nocturnal as a predator avoidance strategy, which is why feeding 

trials were conducted overnight (Esselink and Zwarts 1989).  Even so, that some 

individuals opted not to feed at all seemed strange, particularly because all animals were 

allowed to purge their guts prior to each trial.  The nutritional value of the offered 

pellets is likely to be as high as the best prey item available to them in the wild and the 

decision not to take advantage of it may indicate some dissatisfaction with the 

experimental habitats, despite efforts taken to protect them from disturbance. Those 

animals that fed copiously- and many did- may have been more hungry and prepared to 

risk foraging in the unknown environment of the experimental containers.  Attempts to 

maintain animals for longer prior to the initiation of feeding trials to allow them to 

acclimate to their new environment risks confounding their biochemistry as without 

food they would have begun to metabolise the biochemical reserves that were also 

quantified in this research.   

 

The resistance of the Restronguet Creek N. diversicolor is almost certainly a 

biochemical and physiological process.  Due to their low mobility and infaunal lifestyle 

there is no possibility of them escaping the pervasive metal contamination or avoiding 

ingesting contaminated sediment and food items.  As mentioned previously, the uptake 

of metals from the diet is the most prevalent route in marine invertebrates, although it 

isn’t necessarily correlated with feeding and nutrient uptake (Meyer et al. 2005).  

Adaptive metal handling processes must be particularly focused around the gut region 

as the function of digestion is to solubilise and liberate useful nutrients from less useful, 

indigestible material; a process that will also liberate metal ions.  The increase in 

absorption efficiency measured here is interesting for two reasons.  Firstly, because 

absorption from the diet is an active and energy-intensive process, and secondly, 

because increased uptake efficiency from the diet suggests an increase in metal uptake 
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as well.  However, according to the Principle of Allocation there must be some 

performance advantage associated with the observed difference.  Nutrient uptake from 

the diet is a function of residence time in the gut (Widdows and Hawkins 1989).  During 

feeding trials animals were allowed to feed ad libitum for a 12 hour period and were 

then left for another 24 hours to digest and excrete whatever material they had ingested.  

Although there was no differences in the intake of food there may have been differences 

in gut residence time during this period that allowed resistant individuals to increase 

their absorption efficiency.  Ultimately, this small difference did not affect the energy 

uptaken from the diet, suggesting this parameter is already at a relative maximum in all 

populations.  It does suggest that Restronguet Creek animals will try to increase their 

uptake of energy in any way possible in an attempt to utilise supply-side regulation of 

demand to cope with the measured metabolic cost. 

 

That Scope for Growth was significantly depressed in resistant animals, despite 

their marginally greater standard metabolic rate and the lack of significant differences in 

energy uptaken, demonstrates that metabolic costs exist and are imposed across multiple 

metabolic and physiological processes.  It also demonstrates that SfG is a more sensitive 

endpoint than the constituent physiological parameters quantified, as suggested by 

Bayne et al. (1979).  The apparently dispersed nature of metabolic costs associated with 

resistance to metal toxicity found here could explain the conflicting evidence for their 

existence (Arnold et al. 2008; Kwok et al. 2009).  Sibly and Calow (1986) state that the 

allocation of resources to biochemical and cellular resistance mechanisms in stressed 

animals should be manifested as an increase in maintenance costs due to elevated 

molecular synthesis and turnover and increased active transport, resulting in an elevated 

standard metabolic rate.  Similarly, costs associated with physiological and behavioural 

resistance mechanisms, such as altered dietary uptake processes or reductions in 
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permeability of the dermis, should be manifested as changes in SfG (Calow and Sibly 

1990).  Empirical data for the metabolic rates of organisms exposed to toxic challenge 

do not necessarily follow this pattern, however, with reports of both rises and falls in 

metabolic rate associated with toxic challenge (Calow 1991; Wilson 1996).  There are 

many potential causes for this:  Tissue- or organ-level changes in metabolism may be 

masked by compensation in other tissues and organs and consequently whole body 

metabolism will not be significantly changed (Lyndon and Houlihan 1998).  Organisms 

have a propensity to reduce their metabolic rate as a proximate response to toxic 

challenge (Hand and Hardewig 1996).  Finally, as Calow (1991) observed, standard 

metabolic rate is also influenced by a great range of biotic and abiotic factors.   

 

Luis and Passos (1995) quantified the diversity of lipids produced by N. 

diversicolor throughout its life cycle and concluded that lipids were particularly 

important for reproduction in this species, especially triacylglycerol, which accumulates 

as an energetic reserve within oocytes and may also be used to fuel metabolism during 

the final stages of gametogenesis when the animals cease feeding.  In N. diversicolor up 

to 70% of somatic energetic resources are mobilised to fuel reproductive output (Luis 

and Passos 1995; Fidalgo e Costa 2003).  It has been established that reductions in the 

sequestration of reserves by aquatic invertebrates has a related impact upon the number 

or quality of gametes produced and, therefore, the number and quality of offspring (eg. 

Cowgill et al. 1984; Elendt 1989).  The results presented here suggest that animals 

sampled from the resistant population inhabiting Restronguet Creek will be unable to 

produce as many or as quality gametes as individuals from the Teign Estuary  or Froe 

Creek.   
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As illustrated in Figure 3.1, SfG is functionally related to survival to 

reproduction, S, as it fuels both physical activity- which enables animals to escape or 

avoid dangerous circumstances- and the processes that allow animals to resist biotic and 

abiotic stresses in their environment, including the toxic effects of exposure to elevated 

metals considered here (Calow and Sibly 1990).  A fraction of SfG is allocated to 

reserve sequestration which will ultimately be used to fuel reproduction.  However, this 

fraction serves an additional purpose as it is available for remobilisation in response to 

any subsequent, extraordinary stress event in order to fuel activity and sustain S 

(illustrated by the bi-directional arrow in Figure 3.1).  We have measured a reduction in 

SfG in resistant animals and an associated reduction in carbohydrate and lipid 

sequestration.  Therefore, we cannot deduce whether allocation to activity is directly 

affected in resistant individuals.  We can, however, state that resistant individuals will 

have a reduced ability to survive subsequent, additional stress events which might 

require the remobilisation of reserves.  Therefore, S ought to be depressed in resistant 

animals.  

 

The age of N. diversicolor cannot be directly measured as they are 

predominantly soft bodied and do not exhibit growth rings in their jaws and so it is 

impossible to directly assess whether the age of the animals studied here differ between 

populations (Durou et al. 2008).  As mentioned in Section 1.2.4, cases of reduced 

growth, as well as reproductive output in response to metal stress, are well documented 

in invertebrate species and a trade-off exists between animals’ ability to survive stress 

events and their growth (Sibly and Calow 1989).  This trade-off shows that when stress 

can be resisted by investing resources in defence to reduce mortality the optimal 

strategy according to the Principle of Allocation is to do so by diverting resources away 

from growth.  This scenario potentially applies to all of the study populations as they 
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are all contaminated by metals, however the Restronguet Creek population will be most 

impacted and any effects of this trade-off are most likely to be apparent in animals from 

this population. The existence of a metabolic cost is circumstantial evidence that such a 

trade-off is in operation and it is highly likely, therefore, that these animals exhibit 

lower growth rates as a consequence, however, this can only be confirmed 

experimentally. 

 

In conclusion, this research has established that a metabolic cost is associated 

with the resistance to metal toxicity exhibited by the N. diversicolor inhabiting 

Restronguet Creek.  These costs are covered by demand-side regulation and are 

dispersed across biochemical and physiological processes resulting in reductions in 

reserve sequestration.  The functional link between the bioenergetic and reproductive 

parameters measured here and the demographics of the population provides insight into 

the reproductive performance of the population, in the context of individual contribution 

to the next generation.  It can be predicted that the intrinsic rate of natural increase of a 

population of resistant individuals will be reduced as a result of reductions in 

reproductive output resulting from the sparsity of reserves sequestered by resistant 

individuals.  Such an effect is likely to be compounded by reductions in survival- and 

time to reproduction.   
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3.5 List of abbreviations used. 

 

ANOVA - analysis of variance 

ATP  - adenine triphosphate 

CEA  - Cellular Energy Allocation 

DNA  - deoxyribonucleic acid 

DW  - dry weight 

FSW  - filtered seawater 

GABA  - γ-aminobutyric acid 

MDS  - multidimensional scaling 

MTLP  - metallothionein-like-proteins 

NSD  - no significant difference 

PAH  - polycyclic aromatic hydrocarbons 

PCB  - polychlorinated biphenyl 

PVC  - polyvinylchloride 

ROS  - reactive oxygen species 

SD  - standard deviation 

SfG  - Scope for Growth 
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Chapter Four 

 

The reproductive cost associated with zinc and copper 

resistance in Nereis diversicolor. 
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4 Abstract 

 

The reproductive performance of animals chronically exposed to stress is 

broadly understood to suffer as a consequence.  In order to establish whether the 

metabolic costs associated with metal resistance result in costs to the reproductive 

performance of metal resistant N. diversicolor their reproductive biology was studied.  

Sexually mature females from Restronguet Creek were 78% of the wet weight of Teign 

Estuary animals and 59% of the wet weight of Froe Creek animals..  Their total and 

mass-specific fecundities were 41% and 55%, respectively, of the Teign Estuary 

individuals, and 35% and 61% of Froe Creek  individuals.  Resistant animals also 

exhibited higher incidences of dying oocytes with Teign Estuary animals exhibiting a 

71% lower incidence and Froe Creek individuals 45% lower incidence of dying oocytes.  

No differences were observed in the amount of protein, sugars or lipids stocked into 

each oocyte by animals from the three populations and there were no differences in the 

variance of oocyte diameters, although animals from Froe Creek did exhibit 

significantly larger oocytes.  The consequences of these results for the life history of 

metal-resistant animals and the stability of the population are discussed. 
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4.1 General introduction. 

 

N. diversicolor is a gonochoristic, seasonal, semelparous, free-spawner whose 

gametogenesis is regulated by environmental cues.  Spawning is frequently 

synchronous, although spawning episodes may occur at any point throughout the Spring 

and early Summer in different populations and even at different ends of the same 

estuary (Scaps 2002).   

 

 

4.1.1 Why study the reproductive biology of Nereis diversicolor? 

 

There are several reasons why the reproductive biology of N. diversicolor is of 

interest and relevance to this research.  If reproductive processes are perturbed then 

populations can decline or become extinct.  The Metabolic Cost Hypothesis suggests 

that costs covered by demand-side regulation of resource allocation, such as those 

measured in the previous chapter, will result in concomitant costs to the reproductive 

performance of the organism which may force the population to decline.  Those 

reproductive performance costs can only be ascertained by direct measurements of the 

demographic parameters.  Precisely how such costs manifest themselves in changes to 

the life-history strategy and reproductive biology of resistant animals is also of interest 

as this will inform as to the nature of the adaptive mechanisms at work.  For example, 

the results of the previous chapter suggest that the survival to reproduction of resistant 

individuals will be detrimentally affected by their reduced energetic reserves. 
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4.1.2 Factors affecting reproduction in Nereis diversicolor. 

 

Reproductive episodes in N. diversicolor populations are synchronised to 

environmental variables during the Spring and Summer (Dales 1950; Scaps 2002).  The 

specific variables responsible for the synchronicity of each population vary between 

populations without clear cause, with contradictions evident in both seasonal and 

physico-chemical parameters (Scaps 2002).  Different populations, even those from 

different ends of the same estuary, can exhibit markedly different spawning synchrony 

(Dales 1950; Scaps 2002).  N. diversicolor has a mixed age of reproduction strategy.  

However, due to the ‘gated’ nature of this strictly annual reproductive cycle the age of 

spawning individuals is a minimum of one year and a maximum of three (Olive et al. 

1997; Last 2000).   All juveniles of sufficient size from the year’s spawning appear to 

initiate gametogenesis in response to the waning photophase that commences at the end 

of September (Last and Olive 1999).  Since these are semelparous animals that die after 

their single reproductive episode and which do not need to retain resources for post-

reproductive survival, feeding ceases during gametogenesis to minimise the risk of 

predation whilst all resources are re-allocated to the gametes (Last and Olive 1999; Last 

2000).  However, a crucial decision of whether to continue gametogenesis throughout 

Winter to spawn in Spring or whether to abort gametogenesis, reabsorb the gametes and 

return to high levels of feeding activity occurs around three months after the initial 

cessation of feeding.   Reproductive strategies in N. diversicolor are, therefore, limited 

to a ‘decision’ in the middle of Winter as to whether to spawn in the coming Spring.   

 

Olive et al (1997)  observed that this decision whether to breed early or feed and 

grow for another year and breed later is highly influenced by how conducive 

environmental conditions have been to high growth rates.  Conditions that favour rapid 

growth- higher temperatures and abundant food- might favour early reproduction as 
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individuals have reached sufficient size by the end of the productive season to be 

relatively fecund.  Individuals experiencing these conditions are likely to spawn at one 

year of age.  Under the opposite conditions, growth will be low and individuals may 

abort gametogenesis at the critical point of New Year and to return to active foraging in 

order to acquire further resources to fuel gametogenesis.  Additional environmental 

factors can alter the nature of these decisions dramatically by influencing trade-offs 

(Werner and Anholt 1993; Anholt and Werner 1995).  For example, in the absence of 

significant predation such favourable conditions may lead individuals to grow for 

another year anyway in order to achieve a larger body size and a concomitant increase 

in fecundity.  Modelling of the life-history parameters reveals how each strategy 

maximises reproductive performance under the described conditions (Olive et al. 1997; 

Olive et al. 2000).   

