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Synopsis 

The relationship between metabolic rate and latitude in marine ectotherms has 

received much interest, especially for increasing our understanding of the metabolic 

specialisations shown by polar species. Studies have been undertaken to examine 

natural variations in metabolic rate ( oxygen uptake) and rates of protein synthesis in 

an ecologically important group of marine ectothems, the gammarid amphipods, with 

a wide latitudinal distribution along the coasts of the NE Atlantic and Arctic Oceans. 

Comparisons between populations revealed relatively low whole animal rates 

of oxygen uptake and protein synthesis in the subarctic populations of Gammarus 

setosus and G. oceanicus from Svalbard (79°N). Despite an increase in rates of both 

variables in G. oceanicus as latitude decreased, the energetic unit-costs of protein 

synthesis remained the same. Consequently, costs of protein synthesis, at least in the 

subarctic-temperate G. oceanicus, are fixed and independent of temperature. In sharp 

contrast, the temperate species, G. locusta, shows no variation in rates of oxygen 

uptake or protein synthesis across its latitudinal range, despite a variation in habitat 

temperature of 8°C. G. locusta is also characterised by decreased Arrhenius activation 

energies for metabolism and increased RNA efficiencies with latitude, suggesting 

optimisation of key enzymes to lower temperatures in the northern population (53°N). 

The cold-temperate upper shore species, G. d. duebeni, also shows no variation in 

rates of oxygen uptake or protein synthesis with latitude, probably to impart some 

independence from its highly variable environment and to compensate for the effects 

of shorter seasons on growth and development. Unexpectedly, G. d. duebeni exhibited 

comparatively low rates of protein synthesis, suggesting low rates of energy turnover. 



This may be due to resource limitation and energy conservation in an unstable 

environment. 

It appears that warm-temperate species compensate for temperature-related 

changes in metabolic rate and protein synthesis, whereas the Arctic/boreal species do 

not. Such differences could be related to their ancestral origins and thermal histories. 

Global-scale meta-analysis of rates of oxygen uptake in 48 species of amphipod 

indicates an overall lack of metabolic compensation with latitude between species, 

with low energetic costs ofliving observed in polar species. Low rates of energy 

consumption and expenditure may be advantageous in low energy polar 

environments; and may underlie K-selected traits such as slow rates of growth, 

development and reproduction reported in most polar ectotherms, including 

amphipods. Such traits favour stable environments and may limit adaptation to long 

term variations in temperature associated with climate change. 
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Chapter 1 General introduction 

Latitude is an important environmental gradient, with large variations in temperature. 

thermal stability, food availability and photoperiod reported between the poles and the 

equator. Temperature shows an inverse relationship with latitude due to associated 

reductions in radiation load. Species distribution patterns and the replacement of 

species over this thermal gradient in the marine environment have been studied for 

over half a century (eg. Ekman, 1953) with many patterns in physiology and life­

history traits being described (eg. Portner, 2006). However many of these patterns 

remain controversial. For example, metabolic cold adaptation (MCA) (eg. Addo­

Bediako et al., 2002; Lardies et al., 2004) and variation in costs of protein synthesis 

(reviewed by Fraser & Rogers, 2007; Whiteley & Fraser, 2009). It is now known that 

in species adapted to a range of environmental conditions, temperature is probably the 

most significant environmental factor affecting organisms at all levels of biological 

organisation and acting as agent for selection in several species distributed over a 

wide latitudinal range (reviewed by Powers et al.,1991). 

Physiological responses to short-term fluctuations in temperature involve the 

increase in rate functions such as metabolic rate, often determined indirectly as 

changes in oxygen uptake rate. However, longer term exposure can lead to 

acclimatisation and adaptation, and may involve modifications in metabolic rate 

(MCA) and rates of protein synthesis. Such variations in energy consumption and 

expenditure can also affect life-history traits such as growth and body size. 

Physiological specialisations to the thermal environment can be phenotypic or genetic 

and may act as a driving force of speciation. Variation in thermal tolerances between 

populations/species separated latitudinally are also often beyond the range of 

acclimation. The present thesis examines trends in energy consumption, oxygen 
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Chapter 1 General introduction 

uptake and rates of protein synthesis, with latitude and discusses their relevance in 

terms of thermal adaptation in an ecologically important genus of amphipod 

crustacean, the Gammarus. 

1.1 Variations in metabolic rate with latitude 

Almost a century ago, Ege and Krogh (1914) and Krogh (1914, 1916) predicted that 

metabolic rates in animals adapted to cold environments should be higher at a given 

temperature than those adapted to warm environments. Rate functions such as 

jellyfish bell pulsation (Mayer, 1941) and water pumping rates in mussels (Mytilus 

californianus; Bullock, 1955) have been shown to be higher at colder latitudes when 

compared at the same temperature. The pumping rates of M californianus are the 

same at in situ temperatures, with no significant difference in rates between mussels at 

6.5°C from Friday Harbour (48°27'N) and at 12°C from Los Angeles (34°N; Bullock, 

1955). Heart rates have also been shown to be similar between populations of M 

californianus despite variations in latitude and temperature ( eg. Pickens, 1965). The 

possible adaptive increase in metabolic rates at higher, colder latitudes is known as 

metabolic cold adaptation (MCA) and was first proposed by Fox (1939). 

Increased metabolic rate at higher, cooler latitudes, as a result of MCA, may 

be advantageous in compensating for the slower catalysation rates of some enzymes at 

low temperatures, although many species show thermo-adaptive isoenzymes to 

compensate for this (Hochachka & Somero, 2002). MCA may also allow species to 

meet the elevated ATP costs of growth and development allowing them to complete 

life cycles in the colder shorter growing seasons (Somme & Block, 1991). However, 

elevated ATP costs of protein synthesis at lower temperatures may not be as high as 
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once thought ( discussed below). In addition, there may be fitness costs associated 

with rapid growth (Gotthard et al., 2000) and with the divergence of energy away 

from other important possesses such as reproduction. Such fitness costs make MCA 

unlikely to evolve in energy restricted habitats (Clarke, 1991; 1993). Instead, lower 

energy consumption would be expected to be advantageous in high latitude species, 

due to energy conservation in energy limited environments ( Clarke, 1991; 1993). 

To date, MCA is reported in terrestrial arthropods including beetles ( eg 

Anuaas et al., 1983; Stromme et al., 1986; Schultz et al., 1992), grasshoppers 

( Cheppell, 1983; Massi on, 1983) and polar micro arthropods (Block, 1977; Block & 

Young, 1978; Young, 1979). Addo-Bediako et al., (2002) used a global-scale analysis 

of the standard metabolic rates of 346 species of insects and showed that once 

treatment temperature and body size was accounted for, higher whole-animal 

metabolic rates were observed in insects from low temperature environments. MCA 

has also been reported in aquatic arthropods, such as amphipods (Opalinski, 1979; 

1982; Opalinski & W~slawski, 1989), however, such early studies have since been 

criticised for possibly measuring artificially high metabolic rates due to handing stress 

(Clarke, 1980). 