 

The substantial amount of anabolic and catabolic activity which must occur in 

the prelude to spawning places an extreme burden on the biology of semelparous 

organisms.  For example, as discussed in Chapter 3, up to 70% of N. diversicolor’s total 

resources will be diverted to gamete synthesis (Fidalgo e Costa 2003)  .  Much of the 

viscera of the animal is catabolised and remobilised to provide resources to fuel 

gametogenesis and, in males, to develop the musculature that allows them to swim and 

swarm during spawning (Hébert Chatelain et al. 2008).  In females release of the 

gametes occurs by rupturing of the body wall and the preemptive degradation of the 

musculature continues to such an extent that the animals are extremely fragile and 

difficult to handle when spawning is imminent (Olive et al. 2000).  In addition, ultimate 

maturation of gametes is associated with catabolism of the alimentary system 

prohibiting resource intake during this period (Dales, 1950; pers. obs.).   
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The various feeding behaviours of N. diversicolor carry with them an associated risk of 

mortality as they require the animal to move to the surface of the sediment or even to 

partially leave its burrow to forage for detritus and microphytobenthos or to hunt.  

Foraging become highly risky to those animals which have devoted their metabolism to 

gametogenesis as the rewards of such behaviour may be low if seasonal food 

availability is at a minimum or if the rewards of foraging are outweighed by the 

associated risks of predation. The apparently counterintuitive reduction in feeding 

activity during gametogenesis is, therefore, ultimately beneficial to the animals’ 

reproductive performance (Olive et al. 2000).  However, the reduction in feeding 

exhibited by all animals at the onset of winter may impose a cost upon those animals 

which subsequently abort gametogenesis and return to active feeding in the New Year. 

 

 

4.1.3 Modelling life-history parameters. 

 

Fitness, as mentioned in Section 1.1.2, is here represented by the Malthusian 

parameter, r, which represents the intrinsic rate of increase of an individual or 

population.   In demographic terms r can be calculated form the Euler Lotka equation 

shown in Equation 4.1 reproduced from Olive et al. (2000). 
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Equation 4.1  

where:  

 

lx  =  age specific survival α  =  age at first maturity 

mx  =  age specific fecundity ω  =  age at last maturity 

r  =  intrinsic rate of population increase t  =  time 

 

 

 This equation can be generally applied to iteroparous and semelparous 

organisms.  However, as this research focuses upon a strictly semelparous organism it 

can be simplified by removing the iterative reproductive function, i, from Equation 1.3.  

The four demographic parameters that remain in this equation- t, S, n and r- are 

functionally linked to physiological parameters, as shown in Figure 3.1.  The 

implication is that variation in bioenergetic and physiological parameters will influence 

S, n, t and ultimately r.  In Chapter 3 it was shown that a metabolic cost is associated 

with metal resistance in N. diversicolor, resulting in fewer sequestered resources and 

less energy available for activity and growth.  This strongly suggests that animals from 

the resistant population inhabiting Restronguet Creek will exhibit lower reproductive 

performance than non-resistant animals living in a moderately contaminated habitat.   

 

 

4.1.4 Trade-offs between life-history parameters. 

 

A trade-off is a competitive interaction between two life-history traits that share 

a common resource pool (Zera and Harshman 2001).  If resources are allocated evenly 
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between the two traits initially, assuming that total resources are regulated by supply-

side mechanisms whereby the resource pool is of a fixed size, then an incremental 

increase in allocation to one trait results in a decrement of resources available to the 

other (van Noordwijk and de Jong 1986).  For example, fecundity and gamete 

investment are clearly dependent in females, given a fixed resource pool with which to 

produce and stock gametes (Marshall and Keough 2008a).  The actual number and 

quality of (i.e. investment in) oocytes varies between individuals as a result of the 

resource pool available to the individual and with recent environmental conditions.  As 

a result, the survival of lecithotrophic larvae such as those of N. diversicolor, is heavily 

influenced by the resources stocked into individual oocytes (Bayne et al. 1979; Marshall 

and Keough 2008a; Marshall and Keough 2008b).  For example, animals experiencing 

stressful or nutrient-poor conditions frequently opt to produce either fewer, larger 

oocytes and offspring or the same number of smaller, less well stocked oocytes (Bayne 

et al. 1979; Zera and Harshman 2001).  Although both strategies reflect reductions in 

reproductive output the ultimate reproductive performance of organisms is still 

maximised through the trade-off- albeit at a lower level than in the absence of stress.  

 

Trade-offs, then, are useful for interpreting the consequences for animals’ 

reproductive performance of various patterns of resource allocation.  In the context of 

resistance to metal toxicity, the metabolic cost of resisting metal toxicity appears to 

result in the allocation of resources away from more reproduction-oriented endpoints, 

such as sequestration and growth, and towards survival ones.  Consequently, trade-offs 

between specific life-history parameters, such as between survival to reproduction and 

age at reproduction, will be affected.  Cases of reduced growth and reproductive output 

in response to metal stress are well documented in invertebrate species including 

crustaceans (De Coen and Janssen 1997; Bossuyt and Janssen 2003; Soetaert et al. 
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2007; Kwok et al. 2009), bivalves (Smolders et al. 2004)  and annelids (Klok and de 

Roos 1996; Rozen 2006; Arnold et al. 2008).  Such evidence offers strong support for 

the existence of reproductive performance costs in association with the metabolic costs 

incurred by toxicant stress and this research aims to establish whether such costs are 

incurred by metal resistant N. diversicolor. 

 

Effects upon survival to reproduction will be particularly complicated in this 

instance as there are two competing forces operating upon the resistant animals:  The 

stress of the toxic metal concentrations in the animals’ habitat reduces their probability 

of survival to reproduction and the resistance phenomenon serves to increase it.  Only a 

direct assessment of these life-history variables will reveal the actual effects of 

resistance.  It is, therefore, of interest to compare the reproductive biology of resistant 

individuals with non-resistant ones in order to elucidate how trade-offs in life-history 

parameters are affected by the resistance phenomenon. 

 

 

4.1.5 Aims of this research. 

 

  The research detailed in this chapter aims to quantify various aspects of the 

reproductive biology of the three study populations of N. diversicolor.  Comparisons of 

fecundity, mature female wet weight, oocyte size, incidence of cell death in oocytes and 

resource investment in individual oocytes between the three populations should reveal 

whether reproductive output varies amongst them.  Other demographic variables are 

challenging, if not impossible, to quantify in animals in the wild and so the 

consequences of the previous research for the study populations’ life-history choices 

will be discussed.  
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H0:  There is no difference in reproductive biology or life-history parameters between 

resistant and non-resistant individuals.  
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4.2 Methodology. 

 

Studies of reproductive biology require sexually mature animals.  Due to the 

seasonal nature of reproduction in N. diversicolor and uncertainty over the precise 

timing of their reproduction, frequent sampling trips were made to all sites throughout 

2007 and 2008 to watch for signs of a cohort of animals maturing.  Bryan & Gibbs 

(1983) reported seeing reproductively spent N. diversicolor in Restronguet Creek in 

April.  Despite frequent sampling visits from February to July 2008 looking for cohorts 

of synchronously maturing females to collect as described in Chapter 2, no signs of any 

synchronous spawning event were observed.  Instead individuals exhibiting green 

colouration were collected piecemeal from all sites when encountered.  

 

 

4.2.6 Oocyte measurements and fecundity counts. 

 

Animals were padded dry on paper towel, weighed and then placed in a Petri 

dish with 35psu 5µm filtered seawater [FSW] and dorso-laterally bisected with a 

scalpel.  Females that contained large oocytes were immediately obvious to the naked 

eye.  Animals that did not contain oocytes were discarded.  Maturing oocytes were 

washed out of the coelomic cavity and somatic tissue was removed with tweezers.  The 

cell suspension was then decanted into a 15ml centrifuge tube and oocytes were left for 

~10 minutes to settle to the bottom of the tube, separating them from coelomocytes 

which remain in suspension and can be poured off.   
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Oocytes were resuspended twice in FSW and then allowed to settle again in 

order to wash away somatic debris and remove any remaining coelomocytes.  Oocytes 

were then resuspended again and subsampled for counting under a dissecting 

microscope.  In order to ensure that sampled individuals were sexually mature and ready 

to spawn, oocyte diameters were measured using a Zeiss Axiostar Plus light microscope 

fitted with a digital camera and Perceptive Instruments Comet Assay IV software before 

samples were frozen at -20°C for biochemical analysis.  A mean oocyte diameter 

>190µm was assumed to indicate maturity based upon the prevalence of germinal 

vesicle breakdown in cells of this size as illustrated in Figure 4.2. 

 

 

Figure 4.1:  Image showing oocytes in different stages of maturation.  Oocytes labelled 

“GVBD” show symptoms of germinal vesicle breakdown.  Specifically, translucence in 

the nuclear region resulting from breakdown of the nuclear membrane and condensation 

of the genetic material. 

 



 131 

Note was also made of the proportion of oocytes which exhibited signs of cell 

death, as this phenomenon was observed frequently, although its prevalence varied 

widely between individuals.  Examples of dying and healthy oocytes are shown in 

Figure 4.3.  Proportions were arcsine transformed prior to statistical analysis to give a 

viability index [VI].  Dying oocytes were excluded from any statistical analysis of 

oocyte dimensions.  Individual fecundities were then normalised to both wet weight and 

VI to give the mass-specific, effective fecundity [SEF]; i.e. the number of healthy 

oocytes produced per mg wet weight. 

 

 

Figure 4.2:  Image of N. diversicolor oocytes showing predominantly healthy examples.  

Cells exhibiting symptoms of cell death (swelling and lifting of the plasma membrane) 

have been labelled “N”. 
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4.2.7 Biochemical composition of oocytes. 

 

Oocyte samples from the fecundity measurements were frozen at -20°C in 500µl 

volumes for analysis of their biochemical reserves as described in detail in Section 

3.2.4.  Oocytes samples were freeze-thawed twice to homogenise them.  Lipids, sugars  

and protein content of the homogenate was measured as described previously (Section 

3.2.4) and were then normalised to the number of oocytes collected from each 

individual to give the mean mass in each oocyte.  Individuals which exhibited a 

proportion of dying oocytes over 0.2 were excluded from statistical analysis of oocyte 

biochemistry as it is assumed that cell death will affect their biochemical composition. 

 

4.2.8 Energetic assessment of reproductive output. 

 

In order to contrast the reproductive output of the three study populations in 

energetic terms the biochemical reserves allocated to each oocyte were converted to 

their oxyenthalpic equivalents according to the values of Gnaiger (1983) and summed.  

This figure for the total energy invested in gametes was then normalised to the VI of 

each individual, in order to exclude energy that was invested in non-reproductively 

viable gametes, and also to wet weight so as to remove the effect of any differences in 

this parameter between populations.  This specific, effective reproductive output 

[SERO] represents the demographically relevant fraction of reproductive material 

synthesised by each individual. 
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4.2.9 Statistical analysis. 

 

One-way Analysis of Variance [ANOVA] followed by Fisher’s Least 

Significant Difference was used to identify statistically significant differences between 

populations’ reproductive biology using the statistical package Minitab 15 (Minitab Ltd, 

UK).  Data that were more than two standard deviations from the mean were designated 

as outliers and excluded from ANOVA.   

 

Independent data sets were also analysed by Analysis of Similarities [ANOSIM] 

and by Multidimensional Scaling [MDS] using the multivariate, non-parametric 

software package PRIMER 6 (PRIMER-E Ltd, UK) in order to determine and illustrate 

whether the three study populations varied overall in their reproductive biology.  Data 

were normalised prior to multivariate analysis. 
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4.3  Results 

 

 Despite frequent sampling trips made to the three study sites to seek a cohort of 

animals maturing no evidence of a coordinated spawning event was observed, although 

mature individuals were encountered and collected piecemeal throughout the Spring and 

Summer of 2008.   

 

4.3.1 Mature female body size. 

 

Mature female wet weights differed significantly between all three populations 

with Froe animals exhibiting the highest values, Teign animals being intermediate and 

Restronguet Creek animals lowest (F2,43 = 10.18, P < 0.001).  The mean wet weights 

(±SD) of animals from the three populations were 425 (±135) mg for Teign, 559 (±158) 

mg for Froe and 329 (±114) mg for Restronguet Creek.  Teign Estuary females were 

129% of the wet weight of Restronguet Creek females at maturity and Froe Creek 

females were 170% of the wet weight.  The body sizes of mature females from the three 

study sites are shown in Figure 4.4. 
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Figure 4.3:  Wet weights of mature females from three populations of N. diversicolor.  

Circles denote outlying data excluded from subsequent statistical analysis.  Triple stars 

after the title denotes significant differences between populations at P < 0.001.  

Numbers in brackets below X-axis site labels are n values and different letters indicate 

sites that differ significantly from each other as determined by Fisher’s LSD test. 