Metabolic cold adaptation has also been described between populations of the 

same species with latitude, for example, Drosophila melanogaster collected along a 

latitudinal gradient in Australia. When acclimated to a common temperature of l 8°C, 

metabolic rate increased with latitude showing a 9% difference between l 7°S and 

41 °S. However, no differences in metabolic rate occurred at higher common 

temperatures of 25°C (Berrigan & Partridge, 1997). In addition, D. melanogaster 

allowed to evolve in the laboratory at l 8°C exhibited metabolic rates 5-7% higher 

4 
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Chapter 1 General introduction 

than those allowed to evolve at 25°C (Berrigan & Partridge, 1997). In the marine 

environment, Mangum (1963) observed intraspecific divergence in metabolic rates in 

two maldanid polychaete species, Clymenella torquata and C. mucosa. She showed 

that when metabolic rate was adjusted for body size, the northern populations from 

Long Island Sound, Connecticut ( 41 ° 15 'N) consumed more oxygen over a range of 

temperatures (2.5-23.5°C) than more southerly populations from Beaufort Harbor, 

North Carolina (34°40'N). Clymenalla mucosa from Bahia Parguera, Puerto Rico 

(18°N) showed a similar response. 

The effect of latitude and temperature on rates of oxygen consumption has 

been widely studied in fiddler crabs (Uca spp.). These intertidal crustaceans show a 

wide latitudinal distribution throughout the USA and Brazil. Vernberg and Costlow 

(1966) studied three latitudinally separate populations of Uca pugilator from North 

Carolina, Massachusetts and Florida. They showed that when hatched and reared at 

identical temperatures, the higher latitude populations from North Carolina and 

Massachusetts exhibited higher rates of metabolism than the more southern, Florida 

population. These differences were attributed to genotypic variation and not 

phenotypic plasticity. In contrast, MCA is not observed in either U uruguayensis as 

rates of oxygen uptake were higher in southerly populations, or U rapax where 

higher metabolic rates in high latitude populations were only reported at 12°C. U 

rapax also exhibits large intraspecific variation in metabolic rates between tropical 

populations exposed to near identical thermal regimes (Vernbrg & Vernberg, 1966). 

In addition, if variations in metabolism at different latitudes are dependent on 

the latitudinal thermal-gradient, metabolic rates of populations exposed to similar 

temperatures either side of the thermal equator should be the same. However, this is 

~ :~ - ! 
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Chapter 1 General introduction 

not the case in populations of U rapax from the USA and Brazil (Vernbrg & 

Vernberg, 1966). This pattern of metabolic variation across the equator is also not 

shown between species of mussels. For example, in the southern hemisphere mussel, 

Perna (Mytilus) perna, metabolic rates are significantly higher than in the northern 

hemisphere mussel Mytilus edulis, despite similarities in ecology and anatomy 

(Bayne, personal communication in Vernberg & Vernberg, 1966). 

A number of studies comparing metabolic rates between temperate and 

Antarctic marine ectothermic species do not support the concept of MCA. For 

example, lower metabolic rates were reported for the Antarctic isopods, Serolis polita 

and S. cornuta, compared to previous data from 13 temperate and tropical species 

(Luxmoore, 1984). This pattern oflow energy consumption in Antarctic marine 

ectotherms is repeated regardless of whether these comparisons are made across phyla 

(zooplankton; Ikeda 1985), within phylum (Crustacea; Ivleva 1980), or within a 

specific class (Houlihan & Allen, 1982; Peck & Conway, 2000; Clarke & Johnston, 

1999; Luxmoore, 1984), including Amphipoda (Chapelle & Peck, 1995). It is now 

generally accepted that MCA does not occur in Antarctic marine invertebrates 

(Portner et al., 2007). A recent large-scale study has also suggested that MCA does 

not occur in Antarctic teleost (Clarke & Johnston, 1999), although this is not 

consistent with some earlier studies (Wohlschlag, 1960). 

Many Antarctic species are endemic and highly specialised to live in the 

extreme cold; therefore low metabolic rates may be a result of phylogenetic 

differences between Antarctic and temperate species. However, in the northern 

hemisphere Arctic populations can be compared to temperate populations of the same 

species, as the Arctic is less isolated from temperate regions than the Antarctic. In 

6 



Chapter 1 General introduction 

addition, many studies (eg., Opalinski, 1982; Luxmoore, 1984) compare wide ranging 

species with no discussion of phylogeny; therefore it is not known whether any 

metabolic variations may simply be a result of genetic history. This is also true for 

some meta-analysis studies (e.g., Addo-Bediako, et al., 2002) where it is not always 

clear which species are being compared (Hodkinson, 2003). Hodkinson (2003) also 

argued that the meta-analysis study by Addo-Bediako, et al. (2002) is a huge 

oversimplification and is based on restricted knowledge of the organisms involved. 

Despite the importance of meta-analyses models in summarizing and comparing 

disparate physiological (Chown, et al. 2003) and ecological (Lawtin, 1992; 1999) 

data, there is clearly a requirement for the direct measurement of metabolic rates and 

more detailed intra- and inter-specific comparisons from a range of latitudes (not just 

two; Garland & Adolph, 1994), in species and populations where the phylogenetic 

relationships have been established. 

A number of studies have indicated that metabolic compensation at higher 

latitudes may involve variations in the Arrhenius activation energy of metabolism (Ea) 

and that Ea maybe the best measure of MCA (Young 1979; Lee & Baust, 1982b; 

Aunaas et al., 1983; Somme & Block, 1991; Hodkinson, 2003; Lardies et al., 2004). 

The Ea of metabolism is calculated from the Arrhenius relationship between log 

metabolic rates (usually oxygen uptake) and temperature (in degrees Kelvin) and 

gives an estimation of the energy required for metabolic reactions, to occur. 

Reduction in Ea at higher latitudes indicates alterations in specific activity of the 

metabolic enzymes which is a typical response to cold compensation (Johnston et al. 

1975; Sommer & Portner 2002; Lucassen et al., 2006). Variations in Ea of metabolism 
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Chapter 1 General introduction 

associated with reduced metabolic rate/temperature relationships will also affect 

thermal sensitivity. 

1.2 Variations in thermal sensitivity and tolerance with latitude 

Thermal sensitivity is often described by the temperature coefficient or Q10, which is 

the proportional increase in a rate function, such as the rate of oxygen uptake, over a 

l0°C change in temperature. Usually metabolic rate doubles or triples over a 10°C 

increase representing the kinetic change of biochemical reactions with temperature 

(Precht, 1958; Hoar, 1975). Temperature coefficients of more than 2 or 3 indicate 

increased thermal sensitivity often associated with lower temperature, for example, 

allowing polar species to respond rapidly to small changes in temperature 

(Hodkinson, 2003). However, high Q1os may result from inadequate acclimation 

periods (eg, Ivleva, 1973) and low Q1os may reflect a need to conserve energy at 

lower temperatures, especially if food is limited (Feder, 1985). Temperature 

coefficients lower than 2 suggest at least partial metabolic independence from 

temperature (Precht, 1958; Cossins & Bowler, 1987), as would be expected at higher 

latitudes if Ea of metabolism was reduced, due to MCA. 

As early as the beginning oflast century, studies of the thermal tolerance in 

the jellyfish Aurelia aurita and the horseshoe crab Limulus polyphemus showed that 

upper critical temperature decreased with latitude (Mayer, 1914). Hyman (1955) 

showed a non-reversible decrease of 20°C in upper critical temperature with latitude 

between laboratory cultures of the crinoid, Antedon petasus, from Norway and 

Tobago. More recent studies, such as Gaston and Spicer (1998), have also shown a 

non-reversible decrease in upper critical temperature with latitude between a northern 
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Chapter 1 General introduction 

and southern population, in this case beachfleas (Orchestia gammarellus) from South 

East England and Northern Scotland. The marine gastropod, Littorina saxatilis, also 

shows lower upper critical temperatures in a sub-arctic White Sea population than in a 

more southern North Sea population. Cold acclimation also led to a decrease in upper 

critical temperature in the North Sea (Sokolova & Portner, 2002). However, there are 

exceptions to this pattern, such as thermal-tolerances in the musk turtle, Sternotherus 

odouratus (Ultsch & Cochran, 1994). 

Many of these studies only examine two populations and are therefore limited 

in determining a latitudinal pattern, as there will always be a relationship between two 

points (Garland & Adolph, 1994). Studies that compare thermal tolerances along a 

true latitudinal thermo-gradient (more than two latitudinally separated populations) 

are extremely rare in the literature. A rare study comparing thermal tolerances along a 

true latitudinal gradient in Eastern Pacific Porcelain crabs (Petrolisthes spp) involved 

20 species (the phylogeny of which are discussed and accounted for) from a very wide 

range oflatitudes (43°21 '- 8°50'N). The upper critical temperature was shown to be 

positively correlated with surface water temperature (Stillman & Somero, 2000). 

Within species Tanaka (1996) compared the supercooling point of the House spider, 

Achaearanea tepidariorum, from six populations in Japan ranging from 26° 12' to 

43 °03 'N. The supercooling point was lower at higher latitudes in winter but not 

summer animals (Tanaka, 1996). Another more recent study compared the thermal 

physiology of three populations of the Chilean terrestrial isopod, Porcellio laevis 

(common woodlouse) collected in Antofagasta (23°38'S), La Serena (29°55'S) and 

Santiago (33°23 'S). P. laevis from low latitudes exhibited higher optimum 

temperatures and low cold tolerance. Although intraspecific variations in thermal 
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Chapter 1 General introduction 

tolerance along a latitudinal thermo-gradient is a long studied biological trend there is 

little direct evidence from studies examining a number oflatitudinally separated 

populations, especially comparison of Arctic and temperate populations of marine 

invertebrates. 

1.3 Variations in protein synthesis with latitude 

Thermal tolerance and the ability of organisms to adjust to variations in temperature is 

affected by general rates of protein synthesis. In the carp, Cyprinus carpio, a net loss 

of protein, in response to starvation, leads to an inability to acclimate to new 

temperatures (Gerlach et al., 1990), while the ability to adjust thermal tolerances is 

lost in the European Bitterling, Rhodeus amarus, when treated with a protein 

synthesis inhibitor (Ki.innemann, 1973). Protein synthesis is also critical for 

acclimatisation and adaptation to long term variations in mean temperature (Hawkins, 

1991; Reid et al., 1998; Fraser & Rogers, 2007). 

Limited examination of variations in rates of protein synthesis with latitude 

indicates that whole animal rates of protein synthesis decrease in polar marine 

ectotherms living at temperatures below 5°C (Whiteley et al., 1996; Robertson et al., 

2001a; Fraser et al., 2007), with the exception of the Antarctic sea urchin, Sterechinus 

neumayeri (Marsh et al., 2001; Pace & Manahan, 2007). The Antarctic isopod, 

Glyptonotus antarcticus, exhibits much lower rates of protein synthesis at 0.24% dai1 

(Whiteley et al., 1996) than the temperate isopod, Idotea rescata, at 0.45% dai1 

(Whiteley & Faulkner, 2005). In the Antarctic limpet, Nacella concinna, summer 

factional rates of protein synthesis were 0.8% dai1 (Fraser, et al., 2007) and 

substantially lower than the mean rate of protein synthesis, approximately 2. 7% day-1
, 



Chapter 1 General introduction 

reported for temperate marine ectotherms (Fraser & Rogers, 2007). With still higher 

rates of 3.7% daf1 reported in the tropical prawn, Macrobrachium rosenbergii, 

acclimated to 30°C (Intanai et al., 2009). To date protein synthesis rates, have only 

been measured in six species of polar marine ectotherm (Whiteley et al., 1996; 

Robertson et al., 2001a; Marsh et al., 2001; Storch & Portner, 2003; Pace et al., 2004; 

Fraser et al., 2002a) and rates of protein synthesis remain to be determined between 

populations of the same species occupying different thermal regimes. Such an 

examination will help to determine whether or not rates of protein synthesis decrease 

with latitude. 

Short-term increases in temperature, not approaching the upper thermal limit, 

usually result in increased rates of protein synthesis (Whiteley et al., 1996; Robertson 

et al., 2001a; b; Whiteley et al., 2001). Rates of protein synthesis also decrease with 

temperature in species acclimated to a range of different temperatures as shown in the 

wolfish, Anarhichas lupus ( eg. McCarthy et al., 1999). Temperature has a direct 

effect on the kinetics of protein synthesis due to variations in RNA activity (KRNA) 

with temperature (Goolish et al., 1984; Houlihan, 1991; Foster et al., 1992; 1993a; b; 

McCarthy et al., 1999; Robertson et al., 2001 b; Fraser et al., 2002a; Storch et al., 

2003; Treberg et al., 2005; Whiteley & Faulkner, 2005; Intanai et al., 2009). For 

example, in the temperate isopod, I. rescata, KRNA decreased from 1.1 0ugRNA-1.daf1 

in animals acclimated to 14°C to 0.2lugRNA-1.daf1 in animals acclimated to 4°C. 