 

 

4.3.2 Oocyte measurements. 

 

The diameter of oocytes varied significantly between individuals from the three 

populations (F2,22 = 7.54, P < 0.01).  Mature females from Froe Creek contained oocytes 

with a mean (±SD) diameter of 222.7µm (±8.4).  The Teign Estuary and Restronguet 

Creek females both had lower mean oocyte diameters with means of 206.5 (±14.1) and 

197.2 (±9.0), respectively.  The Froe Creek mean was 108% of the Teign Estuary mean 

and 113% of the Restronguet Creek mean.  
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No significant differences were observed between the variances of the diameters 

measured in collected oocytes (F2,22 = 1.54, P = 0.239).  The mean variance (±SD) of 

oocytes collected from Froe Creek individuals was 20.2 (±20.8), that of the Teign 

Estuary individuals was 20.2 (±11.7) and that of Restronguet Creek individuals 31.8 

(±15.2).  The result of the oocyte measurements are shown in Figure 4.5. 
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Figure 4.4:  Diameters and the variances of oocytes collected from mature females 

sampled from the three study populations.  Double stars after the title denotes 

significant differences between populations at P < 0.01 and NSD indicates no significant 

difference.  Numbers in brackets below X-axis site labels are n values and different 

letters indicate sites that differ significantly from each other as determined by Fisher’s 

LSD test. 
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4.3.3 Incidence of cell death in oocytes. 

 

The VI of oocytes collected from individuals from each study population is 

shown in Figure 4.4.  The arcsine transformed proportions of dying oocytes were root 

transformed to make the variances homogenous prior to ANOVA.  Animals from 

Restronguet Creek exhibited significantly greater VI than animals from the other two 

study populations (F2,23 = 4.62, P < 0.05).  Mean VI (±SD) for the Restronguet Creek 

population was 28.8 (±32.3), whereas that of the Teign Estuary and Froe Creek 

populations was 5.36 (±8.35) and 16.6 (±36.2), 19% and 57% of the value of the 

Restronguet Creek population, respectively.  

 

 

Figure 4.5:  Proportion of dying oocytes observed in N. diversicolor from the three 

study populations.  The single star after the title denotes significant differences between 

populations at P < 0.05.  Numbers in brackets below X-axis site labels are n values and 

different letters indicate sites that differ significantly from each other as determined by 

Fisher’s LSD test. 

RestrFroeTeign

90

80

70

60

50

40

30

20

10

0

ne
cr

ot
ic

 in
de

x

(10) 
A 

(9) 
B 

(6) 
A 

Viability Index - * 



 139 

4.3.4 Fecundity of mature females. 

 

Data for the fecundity of sexually mature, female N. diversicolor are shown in 

Figure 4.7.  Individual fecundities (F2,44 = 13.49, P < 0.001) differed significantly 

amongst the Teign, Froe and Restronguet Creek populations.  The total fecundities of 

individual N. diversicolor from Restronguet Creek were significantly lower than those 

from the two reference populations with a mean (±SD) of 4265 (±2286) oocytes that 

were 37% and 31% of the Teign and Froe population’s means, respectively.  The two 

populations had mean total fecundities of 11582 (±5959) and 13851 (±6692) oocytes.   

 

The specific, effective fecundity of the Restronguet Creek population- their 

fecundity normalised to wet weight and the incidence of dying oocytes-  was 

significantly lower than that of the Teign and Froe populations with a mean value (±SD) 

of 7.5 (±3.8) oocytes per mg wet weight (F2,17 = 5.92, P < 0.05).  The value for the 

Teign population was 229% of the Restronguet Creek mean at 17.3 (±10.4) and the Froe 

population’s mean was 329% of the Restronguet Creek value at 24.8 (±5.8).   
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Figure 4.6:  Results of the total fecundity and mass-specific, effective fecundity 

measurements made upon mature females from three populations of N. diversicolor.  

Circles denote outlying data excluded from subsequent statistical analysis.  Single stars 

after the title denotes significant differences between populations at P < 0.05 and triple 

stars denote P < 0.001.  Numbers in brackets below X-axis site labels are n values and 

different letters indicate sites that differ significantly from each other as determined by 

Fisher’s LSD test. 
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4.3.5 Oocyte biochemical reserves. 

 

Oocytes from females from the Teign, Froe and Restronguet Creek populations 

showed no significant differences in the amount of protein (F2,18 = 1.30, P = 0.299), 

sugar (F2,18 = 1.25, P = 0.313) or lipid (F2,18 = 0.19, P = 0.828) contained within them.  

This data is summarised in Table 4.1. 

 

Table 4.1:  Summary of mean (±SD) protein, sugar and lipid contents of individual 

oocytes collected from sexually mature females sampled from the three study 

populations of N. diversicolor.  Units are all µg oocyte-1. 

population Teign Froe Restronguet Creek 

protein 0.093 (±0.036) 0.170 (±0.139) 0.140 (±0.086) 

sugar 0.330 (±0.138) 0.290 (±0.112) 0.429 (±0.189) 

lipid 0.257 (±0.134) 0.250 (±0.031) 0.287 (±0.112) 

 

 

4.3.6 Reproductive output. 

 

The oxyenthalpic equivalents of the biochemical reserves in animals’ oocytes 

were summed and normalised to both VI and wet weight to generate a value for the 

energetic resources successfully invested in gametes in each population.  This gives the 

Specific, Effective Reproductive Output [SERO], shown in Figure 4.8, which varied 

significantly between the three study populations with the Restronguet Creek population 

exhibiting a lower mean value than the two other populations.  The Restronguet Creek 

population had a mean (±SD) SERO of 181 (±151) whereas the Teign Estuary and Froe 

Creek populations had values of 280 (±142) and 398 (±104), respectively.  These latter 

mean values were 154% and 249%, respectively, of the mean value of the Restronguet 

Creek population.  
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Figure 4.7:  Boxplots showing the Specific, Effective Reproductive Output of female N. 

diversicolor from the three study populations.  Double stars after the title denote 

significant differences between populations at P < 0.01.  Numbers in brackets below X-

axis site labels are n values and different letters indicate sites that differ significantly 

from each other as determined by Fisher’s LSD test.  
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from each other (R(Teign, Froe) = 0.188, P = 0.164), whereas the Restronguet Creek 

individuals were significantly different from both Teign Estuary (R(Restr, Teign) = 0.256, P 

= 0.009) and Froe Creek (R(Restr,Froe) = 0.504, P = 0.017) individuals.  Based upon this 

analysis the null hypothesis is rejected.   

 

The differences between the three populations are illustrated in the 

Multidimensional Scaling plot are shown in Figure 4.9.  As indicated by ANOSIM, 

individuals sampled from Restronguet Creek and Froe Creek are most different and are 

well separated on the plot. The Teign Estuary individuals are intermediate to these two.  

The stress of the plot was 0.11, suggesting that the two-dimensional arrangement of the 

points is a reasonable representation of the higher ordination data, although the fine 

structure of any compact groups may not be truly representative of small-scale 

differences between them.  
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Figure 4.8:  Multidimensional Scaling plot of the independent reproductive parameters 

measured here.  Blue circles are individuals from Restronguet Creek, green crosses are 

those from the Teign Estuary and red triangles are Froe Creek individuals. 
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4.4  Discussion. 

 

It has been found here that mature females from a metal-resistant population of 

N. diversicolor, inhabiting heavily metal-contaminated sediment, exhibit lower total 

fecundity, lower wet weights at sexual maturity and lower mass-specific, effective 

fecundities than animals sampled from two populations of non-resistant animals 

inhabiting moderately contaminated sediments.  The incidence of dying oocytes was 

also elevated in resistant animals over non-resistant ones.  In contrast animals sampled 

from the non-resistant Froe population exhibited significantly elevated wet weights at 

sexual maturity over both the non-resistant Teign population and the metal-resistant 

Restronguet Creek population.  Females from Froe exhibited an elevated total fecundity 

as well.  Finally, although there was were no significant differences between the 

biochemical reserves invested in each oocyte amongst the three study populations, in 

energetic terms the Restronguet Creek population showed a significant reduction in 

their Reproductive Output when normalised to their weight and the incidence of dying 

oocytes.   

 

Demographic models that allow the inference of demographic consequences 

from individual’s reproductive biology have been presented in Chapter 1 and Chapter 3.  

It was concluded in Chapter 3 that the metabolic costs to resistant animals associated 

with metal resistance would result in the incursion of costs to the animals’ reproductive 

performance.  The results of this research support this conclusion.  However, the small 

numbers of individuals that could be sampled from Froe Creek indicates that these 

results should be interpreted with caution. 
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 The elevated incidence of cell death in oocytes in N. diversicolor from 

Restronguet Creek is remarkable.  It was not considered practical to determine here 

whether this was a result of necrosis or apoptosis of the oocytes.  Either mechanism 

could result from metal toxicity, despite the resistance phenomenon.  Oocytes possess 

substantial innate biochemical defences against metal toxicity in the form of enzymatic 

and non-enzymatic antioxidants and glutathione-conjugate [GSX] active transport 

pumps and are consequently robust to such stress (Zuelke et al. 2003; Hamdoun and 

Epel 2007).  Whether resistant animals’ oocytes exhibit elevated defences against metal 

toxicity is unknown although invertebrate embryos have been demonstrated to exhibit 

induction of detoxification and defensive elements in response to toxicants in their 

environment (Toomey and Epel 1993).  Evidence suggests that- certainly in higher 

animals such as sheep- oocytes’ defences are not particularly inducible, however, this 

has yet to be examined in marine invertebrate species (Livingston et al. 2009).  Necrosis 

in the gametes of animals as close to spawning as those examined here is circumstantial 

evidence of an extraordinary stress which has overcome any defences present.  

Extraordinary stress events or ones that are additional to the routine stresses of the 

estuarine environment may dramatically raise the metabolic costs of maintaining 

healthy gametes to the point where the resources remaining to a pre-spawning animal 

are insufficient to fuel both spawning and defence of the gametes.  This argument fits 

well with the bet-hedging strategies deployed by many phyla whereby oogenesis is 

initiated in a far greater number of oocytes than are likely to be ultimately spawned.  

Oocytes are selectively aborted throughout oogenesis in order to arrive at maturation 

with the optimum number of mature oocytes (Kozlowski and Stearns 1989).  This 

allows animals to err on the side of overproduction of gametes with the option- within 

certain time limits- of aborting development in excess, damaged or dysfunctional 

oocytes (Kozlowski and Stearns 1989; Crean and Marshall 2009).  These can then be 
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selectively aborted, catabolised and the resources invested within them remobilised and 

reallocated (Kozlowski and Stearns 1989).  Bet-hedging strategies also influences the 

diversity of offspring phenotypes produced by mothers in response to an unpredictable 

environment (Crean and Marshall 2009).  This is proposed to result in benefits for the 

mother’s reproductive performance by maximising offspring survival in such 

environments (Koops et al. 2003).  The estuarine environment that N. diversicolor 

inhabit exerts a particularly wide range of biotic and abiotic stresses at varying 

intensities (Elliott and Quintino 2007).  The additional stress of severe metal 

contamination at Restronguet Creek will increase the overall variability of stress levels, 

making them less predictable and possibly driving resistant animals to pursue such 

diversification strategies.  Although no significant differences were found in the 

variance of oocyte diameters measured here there appears to be a trend of increasing 

variance in oocyte diameters amongst Restronguet Creek females that may be revealed 

by further study. 

 

The reduced size at maturity of animals from Restronguet Creek could result 

from either slower growth rates than animals from Froe Creek and the Teign Estuary or 

from similar growth rates but initiation of maturation and reproduction at a younger age.  

Age of N. diversicolor is almost impossible to determine observationally due to the lack 

of growth rings in their jaws and the absence of other hard body parts (Durou et al. 

2008).  Without knowing the age or growth rate of the animals in question it is not 

possible to state unequivocally which strategy leads to their smaller sizes at maturity.   

 

Associated with reduced sizes at maturity is the reduction in fecundity.  In 

crustaceans, molluscs and opportunistic polychaetes fecundity normally scales 

positively with body size, with larger females producing more eggs (Stearns 1992).  
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This appears to be the case in N. virens as well as Olive et al. (1997) reports a linear 

relationship between wet weight and fecundity.  What is remarkable in the fecundity of 

animals studied here is the significant reduction in fecundity associated with metal 

resistance.   The implications of this phenomenon for the life history of the population 

are significant.  Firstly, it should be observed that, if the three study populations are all 

assumed to be in steady-state, then the substantial reduction in fecundity indicates a 

concomitant increase in the probability of fertilisation and survival to reproduction of 

the individual gametes spawned.  This can be demonstrated by rearranging Equation 4.2 

to give the probability of survival to reproduction, S, in terms of the Malthusian 

parameter, r, fecundity, n, and time to reproduction, t:  

 

(1 / n) 
S  = 

e
-rt

 
Equation 4.3 

 

Assuming steady state, r is zero and the bottom of the right hand side of the equation 

equals one, making S inversely related to n.  This is initially counterintuitive, as the 

metal-resistant population appear to be less healthy, in terms of their physiological 

energetics, than non-resistant ones.  This implies that they are less capable of surviving 

to reproduction, as suggested in Chapter 3.  However, according to the model above and 

its assumption of steady-state, their lower fecundities imply greater survival to 

reproduction than that of more fecund, non-resistant individuals from the Teign Estuary 

and Froe Creek.  N. diversicolor suffer very high mortalities as larvae and juveniles.  