However, temperature depressed overall metabolic rates and ATP synthesis may also 

affect the level of energy available for protein synthesis. Temperature also has an 

indirect affect on rates of protein synthesis via its positive effect on the rate of food 

consumption, as increased amino acid uptake increases the rate of protein synthesis at 

11 



Chapter 1 General introduction 

a common temperature (McCarthy et al., 1993; 1994). For example, the polar isopod, 

Saduria entomon, acclimated to 4 °C, exhibited rates of protein synthesis of l .5%daf1
• 

However in starved isopods acclimated to the same conditions, rates of protein 

synthesis fell to 0.6% daf1 (Robertson et al., 2001a). Seasonal variations in rates of 

protein synthesis are also like to be affected by variations in both temperature and 

food availability (Hawkins, 1985; Kreeger et al., 1995; Fraser et al., 2002a; b; 

Whiteley & Faulkner, 2005). In the temperate isopod, Ligia oceanica, summer rates 

of protein synthesis at 20°C were almost 8-fold higher than the rates in winter animals 

acclimatised to 5°C (Whiteley & Faulkner, 2005). Summer rates of protein synthesis 

are also 3.5-fold higher than winter rates, in the temperate mussel, Mytilus edulis, 

(Hawkins, 1985; Kreeger et al., 1995). The Antarctic limpet, Nace/la concinna, also 

exhibits summer rates of protein synthesis as high as twice that in winter (Fraser et 

al., 2002a; b ). This decrease in summer rates is most likely due to a tenfold decrease 

in nutrient consumption ( determined from faecal egestion), and not the 2°C difference 

in temperature between summer and winter. In this case rates of protein synthesis 

appear to be affected by food availability more than temperature, possibly because of 

high seasonal fluctuations in both benthic and pelagic primary productivity reported 

for Antarctic marine ecosystems (Clarke, 1988; Clarke et al., 1988; Gilbert, 1991; 

Fraser et al., 2004; Grange et al., 2004). However, despite primary productivity being 

highly seasonal, it would be misleading to suggest that at high-latitudes primary 

productivity is necessarily low particularly in summer ( eg., Eilersen, et al., 1989), 

when most measurements of protein synthesis are taken. 
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1.4 Variations in growth rate with latitude 

Protein synthesis is an important determinant of growth with maximum growth 

occurring at temperatures conducive to maximum rates of protein synthesis (Loughna 

& Goldspink, 1985; Pannevis & Houlihan, 1992; Carter & Houlihan, 2001). Growth 

is therefore likely to be affected by temperature and food variation with latitude and 

season. Lower growth rates at high latitudes were shown in the clam, Siliqua patula, 

over 70 years ago (Weymouth et al., 1931). This pattern has since been described in a 

number of other studies ( eg. Steele & Steele, 1970; 1972; Peck et al., 1997; Clarke et 

al., 2004). Lower growth rates reported in most polar ectotherms is in part likely to be 

due to low rates of protein synthesis (Peck, 2002). Although, nutrition (Cowey, 1992; 

Hewitt, 1992; Paul et al., 1994), feeding regime (Mente et al., 2001; Balliet et al., 

2000; Schofield, 2004), temperature (Laurence, 1975; Jobling, 1995) and social 

interactions (Carter et al., 1992; McCarthy et al., 1992) have been shown to affect 

growth, most if not all of these factors affect rates of metabolism and protein 

synthesis. 

The trend of decreased growth rate with latitude, however, is not supported by 

all studies. For instance, Jensen et al., (2000) measured annual growth rates in 22 

Norwegian brown trout (Salmo trutta) populations from a range oflatitudes (61-

700N), they also analysed previously collected data from one Spanish, fifteen British 

and four Danish populations collected between 44-58°N. Overall, it was shown that in 

high latitude rivers with mean annual temperatures ofless than 5.1 °C, growth rates 

were higher than expected. Therefore, growth rates may be conserved across different 

latitudes, and species/populations from high latitudes may exhibit higher growth rates 

than those from lower latitudes at a given temperature (Levinton, 1983). A similar 
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response was observed in Drosophila melanogaster because at higher latitudes flies 

mature at a larger size and in a shorter time than warm-adapted individuals at the 

same temperature (James et al., 1995). Levinton and Monahan (1983) showed that at 

low temperatures, laboratory-reared copepods derived from higher latitudes exhibited 

higher growth rates that those derived from lower latitude conspecifics. This suggests 

that growth compensation is genetically based (Levinton, 1983). Intraspecific 

variation in growth compensation has also been shown in the copepod, Scottolana 

candensis, from a range oflatitudes (27°-43°N) and temperatures (15°, 20°, 25°, and 

30°C; Lonsdale & Levinton, 1985). When reared for several generations in the 

laboratory under their natural physiological conditions, it was shown that at low, but 

not higher, temperature individuals from higher latitude populations grew faster 

(Lonsdale & Levinton, 1985). Such adaptations may act to maximize available energy 

for growth at a particular physiological temperature. 

Summer seasons can decline in length by a factor of approximately 2.5 with 

increasing latitude, which considerably affects the time available for growth at higher 

latitudes. Therefore, a higher capacity for growth in high-latitude genotypes may 

allow high latitude populations to exhibit increased growth rates over shorter summer 

growing seasons, possibly as a response to size-related winter mortality (Y amahira & 

Conover, 2002). This strategy is supported in a number of teleost species including: 

Atlantic salmon, Salmo salar (Nicieza et al., 1994); Atlantic Silversides, menidia 

menidia, (Conover & Present, 1990); Mummichog, Fundulus heteroclitus (Schultz et 

al., 1996; DiMichele & Westerman, 1997); Striped bass, Marone saxatilis (Conover, 

et al., 1997) and Atlantic halibut, Hippoglossus hippoglossus (Jonassen, et al., 2000). 

More recently, Y amahira and Takeshi (2008) have demonstrated higher capacity for 
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growth in higher latitudinal populations (12 populations were surveyed) of the 

medaka, Oryzias latipes, acclimated to a common temperature of 28°C. 

In contrast the Local Temperature Adaptation Model suggests that higher 

latitude populations exhibit low temperature adaptation, optimising growth rates to 

the lower environmental temperatures experienced (Levinton, 1983; Levinton & 

Monahan, 1983; Lonsdale & Levinton, 1985). This does not involve an up-regulation 

of maximum growth rates (growth capacity) at higher-latitudes but a downward shift 

in the growth temperature curve and optimum temperature for growth (Y amahira & 

Conover, 2002). The Local Temperature Adaptation Model is demonstrated between 

populations of the temperate copepod, S. candensis, ranging from 27-43°N. After 

rearing several generations under natural temperatures (15-30°C) growth rates at low 

temperatures were higher in northern populations (Lonsdale & Levinton, 1985). 

However, at higher temperatures growth rates were higher in southern populations. 

This is due to the growth temperature curves of northern populations crossing those of 

the southern populations, as growth rates decrease above optimal temperatures in the 

northern populations and growth increases with temperature in the southern 

populations (Lonsdale & Levinton, 1985). Therefore the adaptation of growth to local 

environmental / latitudinal temperatures entails a performance trade-off, with higher­

latitude ectotherms growing faster than low-latitude ectotherms at low temperatures 

but more slowly at higher temperatures (Yamahira & Conover, 2002). Both these 

models for growth compensation can also interact and are probably not mutually 

exclusive within and between species of garnmarids as both temperature and 

seasonality vary with latitude (Conover & Present, 1990). Studies of Menidia menidia 

and M peninsulae show that both counter-gradient variation and temperature 
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adaptation contribute to interspecific growth compensation. In contrast, only counter­

gradient variation contributes to growth compensation within species (Y amahira & 

Conover, 2002). However, elevated growth in high latitude low energy environments 

are likely to be associated with increased fitness costs due to the divergence of energy 

away from reproduction. Growth compensation is also difficult to explain in the 

absence of elevated energy consumption associated with MCA. 

1.5 Variations in protein retention and growth efficiency with latitude 

It is possible that variation in growth and body size with latitude are due to variations 

in growth efficiency, as described by The Assimilation Efficiency Hypothesis 

(Lonsdale & Levinton, 1985). It has previously been speculated that low energetic 

costs ofliving due to selection for lower energy turnover in more stenothermal polar 

environments leads to more energy being available for growth and high growth 

efficiencies (Hawkins et al., 1989; Wieser, 1994; Hawkins & Day, 1996; Heilmayer et 

al., 2004, Portner et al., 2005). Indeed, growth experiments in scallops and eel pout 

indicate that growth efficiencies are higher at lower temperatures (reviewed by 

Portner et al., 2005). However, recent measurements of protein synthesis retention 

efficiency (PSRE) suggest that growth efficiency decreases with temperature at higher 

latitudes (reviewed by Fraser & Rogers, 2007; Whiteley & Fraser, 2009). PSRE 

describes the percentage of synthesised protein retained as protein growth (Houlihan 

et al., 1995). A high proportion of protein synthesised is degraded through a variety of 

pathways, such as ubiquitisation, and are never retained as growth (Herschko & 

Ciechanover, 1982; 1998). The rate of protein degradation, indicated by level of 

ubiquitin conjugates of protein, is also reported to be elevated in high latitude 
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ectotherms compared to temperate species (Place et al., 2004; Place & Hofmann, 

2005). Protein degradation is also elevated in individuals approaching their upper and 

lower critical temperatures, as shown in fish (McCarthy et al., 1999; Katersky & 

Carter, 2007). Rates of protein synthesis in the Wolffish, Anarhichas lupus, increased 

with temperature from 5 to 14°C, however, growth decreased from 11 °C due to the 

effect of increased protein degradation at higher temperatures on PSRE (McCarthy et 

al., 1999). This increase in PSRE at higher temperatures may explain decreases in 

growth often reported at temperatures just prior to the upper thermal limit (Brett, 

1979; McCarthy & Houlihan, 1996; McCarthy et al., 1998; 1999). Recent 

measurements of PSRE in the Antarctic limpet, Nacella concinna, revealed extremely 

low PSRE in summer (15.7% at -0.5°C) and winter limpets (20.6% at -l.6°C) 

compared to the majority of non-polar ectotherms where values can be as high as 

95% (Houlihan et al., 1995; Fraser et al., 2007). Low PSRE in polar ectotherms is 

also indicated by recent meta-analysis of 15 species from a range of temperatures and 

taxa (teleosts, molluscs and crustaceans) (Fraser et al., 2007). Consequently, low rates 

of growth usually reported in polar ectotherms (Peck et al., 1997; Clarke et al., 2004; 

Barnes et al., 2006; Bowden et al., 2006) may be due to low protein retention as well 

as low synthesis rates at low temperatures (Fraser & Rogers, 2007; Whiteley & 

Fraser, 2009). 

1.6 Variations in RNA concentrations and RNA activity with latitude 

Compensation of growth may be possible due to the thermal compensation of 

rates of protein synthesis with latitude. Thermal independence of protein synthesis 

rates have been reported between (Fraser & Rogers, 2007; Pace & Manahan, 2007) 

17 

\ f 
rj. 

'. ,I 

l1 . 
\\ 

.u 



Chapter 1 General introduction 

and within (Whiteley & Faulkner, 2005) species of marine ectotherms. Modification 

of RNA concentration is the most common mechanism to counter temperature 

dependent decreases in KRNA (Goolish et al., 1984; Houlihan, 1991; Foster et al., 

1992; 1993a; b; McCarthy et al., 1999; Robertson et al., 2001b; Fraser et al., 2002a; 

Storch et al., 2003; Treberg et al., 2005; Whiteley & Faulkner, 2005; Intanai et al., 

2009). In the wolfish, Anarhichas lupus, whole animal and white muscle RNA 

concentrations increase as KRNA decreases at lower temperatures (McCarthy et al., 

1999). However, due to energetic costs associated with maintaining elevated RNA 

concentrations at lower temperatures (Fraser et al., 2002a) direct compensation of 

KRNA may be more advantageous at low temperatures. For example, the Antarctic 

scallop, Adamussium colbecki, living at 0°C showed a nine-fold increase in KRNA 

compared to the temperate scallop, Aequipecten opercularis living at 25°C, while 

RNA concentrations remained the same (Storch et al., 2003). In the temperate 

eelpout, Zoarces viviparous, in vitro Ea of protein synthesis was lower at lower 

temperatures (Storch et al., 2005). A similar response was demonstrated in eel 

hepatocytes. Collectively these studies suggest cold-acclimatisation in RNA 

efficiency, via the optimisation of enzymes and pathways involved in protein 

synthesis to lower temperatures (Jankowsky et al., 1981). The Antarctic scallop, 

Adamussium colbecki, does not show this variation in RNA efficiency at different 

temperatures, perhaps suggesting a more restricted response in polar stenotherms 

(Storch et al., 2003). 

18 



Chapter 1 General introduction 

1. 7 Variations in costs of protein synthesis with latitude 

Compensation of protein synthesis rates in polar environments may involve a 

reduction in the energetic costs of protein synthesis in response to a low energy 

environment, as reported for the sea urchin, Sterechinus neumayeri (Place & 

Manahan, 2007). Protein synthesis costs of2.2 µmol 0 2 mg-1 reported for S. 

neumayeri during development are lower than the theoretical minimum of 8.3 µmol 

02 mg-1 (Reeds et al., 1985). However, such low costs may allow rates of protein 

synthesis to remain high despite an energy limited environment (-1 °C), ranging from 

0.5 to 7 .1 % daf 1 (Place & Manahan, 2007) compared to rates of protein synthesis in 

warmer temperate sea urchins; Lyechinus pictus, at 0.6 % h-1 at 15°C (Place & 

Manahan, 2006); Strongylocentrotus purpuratus, 1.1 % h-1 at l6°C (Goustin & Wilt, 

1981 ); Arbacia punctulata, 1.9 % h-1 at 25°C (Fry & Gross, 1970; reviewed by Place 

& Manahan, 2007). Low costs of 1.9 µmol 02 mi1 are also reported in the Antarctic 

starfish, Odontaster vadlidus (Pace et al., 2004). However, costs of protein synthesis 

vary considerably over two orders of magnitude from 0.92 µmol 0 2 mi1 in sea urchin 

larvae, S. neumayeri (Marsh et al., 2001), to 147.5 µmol 0 2 mg-1 in the isopod, G. 

antarcticus (Whiteley et al., 1996). This unlikely variation is possibly due to 

methodological differences between studies (Bowgen et al., 2007), as well as the 

limited number of studies cared out to date that include only 5 polar species. Of these, 

two species show no variation in costs of protein synthesis with temperature (Storch 

& Portner, 2003; Bowgen, et al., 2007), suggesting that costs are fixed, as there is no 

known mechanism to change the stoichiometry of peptide bond formation (Bow gen, 

et al., 2007). However, additional costs such as RNA synthesis, peptide transport and 

the translation initiation and termination of proteins or post-translational modification 
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of newly synthesised polypeptide chains may vary between species (Waterlow et al., 

1978a; b; Reeds et al., 1985; Storch & Portner, 2003). In a study measuring protein 

synthesis and oxygen uptake simultaneously in isolated rainbow trout ( Oncorhynchus 

mykiss) hepatocytes at a range of temperatures, Pannevis and Houlihan (1992) 

showed that energetic costs decreased at higher rates of protein synthesis associated 

with higher temperatures. They suggested two cost components of protein synthesis: a 

fixed component involving peptide bond formation that is independent of synthesis 

rate; and a variable component of additional costs that is dependent on synthesis rate. 