Survival to six months of age is only 5% and to one year only 2% (Dales 1951; 

Kristensen 1984).  Threats to their survival are many and include predation by estuarine 

birds, fish and invertebrates and inter- and intraspecific competition for space and 

resources that includes the substantial threat of cannibalism from larger conspecifics 
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(Miron et al. 1992; Scaps 2002; Fidalgo e Costa et al. 2006).  As a result, small 

differences in competition and predation may have a disproportionate increase upon 

survival of juveniles.  Bryan and Gibbs (1983) established that the incidence of 

polychaete competitors and predators in Restronguet Creek was greatly reduced in 

comparison to geographically similar but relatively uncontaminated branches of the Fal 

Ria.  The only aquatic predator recorded by Bryan and Gibbs (1983) at the site sampled 

in this research was the highly mobile Carcinus maenas.  Bryan and Gibbs (1983) also 

observed that any larvae settling on the surface mud of the upper creek will be subjected 

to wide fluctuations in salinity and high concentrations of certain metals, both in 

solution and contaminating their diet.  Based upon the relative paucity of fauna found 

there, they concluded that this dual stress would be broadly lethal (Bryan and Gibbs 

1983).  This strongly suggests that the larvae of N. diversicolor experience the 

substantial benefits of competitive exclusion in the upper reaches of Restronguet Creek.  

This phenomenon could well enhance the survival of larvae and juveniles, accounting 

for the calculated difference in overall probability of survival to reproduction. 

 

Attempts to quantify maternal investment in oocytes in energetic terms is 

hampered by the fact that their energetic content (the reproductive output), whilst of 

interest and relevance in terms of trade-offs between fecundity and oocyte investment, 

is in no way reflective of the total energetic cost of their production (reproductive 

effort).  This problem is particularly acute in an organism such as N. diversicolor which 

has an extended period of gametogenesis.  Maintaining and defending gametes during 

this period may is inevitably going to be costly to an organism.  Whether the metal 

pollution exacerbates these costs is unclear.  Bayne et al. (1983) found no differences in 

the metabolic cost of gamete production between blue mussels, Mytilus edulis from 

variously polluted populations, despite finding substantial differences in their 



 150 

physiological energetics and in their reproductive output.  Stearns (1992) observes that, 

because clutch size is usually much more variable than offspring size, reproductive 

effort is almost directly proportional to clutch size.  This supports Bayne et al.’s (1983) 

findings of an association between fecundity and reproductive effort. 

 

  In light of the reduced mass-specific fecundities of animals from Restronguet 

Creek and the reduction in their somatic reserves measured in Chapter 3, the lack of any 

differences in the amount of energetic resources stocked within each oocyte suggests 

that this trait is far more heavily selected for than fecundity as the former remains 

constant while the latter has varied significantly.  The implication is that fewer, well-

stocked oocytes will result in more larvae surviving than a large number of poorly 

stocked ones.  Due to the four week duration of the pelagic, non-feeding stage in the 

development of N. diversicolor, survival of larvae to settlement is heavily dependent 

upon maternal investment in oocytes .  Consequently, even minor reductions in oocyte 

stocking may reduce larval survival.   

 

In conclusion, it is shown here that the resistance phenomenon is associated with 

reductions in female size at maturity, mass-specific fecundity and in reproductive 

output.  This is highly likely to be a result of slower growth rates and sexual maturation 

at a smaller body sizes due to a reduction in resources to allocate to growth resulting 

from the metabolic cost of resistance.  Evidence therefore exists to suggest that all three 

of the demographic parameters that determine fitness, r, are reduced in resistant 

animals.  
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4.5 List of abbreviations used. 

 
ANOSIM  - analysis of similarities 

ANOVA - analysis of variance 

FSW  - filtered seawater 

GVBD  - germinal vesicle breakdown 

MDS  - multidimensional scaling 

NSD  - no significant difference 

SD  - standard deviation 

SEF  - specific effective fecundity 

SERO   - specific, effective reproductive output 

VI  - viability index 
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Chapter Five 

 

Biochemical mechanisms of resistance to metal 

toxicity in Nereis diversicolor. 
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5 Abstract. 

 

Resistance to metal toxicity in Nereis diversicolor must involve some 

mechanism for covalently binding dissolved metals in order to prevent their 

involvement in toxic reactions.  An increased ability to remediate Reactive Oxygen 

Species is also likely to be a significant component of resistance.  Likely biochemical 

mechanisms including the specific activities of the enzymes glutathione peroxidase, 

glutathione reductase, glutathione transferase and superoxide dismutase were quantified 

in individuals sampled from the three study populations of N. diversicolor as well as the 

glutathione ratio.  The total glutathione content was not found to differ between 

resistant and non-resistant animals but resistant animals contained far more reduced 

glutathione and less free, oxidised glutathione.  Resistant animals also exhibited 

significantly elevated glutathione peroxidase activity but reduced superoxide dismutase 

activity.  These results are discussed in the context of the what is currently known about 

metal handling pathways and other likely constituents of a metal for resisting acute 

metal toxicity. 
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5.1 General introduction. 

 

Resistant N. diversicolor have greatly elevated concentrations of certain metal in their 

tissues.  Copper, for example, is accumulated to concentrations as high as 4mg g-1 in the 

tissues of animals from the head of Restronguet Creek (Bryan and Gibbs 1983).  Much 

of this metal is immobilised within the dermis and gut lining of the animals in the form 

of mineralised granules (Berthet et al. 2003; Mouneyrac et al. 2003).  The 

immobilisation appears to be part of a strategy to sequester excess metals away from 

biological availability.  Other metals are actively and tightly regulated within animals’ 

tissues.  The biochemical and physiological mechanisms involved in doing so are 

currently poorly characterised.   

 

 

5.1.1 Metal handling and detoxification. 

 

Metal uptake occurs across both the dermis and the gut as a result of metals in 

the immediate environment and diet of resistant N. diversicolor (Geffard et al. 2005; 

Meyer et al. 2005).  Generic metal handling pathways have been well characterised in 

higher animals and many analogues have been identified in lower animals.  Handling of 

metals taken up involves three components:  Metal binding ligands; trans-membrane 

transport elements; sequestration.  Any study of resistance is primarily concerned with 

the first component as covalent binding of metals restricts their ability to become 

involved in Fenton cycling and the production of reactive oxygen species as well as 

their ability to bind to non-specifically to cellular macromolecules and structures 

(Section 1.1.4).  However, metal binding is never likely to be complete and some level 

of toxic effect will still result from the release and rebinding of excess metals, although 
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in resistant animals this is hypothesised to be greatly diminished by handling and 

detoxification mechanisms (Sibly and Calow 1989).  Therefore, an elevated antioxidant 

capacity is a highly plausible component of metal resistance mechanisms. 

 

The identity of the compounds responsible for binding the excess metals that 

find their way into the cells and tissues of organisms living in highly metal-

contaminated environments remains unknown.  The most commonly implicated 

biomarker of metal contamination is metallothionein.  Metallothionein is a low (6-

7kDa) molecular weight polypeptide which is broadly implicated in metal detoxification 

in higher and lower animals (Amiard et al. 2006).  Metallothionein has also been 

implicated in several studies of metal resistance in different organisms (Dixon and 

Sprague 1981; Mulvey and Diamond 1991; Silver and Phung 1996; Timmermans et al. 

2005) although other studies have rejected a role for it in metal resistance (Martins et al. 

2005) and investigations of the fundamental role of metallothionein in cellular biology 

suggest that its ability to bind excess metals is incidental to its role in regulating 

intracellular redox potential through modulation of the concentration of free zinc ions  

(Jacob et al. 1998; Jiang et al. 1998; Maret and Vallee 1998).   

 

In two of the very few studies to examine potential mechanisms of metal 

resistance in the N. diversicolor inhabiting Restronguet Creek the level of 

metallothionein has been independently quantified in the tissues of metal resistant N. 

diversicolor by both Mouneyrac et al. (2003) and by Berthet et al (2003)..  In both 

studies metallothionein was not found to be elevated in the tissues of N. diversicolor 

from Restronguet Creek.  This indicates that metallothionein is not the ligand 

responsible for handling the excess metals that these animals are exposed to.  An 

alternative candidate for the metal-binding that is essential to metal resistance is the 
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tripeptide glutathione (γ-glutamyl-cysteinylglycine).   Glutathione is the major 

defensive element against metal toxicity in cells and is present in mammalian tissue at 

millimolar concentrations and therefore constitutes more than 90% of non-protein 

sulphurous compounds (Corazza et al. 1996; Ercal et al. 2001). 

 

In the case of copper toxicity glutathione is certainly involved in limiting toxic 

effect by rapidly binding any copper ions which appear within a cell, either through 

uptake by the Ctr1 trans-membrane copper transporter, via “open gate” chemiosmotic 

pores or by endocytosis (Freedman et al. 1989; Kim et al. 2008).  In the American 

lobster copper is present in cells either as copper-metallothionein or copper-glutathione 

complexes (Brouwer and Brouwer-Hoexum 2002).  In higher animals such as birds and 

mammals metals can also be bound by plasma proteins such as albumin (Predki et al. 

1992; Masuoka and Saltman 1994).  There is no evidence to suggest that a similar 

mechanism operates in invertebrates.  Once bound the metal is prevented from 

involvement in toxic reactions and can either be expelled from compartments, cells and 

tissues back into the environment or transported intra- and inter-cellularly to tissues 

whose cells have the capacity to permanently immobilise the metal in the mineralised 

granules that are so prevalent in the dermal tissue of metal resistant N. diversicolor 

(Mason et al. 1995; Berthet et al. 2003; Mouneyrac et al. 2003; Kim et al. 2008).  

Clearly the other components of resistance- trans-membrane transport and 

sequestration- are involved in this process, however, these mechanisms are not directly 

involved in preventing toxicity and will not be considered further here.  However, 

glutathione is present in abundance in most animal tissues and cells and seems a highly 

plausible candidate for both toxic and non-toxic metal binding scenarios. 
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In the case of zinc toxicity, glutathione is implicated in the tight control of zinc 

availability, although with a contrasting hypothetical mechanism of ultimate 

detoxification .  The redox potential of cells and the transfer of zinc to metalloproteins 

appears to rely on the handing off of zinc to glutathione and metalloproteins (Jiang et al. 

1998).  Glutathione has also been shown to exhibit a protective role against zinc toxicity 

in human cells, most significantly via increased rates of glutathione synthesis (Walther 

et al. 2007).  Any free zinc ions entering the epithelial cells of the gut must, therefore, 

be rapidly bound by either glutathione or metallothionein (Meyer et al. 2005).  

However, zinc concentrations in the tissues of N. diversicolor from Restronguet Creek 

are not significantly elevated over that of animals from uncontaminated locations, 

despite the massively elevated concentrations of zinc in the sediments of upper 

Restronguet Creek (Berthet et al. 2003).  It is implausible that the metal is prevented 

from entering the animals’ tissues in the first place and glutathione is, therefore, 

implicated in the ligation and detoxification of uptaken zinc.  In contrast to the 

treatment of copper, however, the metal must be rapidly extruded from the animals’ 

cells again, as evidenced by the lack of any difference in body burdens recorded by 

Berthet et al. (2003).  Several different specific and non-specific efflux pumps have 

been identified that extrude free metal ions or metal-ligand complexes from cells such 

as the specific Znt1 and the non-specific multixenobiotic related protein [MRP], which 

extrudes glutathione complexes (Palmiter 2004; Walther et al. 2004). 

 

 

5.1.2 Remediation of metal-induced oxidative stress. 

 

As previously mentioned metal binding by ligands to prevent toxicity is never 

complete due to the stoichiometry of metal binding.  As a result, the generation of RCS 
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may be elevated above the normal level of endogenous production even in organisms 

which prophylactically maintain elevated concentrations of metal ligands.  A suite of 

enzymes and organic antioxidant compounds are synthesised by cells to eliminate RCS 

and remediate the damage they cause.  Glutathione peroxidase (EC 1.11.1.9) harnesses 

the reducing power of reduced glutathione to convert lipid peroxides to alcohols, free 

hydrogen peroxide and oxidised glutathione.  Glutathione reductase (EC 1.8.1.7) utilises 

NADPH to regenerate reduced glutathione from oxidised glutathione, thereby 

replenishing cellular reserves of this antioxidant.  Glutathione transferases (EC 2.5.1.18) 

are a family of isoenzymes that catalyse the conjugation of reduced glutathione to a 

broad range of substrates including endogenous and exogenous compounds including 

electrophilic toxicants and lipid and nucleic hydroperoxides (Sheehan et al. 2001; 

Martinez-Lara et al. 2002).  Superoxide dismutase (EC 1.15.1.1) are a family of 

metalloenzymes that catalyse the dismutation of superoxide anions into oxygen and 

hydrogen peroxide.  Nonenzymatic antioxidants include glutathione, ascorbic acid, 

thioredoxin, polyphenols and other low molecular weight compounds with reducing 

potential.  Of these, glutathione is by far the most prevalent within cells, being present 

in vertebrate and invertebrate cells at concentrations of several millimolar.  Glutathione 

is also by far the most relevant to studies of metal toxicity and resistance, as a major 

metal ligand, a co-factor in metal handling mechanisms, acting as an antioxidant in its 

own right and as a substrate for several antioxidant and remedial enzymes (Hayes and 

McLellan 1999).  Upregulation of de novo glutathione synthesis has been demonstrated 

to be responsible for adaptation to chronic oxidative stress in higher animals (Woods et 

al. 1999).  