Comparisons of whole animal rates and costs of protein synthesis between the 

Antarctic isopod, Glyptonotus antarcticus, at 0°C and the temperate, Idotea rescata, 

at 4°C support this hypothesis, as energetic costs of protein synthesis were 4-times 

higher in the Antarctic compared with the temperate isopod. High costs of protein 

synthesis in high latitude animals may lead to slower growth rates as reported in the 

majority of high latitude ectotherms (Peck et al., 1997; Clarke et al., 2004; Barnes et 

al., 2006; Bowden et al., 2006). Despite low rates of growth, associated with low rates 

of protein synthesis, low protein retention rates and possibly higher synthesis costs, 

larger body sizes are often observed in polar ectotherms. 

1.8 Variations in body size with latitude 

Bergmann (1847) proposed that within a species of endothermic vertebrates larger 

bodied populations inhabit lower temperature environments, such as high latitudes, 

and that the mechanism driving this trend is heat conservation. However, the heat 

conservation mechanism requires endothermy and so can not explain body size 

variation in ectotherms (Ashton, 2002). Other factors that can be closely linked to 
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temperature or latitude, such as predation, food availability or seasonality will interact 

differently in different species and can also affect body size. Some authors support 

Bergmann's rule in ectotherms (eg., Ray, 1960; Lindsey, 1966; Van Voorhies, 1996; 

Atkinson & Sibly, 1997). However, others suggest that ectotherms actually reverse 

the trend (eg., Cowles, 1945; Mousseau, 1997). Most studies have focussed on 

terrestrial ectotherms, with Bergmann's rule supported in squamates (Schuster, 1950) 

and amphibians (Ashton, 2002). Amphibians have also been shown to increase in size 

at lower temperatures (Schuster, 1950).However, the relationship between size and 

environmental temperature is often less clear than the relationship between size and 

latitude (Ashton, 2002). 

In insects Bergmann's rule is supported, for example, in Drosophila kikkawai 

(Karan et al., 1998), Leptothorax acervorum (Heinze, 2003) and Myrmeleon 

immaculatus (Arnett & Gotelli, 1999a;b; 2003), however, the converse of Bergmann's 

rule is also reported within species of orthopteran (Mousseau, 1997) and geometridae 

(Brehm & Fiedler, 2004). With photoperiod (Arnett & Gotelli, 1999a), food 

availability (Arnett & Gotelli, 1999b ), fasting endurance (Arnett & Gotelli 2003), 

seasonal temperature variation (Marcondes et al., 1999) and an interaction between 

environmental stability, growing season length and generation time (Chown & 

Gaston, 1999) being suggested to have a greater affect on body size with latitude than 

temperature. 

In aquatic ectotherms Belk and Houston (2002) demonstrated that out 

of 18 species of freshwater fish none exhibit a significant pattern of increasing body 

size with increasing latitude and many follow the converse ofBergmann's rule. This 

pattern is consistent with other studies in the sturgeon, Acipenser fulvescens (Power & 
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McKinley, 1997), and the European minnow, Phoxinus phoxinus (Mill, 1988). 

However, Bergmann's rule in supported in chelonians (turtles) with 19 of 23 species 

increasing size with latitude and 40 of 56 species increasing in size with temperature 

(Ashton & Feldman, 2003). The spotted turtle, Clemmys guttate, shows an increase in 

size with latitude (Litzgus et al., 2004) although the authers conceded that when a 

population oflarge turtles at the northern extreme of the species range (45°N) is 

removed from analysis, Bergmann's rule is no longer supported, suggesting polar 

gigantism rather than a cline in body size with latitude. Litzgus et al. (2004) 

concluded that factors such as female size at maturity and reproductive cycles are 

responsible for the observed patterns in body size. 

Predation risk can also affect body-size in marine ectotherms and can vary 

with latitude. The intertidal snail, Littorina obtusata, increases shell size and thickness 

with decreasing latitude, contrary to Bergmann's rule, due to a larger predator 

( Carcinus maenas) population at higher temperatures. Although the soft body mass, 

as an index of size, tends to increase with latitude in support of Bergmann's rule, this 

is constrained by the shell morphology (Trussell, 2000). Bergmann's principle can 

also be applied to deep-water marine crustaceans where body size increases with 

latitude but also along a depth-related thermal gradient. The low temperatures with 

depth lead to increased cell size and longevity that may lead to increased body size in 

deep-water marine ectothems (Timofeev, 2001). 

Cell size, like body size, has been shown to increase in higher latitude marine 

ectotherms. For example adult notothenioids (Antarctic teleosts) have large myotomes 

with fast muscle fibres over 500µm in diameter and slow muscle up to 1 00µm 

(Johnston, 2003; Johnston et al., 2003; Fernandez et al., 2005). In temperate and 
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tropical teleost muscle fibre diameters are much less. For example the Pacific Blue 

Marlin, Makaira nigricans, has maximum fibre diameters of 50µm in slow muscle 

and only 120µm in fast muscle, despite growing to over 100kg (Johnston et al., 2003). 

In these larger cells oxygen may become limiting due to an increase in diffusion 

distances. This would particularly affect the contractile activity of slow muscle fibres 

which are dependent on aerobic metabolism. However, low metabolic demand in 

polar ectotherms may release constraints on diffusion distance and cell size 

(Fernandez et al., 2000; Johnston, 2003; Johnston et al., 2003). It is also suggested 

that at low temperatures increased mitochondrial density and a decrease of the mean 

spacing between mitochondria may reduce diffusion distances (Eggington & Sidell, 

1989; J onston et al., 1998). Despite larger cell size, growth rates are slow and 

maximum body sizes are modest in notothenioids (reviewed by Johnston, 1993). 

Increased cell size has an effect on aspects of life history including longevity and 

fecundity; this may result from the possible inverse effect of cell size on metabolism 

(Cavalier-Smith, 1978). The depression of metabolic rate in higher latitude species 

with larger cell sizes is shown in a number of ectotherms (Gregory, 2001). 