 

A separate set of enzymatic and non-enzymatic antioxidants function within the 

lipophilic domains of cell membranes where cytosolic antioxidants do not operate.  
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These include nonenzymatic antioxidants such as tocopherol and carotenes as well as a 

lipophilic analogue of the antioxidant enzyme glutathione peroxidise, phospholipid 

hydroperoxide glutathione peroxidase (EC 1.11.1.12) (Sies 1997).  These lipophilic 

antioxidants are not generally implicated in resisting metal toxicity as metal-catalysed 

production of reactive chemical species occurs exclusively in the aqueous regions of the 

cell.   

 

 

5.1.3 Aims of this work. 

 

The research described here aims to elucidate the mechanisms of metal 

resistance in the N. diversicolor inhabiting upper Restronguet Creek.  The activities of 

several of the main antioxidant enzymes implicated in remediating oxidative stress and 

its detrimental effects will be quantified in the tissues of animals sampled from the three 

study populations.  Concentrations of reduced glutathione as well as free, oxidised 

glutathione and bound, oxidised glutathione will also be quantified.  Significant 

differences between resistant and non-resistant individuals will indicate whether or not 

these mechanisms play a role in metal resistance.   

 

H0:  Quantitative differences in any of the prospective metal–resistance mechanisms are 

greater between non resistant individuals from Froe Creek and the Teign Estuary than 

between individuals from these population and metal-resistant individuals from 

Restronguet Creek. 
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5.2 Methodology. 

 

5.2.4 Animals and study sites. 

 

Animals were collected from the three experimental sites in as described 

previously (Chapter 2) and were allowed to purge their gut contents overnight before 

being snap frozen in liquid nitrogen.  Frozen animals of 300-500mg wet weight were 

homogenised on ice with a Polytron PT1200 mechanical homogeniser (Kinematica AG, 

Switzerland) in 3.5 ml ice-cold 0.1 M phosphate buffered saline pH 7.5 (Roche 

diagnostics GmbH, Germany) containing 50µM antipain and 5µM pepstatin.  

Homogenate was then aliquoted into 0.5 ml volumes and immediately frozen at −20 °C.   

 

 

5.2.5 Enzyme assays. 

 

Selenium-containing glutathione peroxidase activity was assayed according to 

the method of Paglia & Valentine (1967) adapted to 96 well microplates.  Each plate 

well contained 150µl reaction buffer (50mM Tris, 0.5mM ethylenediaminetetraacetic 

acid [EDTA] pH8.0), 20µl 12.5mM sodium azide, 20µl 3mM NADPH, 20µl 2mM 

reduced glutathione and 1 unit of glutathione reductase (Sigma Aldrich, Dorset, UK).  

The reagents and microplate were incubated at 20°C prior to the start of the assay.  

Aliquots of homogenate were centrifuged at 12,000g at 4°C for 20 minutes and 40µl of 

supernatant from each animal were added to triplicate wells.  The same volume of 

homogenising buffer was used for blank readings.  Reactions were started by adding 

20µl 3.75mM tert-butyl hydroperoxide and the decrease in NADPH concentration over 

time at 20°C was followed spectrophotometrically on a Molecular Devices SpectraMax 
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340PC microplate reader at 340nm.  Enzyme volume activity was normalised to 

cytosolic protein concentration in the supernatant of each sample, quantified with Bio-

Rad reagent (Bio-Rad, Hemel Hempstead, UK) and a standard curve of bovine serum 

albumin (Sigma-Aldrich, Dorset, UK).   

 

Glutathione reductase activity was assayed at 20°C according to the method of 

Massey and Williams (1965) adapted to the microplate format.  Plate wells contained 

200µl reaction buffer (0.1M phosphate buffered saline and 1mM EDTA pH7.5), 50µl 

2mM oxidised glutathione, 10µl 2mM NADPH.  The reaction was started by the 

addition of 40µl cytosol extract and the decrease in NADPH concentration was 

followed spectrophotometrically as described above.  Blank wells contained 

homogenising buffer instead of extract.  Volume activity was normalised to cytosolic 

protein concentration in each extract.   

 

Glutathione transferase activity was assayed at 20°C by following the 

conjugation of reduced glutathione to 1-chloro-2,4-dinitrobenzene [CDNB] 

spectrophotometrically according to Habig et al. (1974).  For the microplate assay each 

well contained 200µl 0.1M phosphate buffered saline pH7.5, 20µl 10mM reduced 

glutathione and 40µl cytosolic extract.  Blank wells contained homogenising buffer 

instead of extract.  The assay was started by adding 20µl of 10mM CDNB in 50% 

ethanol and activity was measured by following the change in absorption over time at 

340nm.  Volume activity was normalised to protein content.   

 

Superoxide dismutase activity was quantified by following the inhibition of 

superoxide-mediated chromophore production at 20°C according to Ewing and Janero 

(1995).  Microplate wells contained 200µl reaction buffer (0.1M phosphate buffered 
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saline and 0.2mM EDTA pH8.0), 10µl nitrotetrazolium blue, 20µl 1.2mM NADH and 

20µl of superoxide dismutase standard or cytosolic extract.  Nine standards and a blank 

were prepared from serial dilutions of 40mg l-1 of the enzyme purified from bovine 

erythrocytes and dissolved in homogenisation buffer (Sigma-Aldrich).  The assay was 

started by the addition of 40µl 5µM phenazine methosulfate.  Production of reduced 

nitrotetrazolium blue was followed at 560nm and enzyme concentrations were 

interpolated from a standard curve and normalised to the protein content of the cytosolic 

extract.   

 

 

5.2.6 Glutathione assay. 

 

The concentrations of reduced glutathione and both free and bound oxidised 

glutathione were quantified by high pressure liquid chromatography [HPLC] according 

to a protocol adapted from that of Pastore et al. (2001).  Glutathione exists in three 

separate states within a cell: As free, reduced glutathione [GSH]; as a free, oxidised 

glutathione homodimer [GSSG]; as an oxidised glutathione heterodimer bound to 

endogenous metabolites, proteins or exogenous substances [GSX].  The assay involves 

three different derivatisation and analysis procedures to be carried out upon replicates of 

each sample to account for different fractions of the glutathione pool.  Firstly, total 

glutathione is quantified in crude homogenate by complete reduction of all cellular 

thiols with hydrochloric acid, dithiothreitol and sodium borohydride and their 

subsequent derivatisation with bromobimane.  Secondly, all reduced glutathione is 

covalently bound by the addition of N-ethylmaleimide to a second aliquot of crude 

homogenate before any oxidised glutathione- bound or free- is reduced and derivatised 

as above.  Thirdly, free, oxidised glutathione is isolated by blocking reduced glutathione 

with N-ethylmaleimide as described and then deproteinising the sample with 
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sulfosalicylic acid before reducing and derivatising glutathione in the acid-soluble 

remainder. 

 

 

5.2.6.1 Thiol blocking and derivatisation. 

 

For total glutathione 150µl of crude homogenate was centrifuged at 12,000g for 

10 minutes at 4°C and 100µl of the supernatant was placed in a 1.5ml HPLC vial.  To 

derivatise this 7.5µl of 4M NaBH4, 5µl 1.8M HCl, 2.5µl of 1-octanol and 5µl 2mM 

EDTA and 2mM dithiothreitol [DTT] was added to each vial and the mixture was 

vortexed and incubated at room temperature for 3 minutes.  Then 125µl of 0.3M N-

ethylmorpholine buffer pH 8.0 and 5µl 25mM bromobimane in 50% acetonitrile were 

added and the mixture vortexed and incubated again for 3 minutes after which 20µl of 

acetic acid was added to terminate the reaction.  Samples were either injected to HPLC 

within the hour or frozen at -20°C.   

 

 For oxidised glutathione analysis 12µl of 0.3M N-ethylmaleimide was added to 

280µl of crude homogenate on ice and incubated for 5 minutes after which the sample 

was centrifuged at 12,000g for 10 minutes at 4°C.  A volume of 120µl was separated 

from this mixture, deproteinised with 24µl of 50% (w/v) sulfosalicylic acid and 

incubated on ice for a further 10 minutes with sporadic vortexing before centrifuging it 

at 12,000g for 10 minutes at 4°C.  A volume of 100µl of each was then derivatised as 

described.  
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5.2.6.2 Liquid chromatography. 

 

High pressure liquid chromatography was carried out using a Kontron 325 

gradient pump, a Kontron 360 autosampler, a Kontron column heater and a Kontron 

SFM25 fluorescence detector connected to a PC running KromaSystem 3000 

chromatography software (Bio-Tek).  The column was a Waters Spherisorb ODS2 

Column of 5 µm particle size and measuring 4.6 × 250mm.  Eluent A comprised 10% 

fluorescence grade methanol (Fisher Scientific, UK) and 0.1% formic acid (v/v) in 

MilliQ pH4.3.  Eluent B was 15% methanol and 0.1% formic acid (v/v) in MilliQ 

pH4.3.  The column was equilibrated at 0% B for 5 minutes prior to each injection.  The 

gradient ran from 0% B to 33% B at 40 minutes at a temperature of 30°C and a flow 

rate of 1ml min-1.  Fluorescence was measured at an excitation wavelength of 390nm 

and an emission of 478nm.  Glutathione-bromobimane elutes at 33 minutes and the free 

probe elutes at 36 minutes (Figure 1).   

 

Injections of 20µl of derivatised standards of oxidised glutathione and reduced 

glutathione were carried out to check that the derivatisation protocol yielded similar 

results.  Calibration and analysis was subsequently conducted with 200µl injections to 

increase sensitivity.  

 

 

5.2.7 Statistical analysis. 

 

One-way analysis of variance [ANOVA] followed by Fisher’s Least Significant 

Difference was used to identify statistically significant differences between populations’ 

biochemistry using Minitab 15 software.  Data that were more than two standard 

deviations from the mean were designated as outliers and excluded from ANOVA.   
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Independent data sets were also analysed by Analysis of Similarities [ANOSIM] 

and by Multidimensional Scaling [MDS] using the multivariate, non-parametric 

software package PRIMER 6 in order to determine and illustrate whether the three study 

populations varied overall in their biochemistry.  Data were normalised prior to 

multivariate analysis.  
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5.3 Results. 

 

5.3.8 Enzymes. 

 

 Results of the assays of the four antioxidant enzymes are shown below.  

Significant differences were found for all four enzymes assayed.  The Restronguet 

Creek population had significantly higher glutathione peroxidase [GPx] activity than the 

two reference sites with a mean (±SD) of 111.1 (±37.4) µM min-1 g protein-1 (F2,54 = 

8.82, P < 0.01), as shown in Figure 5.1.  The mean for the Teign Estuary population was 

69.5 (±41.4) ) µM min-1 g protein-1, only 63% of the Restronguet Creek value.  The 

mean for the population at Froe Creek was 86.4 (±43.0) µM min-1 gram protein-1, 78% 

of the Restronguet Creek mean.    

 

The N. diversicolor sampled from Froe Creek exhibited a significantly greater 

glutathione reductase [GR] activity than those sampled from the two other populations 

with a mean (±SD) of 0.805 (±0.355) µM min-1 g protein-1 (F2,50 = 9.24, P < 0.001).  

The mean activity (±SD) measured in the Teign Estuary and Restronguet Creek 

populations were 0.529 (±0.488) and 0.569 (±0.375) nM min-1 g protein-1.  The results 

of the GPx and GR assays are shown in Figure 5.2. 
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Figure 5.1:  Boxplots of data for glutathione peroxidase activity in the tissues of N. 

diversicolor sampled from the three study sites.  Circles denote outlying data excluded 

from subsequent statistical analysis.   Double stars after the title denote significant 

differences between populations at P < 0.01.  Numbers in brackets below site labels are 

n values and different letters indicate sites that differ significantly from each other as 

determined by Fisher’s LSD test. 
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Figure 5.2:  Boxplots of data for glutathione reductase activity in the tissues of N. 

diversicolor sampled from the three study sites.  Circles denote outlying data excluded 

from subsequent statistical analysis.  Triple stars after the title denote significant 

differences between populations at P < 0.001.  Numbers in brackets below site labels 

are n values and different letters indicate sites that differ significantly from each other as 

determined by Fisher’s LSD test. 
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Figure 5.3:  Boxplots of data for glutathione transferase activity in the tissues of animals 

samples from three populations of N. diversicolor.  Circles denote outlying data 

excluded from subsequent statistical analysis.   Double stars after the title denote 

significant differences between populations at P < 0.01.  Numbers in brackets below site 

labels are n values and different letters indicate sites that differ significantly from each 

other as determined by Fisher’s LSD test. 
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revealing a reduction in SOD activity of 56% below that of the Teign population and 

55% below that of the Froe population. 

 

 

Figure 5.4:  Boxplots of data for superoxide dismutase assay in the tissues of animals 

sampled from three populations of N. diversicolor.  Triple stars after the title denote 

significant differences between populations at P < 0.001.  Numbers in brackets below 

site labels are n values and different letters indicate sites that differ significantly from 

each other as determined by Fisher’s LSD test. 
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Figure 5.5:  Standard curves of reduced [GSH] and oxidised [GSSG] glutathione, 

quantified as the concentration of reduced glutathione equivalents. 

 

 

Figure 5.6 shows chromatograms of injections of a series of overlaid standards and a 

single experimental injection of worm homogenate derivatised for total glutathione 

quantification.   
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Figure 5.6:  HPLC chromatograms.  [A] shows six overlaid chromatograms of 

glutathione standards of 1.25, 2.5, 5, 10, 20 and 40µM concentration of reduced 

glutathione.  [B] shows an experimental assay in N. diversicolor homogenate for total 

glutathione.  The peak at 33 minutes is glutathione-bromobimane.  That at 36 minutes is 

bromobimane. 
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5.3.10 Glutathione assay results. 

 

The total glutathione content, shown in Figure 5.7, did not vary between the 

three populations (F2,28 = 1.88, P = 0.173).  Mean concentrations (±SD) of total reduced 

glutathione equivalents were 24.02 (±8.79), 18.82 (±5.07) and 26.22 (±12.55) µM GSH 

equivalents per gram of protein for the Teign Estuary, Froe Creek and Restronguet 

Creek populations, respectively.  

 

 

Figure 5.7:  Boxplots showing the total glutathione content of N. diversicolor sampled 

from the three study populations.  ‘NSD’ after the title denotes ‘no significant 

difference’.  Numbers in brackets below X-axis site labels are n values.  
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Froe Creek and Restronguet Creek animals (F2,26 = 5.96, P < 0.01).  Mean values (±SD) 

for the Teign population were 11.33 (±6.88) µM GSH equivalents per gram of protein, 

139% of the mean for Froe Creek animals- 8.15 (±2.78) µM GSH equivalents per gram 

of protein - and 125% of the mean of Restronguet Creek animals- 9.03 (±5.52) µM GSH 

equivalents per gram of protein.  

 

 

Figure 5.8:  Boxplots showing the bound, oxidised glutathione [GSX] content of N. 

diversicolor sampled from the three study populations.  Circles denote outlying data 

excluded from subsequent statistical analysis.  ‘Double stars after the title denote 

significant differences between populations at P < 0.01.  Numbers in brackets below site 

labels are n values and different letters indicate sites that differ significantly from each 

other as determined by Fisher’s LSD test. 
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= 36.17, P < 0.001) all varied significantly between the three populations.  The 

concentration of free, oxidised glutathione [GSSG] was significantly different in 

animals sampled from all three populations.  Froe Creek animals had the highest mean 

concentration (±SD) of 2.11 (±0.65) µM GSSG per gram of protein.  The value for the 

Teign Estuary population was intermediate at 1.75 (±0.75) µM GSSG per gram protein, 

and that for the Restronguet Creek population was lowest at 0.57 (±0.10).  This was 

37% of the mean value for the Teign Estuary and 27% of that of Froe Creek   These 

results are shown in Figure 5.9. 

 

 

Figure 5.9:  Boxplots of data for free, oxidised glutathione [GSSG] concentration for 

three populations of N. diversicolor.  Circles denote outlying data excluded from 

subsequent statistical analysis.  Triple stars after the title denote significant differences 

between populations at P < 0.001.  Numbers in brackets below X-axis site labels are n 

values and different letters indicate sites that differ significantly from each other as 

determined by Fisher’s LSD test. 
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Concentrations of reduced glutathione [GSH] within the tissues of animals also 

varied significantly between populations, as shown in Figure 5.10.  The Restronguet 

Creek animals exhibited the highest concentrations with a mean (±SD) of 16.04 (±7.24) 

µM per gram protein.  Animals from the Froe Creek population and those from the 

Teign Estuary did not differ significantly, with means of 6.44 (±2.48) µM per gram 

protein and 9.18 (±3.33) µM per gram protein, respectively.  The mean concentration of 

reduced glutathione in Restronguet Creek animals was 175% of that of the Teign 

Estuary animals and 249% of that of animals from Froe Creek.   

 

 

Figure 5.10:  Boxplots of data for reduced glutathione concentrations [GSH] in the 

tissues of N. diversicolor sampled from the three study sites.  Double stars after the title 

denote significant differences between populations at P < 0.01.  Numbers in brackets 

below X-axis site labels are n values and different letters indicate sites that differ 

significantly from each other as determined by Fisher’s LSD test. 
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As a result of the above differences the glutathione ratio- the ratio of reduced 

glutathione units to free, oxidised glutathione units varied significantly between the 

study populations.  Again, the Restronguet Creek population exhibited the highest value 

with a mean (±SD) of 28.66 (±14.51).  The mean ratio for Teign Estuary animals was 

only 21% of this value at 5.93 (±2.83).  This was not significantly different from the 

mean value for animals from the Froe Creek population, which had a mean of 3.43 

(±2.12), only 12% of the mean value for the Restronguet Creek population.  The results 

for the glutathione ratio are displayed in Figure 5.11. 

 

 

Figure 5.11:  Boxplots of data for the glutathione ratio of the tissues of animals sampled 

from three populations of N. diversicolor.  Circles denote outlying data excluded from 

subsequent statistical analysis.   Triple stars after the title denote significant differences 

between populations at P < 0.001.  Numbers in brackets below X-axis site labels are n 

values and different letters indicate sites that differ significantly from each other as 

determined by Fisher’s LSD test. 
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5.3.11 Multivariate analysis of biochemistry results. 

 

The independent data sets collected here (the four enzyme assays, reduced 

glutathione, free, oxidised glutathione and bound, oxidised glutathione) were used for 

multivariate analysis.  Analysis of Similarities [ANOSIM] of the independent 

biochemical variables measured here revealed that significant differences existed 

between the three populations (Global R = 0.448, P = 0.0001).  The biochemistry of the 

three populations also varied significantly between each other.  However, the statistics 

for differences between the Restronguet Creek and the Teign Estuary population (R(Restr, 

Teign) = 0.328, P = 0.007) and for differences between the  Restronguet Creek population 

and the Froe Creek population (R(Restr,Froe) = 0.619, P = 0.0001) indicate that these 

populations are more dissimilar than the Teign Estuary and the Froe Creek are (R(Teign, 

Froe) = 0.309, P = 0.013).  Based upon this analysis the null hypothesis is rejected. 

 

A Multidimensional Scaling [MDS] plot to visualise the differences between the 

three populations’ biochemistry is shown in Figure 5.12.  The Restronguet Creek 

individuals clustered together in a distinct group at the lower, central region of the plot 

whilst the Froe Creek individuals clustered in a distinct group in the upper, central 

region.  The Teign individuals were scattered more widely across the plot, occupying 

positions that were broadly intermediate to the other two populations, completely 

distinct from the Restronguet Creek animals but partially interspersed with the Froe 

Creeks individuals.  The stress of the plot was 0.1, suggesting that the two-dimensional 

arrangement of the points is a good representation of the higher ordination data with no 

real prospect of a misleading interpretation.  
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Figure 5.12:  Multidimensional Scaling plot of the independent variables measured in 

this research (glutathione peroxidase, glutathione reductase, glutathione transferase and 

superoxide dismutase specific activities and the concentrations of bound, oxidised 

glutathione, oxidised glutathione homodimer and reduced glutathione.  Blue circles are 

individuals from Restronguet Creek, green crosses are those from the Teign Estuary and 

red triangles are Froe Creek individuals. 
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5.4 Discussion. 

 

It has been shown here that the biochemical responses of the N. diversicolor that 

inhabit the upper reaches of Restronguet Creek are significantly different to those of 

animals inhabiting the Teign Estuary or Froe Creek.   Glutathione peroxidase activity 

was significantly elevated and superoxide dismutase activity was depressed in the 

Restronguet Creek animals and their glutathione metabolism was substantially different 

with significantly less free, oxidised glutathione and more reduced glutathione.  This 

resulted in a significantly greater ratio of reduced to free, oxidised glutathione ratio.  No 

differences were observed in total glutathione concentration or in the concentration of 

bound, oxidised glutathione.  Glutathione reductase activities were significantly 

elevated in the Froe population over two other populations and glutathione transferase 

activity was similarly depressed in the Teign population. 

 

The results measured here compare reasonably well to empirical enzyme 

activities for N. diversicolor published by Moreira et al. (2006).  Their glutathione 

reductase activities were roughly an order of magnitude higher than the results of this 

analysis, their glutathione peroxidase activities an order of magnitude lower and their 

glutathione transferase activities, reduced and oxidised glutathione concentrations were 

very similar to values found here for animals from the Teign Estuary  and Froe Creek.  

These variations could be a product of interpopulation differences in phenotype or small 

differences in methodology.  Bouraoui et al. ( in press) also measured similar 

glutathione transferase activities to those measured in this work in animals from a 

relatively uncontaminated site.   
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 It is suggested here that the substantially elevated concentrations of reduced 

glutathione found here in metal-resistant animals are one of the main components of 

their biochemical mechanisms to limit the toxicity of metals in their immediate 

environment and diet.  Glutathione is heavily implicated in remediating metal toxicity 

as well as in conventional metal handling and transport  (Freedman et al. 1989; Hanna 

and Mason 1992; Li et al. 1996; Jiang et al. 1998).  As metal detoxification relies upon 

the covalent binding of free metals to prevent their involvement in non-specific and 

competitive binding and the production of RCS through Fenton cycling resistant 

animals must exhibit an increase in the production of some sort of cellular metal ligand.  

Metallothionein is very efficient and binds copper strongly but its inhibitory effect upon 

the mechanism of toxicity of free copper does not manifest itself for several hours 

following exposure (Ciriolo et al. 1990).  Additionally, in light of the lack of any 

change in metallothionein expression recorded by Mouneyrac et al. (2003)  and Berthet 

et al. (2003)  metallothionein is clearly not the metal-resistance element.  Furthermore, 

as there was no increase in the activity of glutathione reductase in resistant animals we 

propose that the elevated concentrations of reduced glutathione likely result from de 

novo synthesis of the tripeptide.  It is likely that metal-glutathione complexes are either 

expelled from gut epithelial cells directly back into the gut in this relatively detoxified 

form or pumped into vesicles for intracellular transport to sites of mineralisation 

identified in the gut epithelia and dermis by Mouneyrac et al. (2003) and Berthet et al. 

(2003).  Possible identities of proteins with the ability to do so include the 

Multixenobiotic Resistance [MXR] pump and the MXR-Related Protein [MRP].  Both 

are implicated in resisting oxidative stress and metal detoxification and resistance and 

MRP, in particular, has been shown to be capable of pumping glutathione-metal 

complexes out of cells (Toomey and Epel 1993; Broeks et al. 1996; Li et al. 1996; Li et 

al. 1997; Yamane et al. 1998; Achard et al. 2004; Walther et al. 2004). 
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Interestingly, the high-affinity, copper-specific transporter Ctr1 has been shown 

to be upregulated in human lung cancer cells manipulated to express elevated 

glutathione (Chen et al. 2008).  This transporter not only localises to the apical 

membranes of gut epithelial cells to increase uptake of copper but also localises to 

vesicles to transfer copper into them, suggesting a potential pathway for the production 

of the mineralised vesicles observed in resistant N. diversicolor (Kim et al. 2008).  The 

chaperone responsible for handing copper off to Ctr1 has not been identified and GSH 

is a plausible candidate.  Another potential mechanism for control of the expression of 

the molecular components of metal resistance is the transcriptional regulation of both γ-

glutamylcysteine synthetase- the rate-limiting enzyme in de novo glutathione synthesis- 

and the MRP/GSX pump by oxidative stress (Kuo et al. 1998; Yamane et al. 1998).  

Whether similar control of these components exists in N. diversicolor remains to be 

established.  A system relying on the linked expression of a mechanism for exporting 

copper out of a cell and one for importing copper into lysosomes and vesicles as well as 

increasing the synthesis of the primary ligand and chaperone for the metal ion’s 

detoxification could well be in operation.  The high sulphate content of the mineralised 

granules in the dermis of metal resistant N. diversciolor offer further evidence to 

support this hypothetical system (Mouneyrac et al. 2003).   

 

 Besides the necessity to covalently bind metals to prevent their toxic effect there 

is a persistent need to remediate the toxic effect of metals that are newly infiltrated into 

cells and tissues or those which might become free again from their ligands.  All cells 

produce endogenous RCS as by-products of certain chemical and biological processes 

and possess suites of enzymes to remediate their toxic effect.  Whether the potential for 

excess free metals to elevate the incidence of RCS in resistant animals, despite their 
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elevated glutathione levels, ought to be evident from the relative activities of the 

enzymes involved in remediating the effects of RCS.  Our results for the activities of 

these remedial enzymes were mixed, with certain enzymes exhibiting significant 

increases in activity and others exhibiting decreases.  Such data is not uncommon in 

comparisons between populations of individuals due to the potential for such enzyme 

activities to be broadly influenced by a plethora of biotic and abiotic factors besides the 

metal contamination which is the subject of this research  (Forbes et al. 2006).  It is only 

when suites of such enzymes are examined and certain factors are controlled for by 

good experimental design that patterns of activity may be revealed (Galloway et al. 

2002; Galloway et al. 2004).  The multivariate analysis of the data, as conducted here, 

reveals that the two non-resistant populations from Froe Creek and the Teign Estuary 

are not significantly different from each other, despite the differences measured in 

glutathione reductase and glutathione transferase activities.  In contrast, the biochemical 

responses of the resistant animals sampled from Restronguet Creek were significantly 

different from the Froe Creek and Teign Estuary animals.    