1.9 Implications of variation in energy consumption with latitude 

Lower metabolic rates reported in the majority of polar ectothems may relax 

physiological constants on body/cell size, as if energetic costs are lower and less 

oxygen is required, it is possible for diffusion distances to increase and for surface 

area to volume ratios to decrease. Such a response may be supported by higher 

oxygen saturation levels in polar environments due to the effect of temperature on 

oxygen solubility coefficients relaxing physiological constraints on body size 
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(Chappelle & Peck, 1999a;b). This hypothesis, originally demonstrated in amphipods 

(Chapelle & Peck, 1999a), remains controversial (Spicer & Gaston, 1999; Chapelle & 

Peck, 1999b McClan & Rex, 2001; Chapelle & Peck, 2004; Woods & Moran, 2008). 

However recent measurements of locomotory performance in Antarctic pycnogonid 

crustaceans of different sizes under hypoxic conditions has cast doubt on this 

explanation of polar gigantism (Woods et al., 2009). Body size also does not appear 

to be limited by hypoxia in intertidal amphipods. For example, the mid- to high- shore 

species G. marinus is more tolerant of hypoxia than the smaller lower shore species 

G. locusta (S.P.S. Rastrick personal observations). This is because marine ectotherms 

show a number of adaptations, other than body size, to compensate for low oxygen 

environments such as increased gill areas, high ventilation volumes and adjustments 

to respiratory pigments to increase affinity for oxygen (Childress & Seibel, 1998; 

Seibel et al., 1999). Adaptations in gill structure are also reported in crustaceans 

exposed to low oxygen saturations, for example, in the intertidal crab, Carcinus 

maenas (eg., Taylor & Butler, 1978). In a response to Chapelle and Peck's (1999a) 

original paper, Spicer and Gaston (1999) also point out that gas exchange over 

respiratory surfaces is driven by partial pressure of oxygen and not oxygen 

concentration. Although oxygen concentration is likely to be higher at higher latitudes 

due to the effect of low temperature on oxygen solubility, partial pressure of oxygen 

is unlikely to very with latitude (Spicer & Gaston, 1999). However, higher energy 

consumption may result in a maximum body size beyond which maintenance costs 

can not be supported by nutrient uptake. This is known as the Metabolic Constraint 

Hypothesis (Lonsdale & Levinton, 1985). 
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Smaller body sizes may be an advantage in eurythermal temperate 

environments where it is speculated that increased surface area to volume ratios may 

facilitate oxygen uptake in organisms with high metabolic demands (Portner et al., 

2007). At more eurythermal latitudes, increased selection for faster rates of 

development and reproduction may also lead to smaller body sizes at maturity, known 

as the Development Rate Hypothesis (Lonsdale & Levinton, 1985). Selection for 

faster development at temperate latitudes may result in the reallocation of energy 

towards reproduction soon after maturity, depleting resources for future growth and 

survival, perhaps leading to smaller adult body sizes and increasing adult mortality, 

thus, reinforcing selection for fast development and early reproduction. However, size 

at maturity could be constrained at high latitudes due to short growing seasons 

(Garvey & Marschall 2003). 

Selection for faster development during short growing seasons, shown in some 

higher latitude ectotherms ( discussed above), could therefore also lead to the converse 

ofBergrnann's rule. Selection for energy conservation and slower rates of growth and 

development exhibited by most polar ectotherms may lead to larger body sizes due to 

an increase in longevity. Variation in body size due to latitudinal variation in life span 

is known as the Latitude-dependent Age-specific Mortality hypothesis (Lonsdale & 

Levinton, 1985). For almost 80 years it has been suggested that larger body sizes in 

polar populations are a result of low rates of growth sustained over a longer life span 

(Weymouth et al., 1931 ). Pearl (1928), and Alpatov and Pearl (1929) suggest that life 

span is inversely related to metabolic rate. Voorhies (2002) suggests that extended 

longevity in some nematode mutants, Caenorhabditis elegans, may be due to lower 

metabolic rates. The use of oxygen by cells during normal aerobic metabolism leads 
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to the generation of deleterious reactive oxygen metabolites. These accumulate as an 

organism ages and cause oxidative damage thought to be a significant factor in the 

onset of senescence (Sohal & Weindruch, 1996). A recent paleontological study has 

revealed extreme longevity of over 100 years in the fossil bivalve Cucullaea that 

inhabited the relatively warm (14°C) shallow seas of the Antarctic Eocene (Buick & 

Ivany, 2004). This suggests perhaps low light and food availability are more 

significant as factors than temperature (Buick & Ivany, 2004), although these factors 

could still affect energy consumption. 

Variations in energy consumption with latitude have an affect on rates of 

growth/development, longevity and body size. However, studies that have separated 

the effect oflatitude and temperature demonstrate that temperature is not the only 

latitudinal variable having an affect. Many other latitudinal variables such as: 

seasonality; photoperiod; length of growing season; primary productivity; food 

quality; starvation resistance; predation risk; and reproductive cycles have also been 

shown to be important due to their effect on levels of energy consumption. 

1.10 Rational 

The relationships between rates of metabolism, rates of protein synthesis, growth and 

body size within a species distributed along a latitudinal thermal gradient are still far 

from clear. It is clear from the literature that marine ectotherms exhibit variations in 

upper and lower critical temperatures with latitude (Mayer, 1914; Hyman, 1955; 

Ansell et al., 1986; Gaston & Spicer, 1998; Sokolova & Portner, 2002) indicating that 

adjustments to latitude are taking place. Acclimatisation to different temperatures may 

involve variations in body size, metabolic rates and rates/costs of protein synthesis as 
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a determinant of growth. Some adjustments in life-history traits to changes in latitude 

are reported to be phenotypic responses (Skadsheim, 1989), other variables, such as 

metabolic rate may have an underlying genetic basis to latitudinal variation, suggested 

for insects (Addo-Bediako et al., 2002) and copepods (Lonsdale & Levington, 1989). 

Latitudinal studies can therefore provide an insight into physiological variation along 

natural environmental dines in local conditions including temperature. However, 

most latitudinal studies to date focus on just two populations/species and the majority 

of polar species studied are from the isolated waters of the Southern Ocean with little 

consideration of genetic diversity or thermal history. Therefore the present thesis aims 

to: 

1) Determine whole animal rates of oxygen uptake (Chapter 2) and protein 

synthesis (Chapter 3) in the same natural populations of marine ectotherms 

adapted/acclimatised to different latitudinal conditions; by comparing populations and 

species with known phylogenies and overlapping latitudinal distributions, including 

subarctic (79°N and 5°C) to warm-temperate (38°N and 21 °C) environments. The 

present thesis is the first to examine intraspecific variation in whole animal rates of 

protein synthesis across a latitudinal gradient. 

2) Determine if whole animal costs of protein synthesis are fixed between 

populations of the same species acclimatised to sub-arctic and temperate latitudinal 

conditions (Chapter 4). 

3) Discuss how variations in energy consumption associated with different 

latitudinal conditions, including variations in mean temperature and temperature 

stability, may affect and be affected by species distributions and life-history traits 

(Chapter 5). Understanding the effect oflatitudinal thermal gradients on energy 
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consumption as a determinant of growth/development, may help to explain 

macroecological patterns in body size and r/K selection in natural populations. Such 

patterns will become increasingly important to the emerging fields of 

Macrophysiology (Gaston et al., 2009) and Physiological Conservation (Franklin, 

2009). As understanding the underlying physiological mechanisms, for example how 

temperature affects distributions and reproductive output of endangered species, may 

help in their conservation. This more integrated understanding of how ectotherms 

respond to natural thermal gradients may also help us to understand how organisms 

may respond to future climate change. 