 

Glutathione peroxidase is an obvious candidate for involvement in the 

mechanism or resistance proposed here.  That its activity was so markedly upregulated 

should be unsurprising, considering the role it plays in remediating damage resulting 

from the production of RCS (Halliwell and Gutteridge 1989).  Freedman et al. (1989) 

proposed that elevated GPx activity would be a component of a copper-resistance 

mechanism in a human hepatoma cell line, in association with elevated reduced 

glutathione and metallothionein.  Two of these predicted components appear to be 

present in the metal-resistant N. diversicolor studied here.   
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The depression in superoxide dismutase activity is initially counterintuitive.  

This enzyme’s role in the dismutation of superoxide anions to hydrogen peroxide is 

crucial in limiting the damaging effects of those highly reactive oxygen species as it 

they are the initial oxidising agent which initiate the Fenton Reaction in the presence of 

free metal ions  (Stohs and Bagchi 1995; Valko et al. 2005).  However, there are several 

different isoenzymes of SOD, all of which require metal cofactors, the most 

predominant form of which requires a copper and two zinc atoms.  It has been shown 

that this specific metalloenzyme can oxidise cellular thiols and even potentiate the 

production of endogenous RCS (Saez et al. 1982; Winterbourn et al. 2002; Valko et al. 

2005).  There have also been reports that thiolic compounds downregulate both copper-

zinc SOD and manganese SOD (Suzuki 1993).  It is plausible, therefore, that the 

observed downregulation is a protective measure in response to the excess of reduced 

glutathione in resistant animals’ tissues. 

  

In conclusion, the resistance of N. diversicolor to zinc and copper toxicity is 

likely a result of elevated concentrations of reduced glutathione within their tissues over 

non-resistant animals.  This functions to covalently bind free zinc and copper entering 

the animals’ cells, limiting Fenton cycling and non-specific binding of those metals.  In 

addition metal resistant animals exhibited elevated glutathione peroxidase activities and 

reduced superoxide dismutase, the former to remediate the effects of RCS resulting 

from incomplete binding of uptaken metals and the latter likely due to the potential for 

the copper-zinc form of this metalloenzyme to potentiate RCS formation by thiol 

oxidation.  The activities of glutathione reductase and glutathione transferases was not 

substantially different to non-resistant reference animals.  Further work is required to 

establish how glutathione-metal complexes are subsequently immobilised within the 

animals’ tissues, in the case of copper, or rapidly excreted, in the case of zinc. 
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5.5 List of abbreviations used. 

 

ANOSIM - analysis of similarities 

ANOVA - analysis of variance 

CDNB  - chlorodinitrobenzene 

DTT  - dithiothreitol 

EDTA  - ethylenediaminetetraacetic acid 

GPx  - glutathione peroxidise 

GR  - glutathione reductase 

GSH  - reduced glutathione 

GSSG  - oxidised glutathione 

GST  - glutathione transferase 

GSX  - bound glutathione heterodimer 

HPLC  - high pressure liquid chromatography 

MDS  - multidimensional scaling 

MRP  - MXR related protein 

MXR  - multixenobiotic resistance pump 

NADH  - nicotinamide adenine dinucleotide 

NADPH - nicotinamide adenine dinucleotide phosphate 

NSD  - no significant difference 

RCS  - reactive chemical species 

SOD  - superoxide dismutase 
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Chapter Six 

 

General discussion. 
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6.1 General discussion.  

 

This research set out with the aims of establishing whether a metabolic cost is 

associated with metal resistance in N. diversicolor, whether this resulted in a significant 

cost to resistant animals’ reproductive performance and of identifying the biochemical 

mechanism of resistance.  A metabolic cost has been found and quantified and 

concomitant costs to the reproductive performance of resistant individuals have also 

been identified in accordance with the Metabolic Cost Hypothesis of Calow and Sibly  

(1990).  The fewer viable oocytes that are spawned by resistant females are likely to 

make the synchronous, free-spawning strategy less likely to swamp predators with an 

excess of prey (Olive et al. 2000).  Other aspects of this reduced fecundity may be 

advantageous overall as effects upon male gametogenesis are likely to be less marked 

and sperm-egg contacts may become more probable, leading to higher rates of 

fertilisation  (Crean and Marshall 2009).  In contrast, it has been demonstrated that 

concentrations of metals present in the interstitial waters of Restronguet Creek can 

compromise swimming performance of polychaete sperm, amplifying Allee effects and 

reducing sperm-egg contacts (Lewis et al., unpublished data). 

 

A potential mechanism of metal resistance has been identified as a significant 

increase in the reduced glutathione concentration in the tissues of metal-resistant 

animals.  The ability of this tripeptide to covalently bind metals, preventing their 

involvement in non-specific binding and redox cycling reactions is established, as are 

some of the cellular and molecular mechanisms for ultimate detoxification of the metals 

by extrusion or sequestration via mineralisation.  Functional elements such as MRP and 

metal-specific active transport pumps will play critical roles both in handling the metals 
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and by incurring a metabolic cost per metal ion or complex transported.  Further study 

will reveal whether such the expression of such functional elements is upregulated in 

metal-resistant animals.   

 

 

6.1.1 Glutathione stoichiometry. 

 

The primary resistance mechanism appears to be a greatly increased glutathione 

ratio in metal resistant animals.  The increased incidence of reduced glutathione 

functions to covalently bind free metals entering resistant animals’ tissues.  Counter 

intuitively, concentrations of oxidised glutathione seemed to be negatively correlated to 

the activity of glutathione reductase in animals from Froe Creek and Restronguet Creek, 

as illustrated in Figure 6.1.  This trend is not visible in animals from the Teign Estuary 

population, although it may have been obscured by outliers.  Furthermore, the activity 

of glutathione reductase in all animals was significantly lower than the activity of the 

glutathione consuming enzymes measured in this research.  Utilisation of reduced 

glutathione by glutathione peroxidase and glutathione transferase were, together, more 

than two orders of magnitude greater than rates of enzymatic regeneration of the 

reduced form by glutathione reductase.  This implies either that an alternative pathway 

of reduction was in operation to maintain the reduced pool or that cellular stocks of 

reduced glutathione were being continuously turned over through extrusion, degradation 

and de novo synthesis. 
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Figure 6.1:  Graph of glutathione reductase activity against tissue concentrations of 

oxidised glutathione for the three study populations.  Lines of best fit are to illustrate 

trends only. 

 

 

There are several other cellular thiols and thiol-reducing enzymes that are 

implicated in reducing reactions within a cell which have not been quantified here.  The 

enzymes thioredoxin and glutaredoxin, in particular, and the polypeptides 

phytochelatins all have the potential to play a role in redox homeostasis, as well as 

being involved in metal handling and detoxification (Holmgren 1989; Miranda-Vizuete 

et al. 1996).  However, the former two enzymes both rely on the reducing power of 

glutathione as a cofactor in their function and any increase in their activity will, 

therefore, have the opposite effect upon glutathione ratios to that observed here  

(Holmgren 1989).  Phytochelatins have been implicated in metal detoxification in the 

nematode Caenorhabtis elegans and in the earthworm Eisenia fetida and it is plausible 
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that they play a role in metal handling in polychaetes too (Vatamaniuk et al. 2002; 

Brulle et al. 2008).  However phytochelatins themselves are synthesised from reduced 

glutathione subunits and so any significant increase in their prevalence would similarly 

reduce glutathione ratios as opposed to elevating them.  In the absence of any direct 

quantification of the activity of these mechanisms it is impossible to state whether or 

not they play a role in metal resistance.  

 

One important aspect of phytochelatin metabolism that is of great relevance to 

future studies of the resistance mechanism is their involvement in the sequestration and 

mineralisation of metals within the vacuole of plants.  As mentioned in Chapter Five the 

mechanism of sequestration of metals within lysosomes in the dermis and gut lining of 

metal resistant N. diversicolor  is currently unknown.  It was suggested that this could 

result from the active transport of metals into vesicles for transport and lysosomes for 

mineralisation by metal-specific transport pumps that localise to the membranes of these 

organelles, such as the copper transporter CTR1.  It has recently been discovered that an 

ATPase in plants and fungi, called HMT1, functions to pump phytochelatin-metal 

complexes into the organisms’ vacuole and that this element was essential for metal 

resistance in both Schizosaccharomyces pombe and in C. elegans (Vatamaniuk et al. 

2002; Vatamaniuk et al. 2005).  Of great relevance to future research into metal 

resistance in N. diversicolor is the recent revelation by Preveral et al. (2009) that this 

ATPase is not only highly conserved from yeast to humans but that the pump can utilise 

glutathione-cadmium complexes as a substrate with no requirement for phytochelatins 

to be present.  This is surely a strong candidate for one of the other components of the 

resistance mechanism that compliments the metal-detoxifying properties of glutathione 

with a mechanism of sequestering metals semi-permanently within organelles. 
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Conclusive identification of all of the components of the metal resistance 

mechanism in N. diversicolor will require that rates of de novo synthesis of reduced 

glutathione be quantified, as well as the prevalence and activity of the various transport 

proteins associated with both free and glutathione-bound metal ions. 

 

 

6.1.2 Bioenergetic accounting of metal detoxification mechanisms. 

 

It would be informative to be able to compare the metabolic cost of metal 

resistance measured here with theoretical energetic costs to animals of synthesising the 

constituents of the mechanisms of resistance identified.  Evaluation of the activity of all 

of the proposed mechanisms and pathways is beyond the scope of this research and so it 

cannot be determined whether the metabolic cost of each of these pathways is 

equivalent to that measured at the level of whole animals.  The constituents of the 

identified mechanisms- the elevated glutathione ratio that appears to be maintained by 

de novo synthesis and the increased activity of glutathione peroxidase- can be accounted 

for according to the methodology of Reeds et al. (1982) whereby the “nutritional” 

energy cost of cellular polymers can be assessed based upon three parameters:  The 

costs of synthesis or uptake of the monomers integrated, the energetic costs of the bonds 

formed and the costs of synthesis of the adenine triphosphate and reduced pyridine 

nucleotides which are cofactors to the process of polymerisation.  For example, 

synthesis of a single molecule of reduced glutathione requires the formation of two 

peptide bonds, requiring four molecules of adenine triphosphate [ATP] each (Baxter 

1989), between three amino acids (glycine, glutamate and cysteine) as well as the 

consumption of one molecule of ATP as cofactor in each of the two synthesis reactions 

catalysed by γ-glutamylcysteine synthetase and glutathione synthetase (Anderson and 
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Meister 1983).  The energetic cost is 1805.3 or 335 kJ per mol, depending on whether 

the source of the amino acids themselves is de novo synthesis or uptake from the diet 

and surrounding environment, respectively (Box 6.1). 

 

The mean reduced glutathione content of resistant N. diversicolor from 

Restronguet Creek was elevated by 0.275 µmol per gram wet weight, on average, over 

non-resistant animals.  This equates to an energetic cost of 3.546 joules per gram dry 

weight to produce this elevated glutathione content, assuming synthesis of the AAs, or 

0.658 joules per gram dry weight assuming uptake of the AAs.  However, as reduced 

glutathione is continuously being either oxidised or covalently bound to metals and 

organic compounds and extruded from animals’ cells by the enzymes identified here 

whilst simultaneously being replenished by synthesis then the rate energetic cost of 

maintaining this ration cannot be easily calculated.   

 

Similarly, the cost of producing a mole of glutathione peroxidase enzyme is 

calculated according to Reeds et al. (1982) as being ~476 megajoules.  In the absence of 

data on the amount of the enzyme within animals’ cells nothing can be concluded as to 

the parity between this cost and the metabolic cost measured here.   
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Box 6.1 

 

According to Reeds et al. (1982) the nutritional (chemical) energy cost of synthesis of 

organic polymers can be calculated from their composition if three factors can be 

quantified: 

 

1. The energy cost of formation of the bonds in the macromolecule. 

2. The energy cost of the monomers from which the final molecule is synthesised. 

3. The cost of the ATP and reduced pyridine nucleotides which are required for the 

process of polymerisation. 

 

For polypeptides such as glutathione, costs of each amino acid depend upon whether 

they are synthesised or uptaken from the diet or the environment.  The costs of synthesis 

of each amino acid have been calculated by Akashi and Gojobori (2002).  The cost of de 

novo synthesis of a mol of reduced glutathione is, therefore: 

 

1. Each peptide bond requires the energy contained within four high energy phosphate 

bonds to form.  Conversion of a mol of ATP to ADP + Pi yields 31kJ of free energy 

(Blaxter 1989).  

2. One of either: 

2.a. Each AA requires one high energy phosphate bond to take up across the plasma 

membrane and into a cell.  This is an absolute minimum cost as the likelihood is 

that each AA must cross several different membranes to get to the point of 

synthesis. 

 

 



 194 

Box 6.1 (continued) 

 

2.b. Alternatively, the costs of direct synthesis of each AA have been calculated by 

Akashi and Gojobori  (2002).  Glycine costs 339.3 kJ mol-1, glutamate is 443.7 

kJ mol-1 and cysteine is 716.3 kJ mol-1. 

3. Each of the two enzymes involved in glutathione synthesis, γ-glutamylcysteine 

synthetase and glutathione synthetase, require a single ATP as a cofactor (Anderson 

and Meister 1983). 

 

So, either: 

 

(1) + (2a) + (3)  =  248 + 29 + 58    =  335 kJ mol-1 

 

Or: 

 

(1) + (2b) + (3)  =  248 + 1499.3 + 58   =  1805.3 kJ mol-1 

 

 

 

6.1.3 Effects of resistance upon life history trade-offs. 

 

The reproductive strategy of metal resistant N. diversicolor  from Restronguet 

Creek differs from that of non-resistant animals as a result of their smaller weight at 

reproduction and their reduced mass-specific fecundities (Figure 6.2), as well as the 

trade-offs between these and other life history parameters.  By adapting models of life 

history trade-offs created by Sibly and Calow (1989)  and by Olive et al. (2000)  it is 
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possible to speculate as to which strategies are likely to maximise reproductive 

performance in the study populations according to the Principle of Allocation.   
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Figure 6.2:  Graph of wet weights at maturity against fecundities of individual females 

from the three study populations.  Fitted lines are for illustration only.  

 
 

Sibly and Calow (1989) showed that animals experiencing stresses that can be 

defended against by energetic expenditure, such as chronic metal pollution, maximise 

reproductive performance by diverting resources away from growth and toward 

defences, resulting in lower growth rates.  This is illustrated in Figure 6.3 where trade-

off curves illustrate the exponential relationship between growth rates and mortality 

rates and the effects of varying resource allocation to defence upon the optimal growth 

rate that will maximise reproductive performance.  Curve A represents an unstressed 

population in which growth is intermediate.  Faster growth is an inherently risky 

strategy.  Not only does it require the acquisition of additional resources, involving 
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risky foraging behaviour, but faster growth also implies less investment in maintenance, 

repair and defence (Case 1978; Ebert 1985; Sibly and Calow 1986).  Hence, mortality 

rises exponentially with growth rate (Sibly and Calow 1989).  The optimal growth rate 

that maximises the reproductive performance of each hypothetical population illustrated 

in Figure 6.3 is determined by a line passing through the origin and touching the convex 

surface of each curve.  Curve B represent the trade-offs in a population chronically 

exposed to a toxicant stress that is defensible and where resources are being diverted 

away from growth and towards defence, resulting in no increase in mortality but lower 

growth rates.  Dotted drop lines indicate the respective growth rates that maximise 

reproductive performance, showing how strategy B results in lower optimal growth 

rates, GB, than strategy A. 
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Figure 6.3:  Diagram showing the trade-off between growth rate and mortality, redrawn 

from Sibly and Calow (1989).  The dotted drop lines indicate the strategies that 

maximise reproductive performance and the respective growth rates.  See text for 

further explanation. 

 

 

Animals which experience high mortality rates from a stressor and that have no 

ability to avoid such high mortality by expending energy upon defences will exhibit low 

probability of survival to reproduction as a result.  A good example would be Nereid 

larvae that inadvertently settle on a rocky substrate with minimal sediment cover, 

exposing them to very high predation.   In response they can trade-off investment in 

defences for higher investment in growth in order to reach reproductive age as quickly 

as possible before they suffer predation.  This is not an uncommon strategy in natural 

populations and the reproductive performance benefits of doing so have been 

A B 

C 

growth rate GC GB GA 
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demonstrated by Sibly and Calow (1989).  Curve C in Figure 6.3 represents a 

population experiencing such a mortality stress whereby growth is heavily prioritised so 

as to mature and reproduce as quickly as possible at the expense of any defensive 

measures to which resources would normally be allocated.   

 

Acute toxicant stress imposes a ‘C’-type stress by raising mortality initially.  

Over time, as tolerant individuals instigate defensive measures against the stressor, the 

transition from acute to chronic stress also results in a switch in the nature of the trade-

off that determines the optimal growth-defensive strategy.  Acclimation to chronic 

stress involves the diversion of resources to defensive endpoints that remediate the 

effects of the stress, reducing mortality but also- according to the Principle of 

Allocation- reducing the resources available for growth.  This will result in a 

progressive shift in the trade-off curve from a ‘C’ to a ‘B’-type trade-off.  A metabolic 

cost has already been demonstrated to be associated with metal resistance in the N. 

diversicolor inhabiting Restronguet Creek, strongly suggesting that this population is 

experiencing the scenario depicted by trade-off curve B in Figure 6.3, providing that the 

assumptions of the model, that the population is at steady-state and that the resistance 

phenomenon does not influence the shape of the trade-off curve, are fulfilled (Sibly and 

Calow 1989).  Changes in the shape of the trade-off curve result from conditions which 

are unlikely to occur in natural populations, such as the absence of threats to mortality 

or a glut of resources so that animals are no longer resource-limited (Sibly and Calow 

1989).   

 

Sibly and Calow’s model suggests that the N. diversicolor inhabiting 

Restronguet Creek are growing more slowly.  Because the actual growth rate is not 

known it is unclear whether they are maturing at the same age as N. diversicolor from 
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the Teign Estuary or Froe Creek, however.  The growth rate vs mortality trade-off 

clearly will not function in the absence of other trade-offs in accordance with the 

Principle of Ecological Compensation  (Sibly and Calow 1986; Sibly and Calow 1987).  

As it has been shown here that other life history parameters have varied in the 

Restronguet Creek population besides size at maturity there will undoubtedly be other 

trade-offs  influencing their life history decisions.   

 

One other trade-off that can be considered here is that of the relative benefits of 

reproducing at different ages in Nereid polychaetes.  Due to the gated nature of 

reproduction in N. diversicolor the decision to halt gametogenesis at the critical decision 

point in mid-Winter and refrain from spawning for another year has a significant 

element of risk to it as the option may not be available for another year in which the 

environment could vary unpredictably.  The decision to continue with gametogenesis is 

made based upon environmental cues which indicate trends in the quality of their 

habitat and the intensities of stresses which they must tolerate for another year (Olive et 

al. 1986; Koops et al. 2003; Crean and Marshall 2009).  The consequences of this are 

illustrated in Figure 6.4, in which the lifetime reproductive value at birth of individuals 

from two model cohorts of N. diversicolor is modelled from various degrees of annual, 

non-breeding mortality (Olive et al. 2000). The details of the model are described in 

Box 6.2.  The four lines on each graph represent models depicting the different options 

to breed at various ages from one to four years.  The two models illustrate the 

relationship between non-breeding mortality rates and the reproductive value of N. 

diversicolor from Froe Creek and from Restronguet Creek.  The points on the graph at 

which the lines for the different ages at reproduction cross are the critical points at 

which the age at reproduction which maximises reproductive value in each individual 

changes from one year to another.  It can be seen that in the Restronguet Creek model 
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these points are shifted to the left on the graph, increasing the range of mortalities over 

which it is advantageous to reproduce at younger ages (as well as greatly reducing their 

reproductive output).  Although this model is not truly representative of  the 

demographics of N. diversicolor , as annual mortality in this species is as high as 98% 

(Kristensen 1984), the conclusions of the model are supported by the considerable 

empirical evidence showing that animals experiencing chronic toxicant stress grow 

more slowly, reducing their ultimate fecundity, and reproduce at younger ages (Klok 

and de Roos 1996; De Coen and Janssen 1997; Bossuyt and Janssen 2003; Smolders et 

al. 2004; Coutellec and Lagadic 2006; Rozen 2006; Soetaert et al. 2007; Arnold et al. 

2008; Kwok et al. 2009) . 
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Figure 6.4:  Two models of reproductive value at birth for various levels of non-

breeding mortality in N. diversicolor reproducing at ages of one to four years.  The 

dotted drop lines indicate the points where the optimal strategy to maximise 

reproductive value switches from one age at reproduction to another.  Values derived 

from a model adapted from that of Olive et al. (2000).  See Box 6.2 for details. 
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Box 6.2 

 

The model of Olive et al. (2000) calculates reproductive value from fecundities 

measured in animals of known ages.  It is here assumed that the age-structure of each of 

the population contains individuals of one to three years of age, in accordance with the 

mixed-ages at reproduction previously found in this species (Olive and Garwood 1981; 

Olive et al. 1997).  The largest individual (wet weight = α) from each population is 

assumed to be three years of age and ages are allocated to other individuals from that 

population based upon their wet weights as measured in this work and assuming, for 

simplicity, that growth rates scale linearly with age: 

 

wet weight < (α / 3)    = 1 year of age  

(α / 3) < wet weight < (2α / 3)  = 2 years of age  

If wet weight > (2α / 3)  = 3 years of age 

 

Fecundity in N. virens appears to scale linearly with age and the same was assumed for 

N. diversicolor (Olive et al. 1997).  Linear regression of ages against fecundities gave 

relationships between the two parameters for each population modelled.  

 

Froe Creek   fecundity   =  (4649 × age) + 3123 

Restronguet Creek  fecundity    =  (1766 × age) + 1057 

 

Olive et al. (2000)’s model calculates reproductive value based upon a model 

population of 1,000,000 individuals at age 1.  Unlike N. virens, N. diversicolor does 

reproduce at one year of age and so the model was adapted to calculate reproductive 

value, Vx, at x = 0: 
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Box 6.2 (continued) 

 x = ∞  

Nxyx 
Vx [x = 0]  = ∑ N0 

 x = 0  

   fx 

   Equation 4.3 

 

Where: x    =  age in years 

  N0  =  population size at age 0 

  Nx  =  number of animals that breed at age x 

  yx  =  the mortality rate at breeding (so for semelparous animals yx = 1) 

  fx  =  the fecundity of an average individual of age x 

 

Annual mortality, z(x), the proportion of individuals that die between age x and x + 1, is 

used to calculate Nx. 

 

 

 

6.1.4 Interpopulation differences between non-resistant populations. 

 

It is of interest that substantial differences were evident between the biology of 

the N. diversicolor population at Froe Creek and that inhabiting the Teign Estuary.  It 

should be observed that such differences are to be expected in any detailed comparison 

of natural populations and that such phenotypic plasticity is a potential pitfall in any 

comparative study of natural populations that can be avoided by the use of multiple 

reference sites (Chapman et al. 1995).  The approach adopted here, where two reference 

populations were used to contrast the responses of non-resistant individuals with those 

of the resistant study population at Restronguet Creek exemplifies this as if only one of 
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these populations had been used for comparison the conclusions of this work would be 

dramatically different.  Throughout the multivariate analysis the Teign Estuary 

population appeared to exhibit responses that were roughly intermediate to those of the 

Restronguet Creek population and the Froe Creek population, suggesting that this 

population were more heavily impacted by metal contamination then the latter 

population, although clearly not to the degree of the Restronguet Creek population.  It is 

reasonable to observe that the use of a fourth, relatively uncontaminated populations 

would have added yet more to our understanding of the ecotoxicology of metal 

resistance by putting the responses of the Froe Creek and Teign Estuary populations 

into better context.   

 

Although the responses of the two non-resistant populations seemed to fit well 

with empirical data for metal contamination at the two sites, as described in Chapter 

Two, it would be illuminating to conduct a thorough analysis of sediment and body 

burdens of metals and organic contaminants at the three study sites in order to more 

accurately connect their biology to the degree of contamination of their environment.   

 

 

6.2 Overall conclusions. 

 

This research has established that substantial metabolic costs are associated with 

resistance to metal toxicity in N. diversicolor.  This is the first time that such costs have 

been accurately quantified in energetic terms and the first time that the underlying 

physiological energetics have been used to accurately predict effects upon the 

reproductive performance and life-history of a population in accordance with the 

Metabolic Cost Hypothesis.  In heavily metal-contaminated environments metal 
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resistant animals will be more fit and healthy than non-resistant animals.  Their absolute 

health and reproductive performance, however, will be lower than that of such non-

resistant animals inhabiting uncontaminated environments.   

 

Elucidating the mechanisms of metal resistance in this cosmopolitan polychaete 

is of considerable significance to our understanding of metal ecotoxicology.  The 

mechanisms identified evidence the highly conserved nature of evolutionary metal 

handling pathways.   

 

 

6.3 Suggestions for future work. 

 

• Conclusive identification of the biochemical mechanisms of resistance require 

quantification of the rate of glutathione synthesis and turnover as well as the 

metal handling pathways suggested here.  This would also inform as to the 

parity between the metabolic costs and the energetic costs of the mechanisms. 

 

• Whether the resistance phenomenon is a product of heavy selection for metal-

tolerant genotypes can be determined by characterisation of the genetic diversity 

of the population.  It would also be possible to identify a specific genetic 

element responsible for the resistance phenomenon through quantitiative 

analysis of antioxidant and metal-handling genes at the genomic or 

transcriptomic level to identify mutations. 

 

• In order to manage the metal-contaminated environment of Restronguet Creek 

effectively and efficiently it is important to determine how resilient the resistant 
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population are to subsequent, additional stressors.  Resistant animals may well 

be more resilient than non-resistant ones to stressors with a similar mechanism 

of effect to metal toxicity, whereas they may be more vulnerable to stressors 

with a different mechanism of effect. 
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6.4 List of abbreviations used. 

 

AA  - amino acid 

ADP  - adenine diphosphate 

ATP  - adenine triphosphate 

MRP  - MXR-related protein 

MXR  - multixenobiotic resistance protein 
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