1.11 Gammarid amphipods 

The genera Gammarus comprise of 204 marine, freshwater and in some cases 

terrestrial species, currently described (Vainola et al., 2008). This genera play a key 

role in ecosystem functioning both as an important food source for other aquatic and 

terrestrial predators ( eg., Costa & Costa, 2000) and as detritivores, shredders, grazers 

and predators (eg., Kelly et al., 2002; Christie & Kraufvelin, 2003) within the food 

chain. As parasites some species can also have an ecological and economic impact on 

fisheries (Lefever et al., 2008). Gammarids are frequently used in the study of 

ecotoxicology (eg., Clason & Zauke, 2000; Costa et al., 2005; Fialkowski & 

Rainbow, 2006; Prato et al., 2006) and parasitology (eg., Ironside et al., 2003; 

MacNeil et al., 2004; Kostadinova & Mavrodieva, 2005; Rolbiecki & Normant, 

2005). Gammarids have also been used to study the relationship between range size 

and environmental tolerance (Gaston & Spicer, 2001). 
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The present thesis focuses on four northern hemisphere species of intertidal 

gammarids; the circumpolar species, Gammarus setosus; the sub-arctic/temperate 

species, G, oceanicus; the warm-temperate species, G, locusta and the more 

eurythermal boreal/temperate species, G, duebeni duebeni. All species are abundant 

and are found under rocks and fucoids were they graze, feeding mainly on micro­

algae. Of the four species G. locus ta shows the most southerly latitudinal distribution 

extending from southern Spain to the northern the coast of Norway (Bulnheim, 1979; 

Costa et al., 2004). However, in the northern UK it tends to become sub-littoral and is 

replaced in the intertidal environment by G. oceanicus (Wim Vader, personal 

communication; S.P .S. Rastrick, personal observation). G. locusta is normally found 

at salinities above 15psu (Fenchel & Kolding, 1979) and is the least tolerant of the 

four species studied to environmental change, possibly due to its low intertidal to sub­

littoral distribution (Gaston & Spicer, 2001; Rock et al., 2009). Recent phylogenetic 

analysis using the mitochondrial cytochrome c oxidase I (COI) gene has shown that 

G. locusta is more closely related to Mediterranean and Black Sea gammarids than 

other Northern European species, whereas, both G. oceanicus and G. setosus share a 

putative phylogroup with other northern European and Arctic species (Costa et al., 

2009). G. oceanicus and G. setosus are also adapted for life at lower temperatures and 

show variations in life history traits with latitude (Steele & Steele 1970; 1972) 

Gammarus oceanicus shows a similar intertidal/ sub-littoral distribution to G. 

locusta, but, has a more northerly distribution that extends up the coastal fringes of 

western Europe from Scotland in the British Isles to Iceland, Svalbard and Greenland. 

It is also found in the Baltic and White Seas and on the Eastern Seaboard of North 

America northwards from the Gulf of Saint Lawrence (Steele & Steele, 1972; 
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Opalinski & Weslawski, 1989). G. oceanicus is usually found at salinities between 

20-33psu (Fenchel & Kolding, 1979). However it can be found at lower salinities of 

5psu in the Gulf of Finland (Segerstrale, 1949). The circumpolar species G. setosus is 

also tolerant ofbrackish waters and estuaries (Steele & Steele, 1970; Wim Vader, 

personal communication). This species extends northwards from Nova Scotia and 

Northern Norway to the most northerly extending land masses (Lincoln, 1979). 

Although G. oceanicus and G. setosus occupy the same intertidal sites in Svalbard, G. 

setosus is found slightly higher on the shore. 

G. d. duebeni is the marine haplotype of the species (Rock, et al., 2007) and is 

a interesting addition to the study due to its high-intertidal distribution and its high 

tolerance of environmental change (Gaston & Spicer, 2001; Rock et al., 2009). G. d. 

duebeni is tolerant of both hypo- and hyper-saline water and is often associated with 

small steams, ditches, storm drains and other freshwater runoffs in to the intertidal 

(Fenchel & Kolding, 1979). G. d. duebeni are found on both sides of the Atlantic and 

range in Europe from the English Channel to Northern Norway (Lincoln, 1979). 

These intertidal gammarids are excellent models for the study of physiological 

variations with latitude as they inhabit a wide range of thermal habitats and latitudes 

with some species such a Gammarus oceanicus showing a continuous distribution 

from subarctic to temperate environments, allowing for intra and inter-specific 

comparisons. Gammarids also inhabit a range of tidal heights allowing congeners 

from the lower shore such as G. locusta to be compared with extremely thermal­

tolerant upper shore species such as G. duebeni at the same latitude. Many intertidal 

garnmarids are also easily collected from the shore and maintainable in the laboratory. 

The phylogeny of various species and populations of garnmarids has also recently 
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been investigated (Costa et al., 2009), allowing the effects of phylogeny on 

physiological traits to be discussed. Such amphipods also comply with Bergmann's 

rule exhibiting large intra- and inter-specific variations in body size with latitude ( De 

Broyer 1977) and exhibit a trend from r- to K-selection with increasing latitude 

(W eslawski & Legezynska, 2002), allowing the present thesis to explore the 

implications of variations in energy consumption with latitude on life-histories. 
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Chapter 2 Metabolic compensation with latitude 

2.1 Abstract 

Whole-animal rates of oxygen uptake (M02) were determined in acclimatized 

gammarid amphipods with overlapping latitudinal distribution patterns in the NE 

Atlantic and Arctic Oceans to examine metabolic diversity between latitudinal 

populations under natural environmental conditions. Such an approach revealed two 

different responses depending on the latitudinal distribution and environmental 

tolerances of the species involved. In the subarctic-temperate species, Gammarus 

oceanicus, M02 declined as habitat temperature decreased with latitude so that rates 

of energy consumption were lower in subarctic (79°N) relative to temperate (58°N) 

populations, and similar to the values in the Arctic-boreal species, G. setosus, at the 

same latitude. Consequently, there was no evidence for metabolic rate compensation 

in the cold-water, high latitude populations. Further examination of the specific 

effects of temperature on M02 in G. oceanicus revealed similarities in M02 between 

populations at the same acclimation temperature, and similarities in thermal 

sensitivity (Q10) and activation energies (Ea) on exposure to acute temperature change, 

indicating a lack of metabolic diversity between populations. In sharp contrast, the 

boreal-temperate (G. d. duebeni) and the temperate species (G. locusta) showed no 

variation in M02 with latitude. Instead, species conserved relatively high metabolic 

rates either to maintain a warm-water life-histories and activity levels or to confer 

some independence from highly variable environments. Acclimation to 1 o·c and 

acute temperature exposure in G. locusta revealed metabolic diversity between 

populations which may in part be due to adaptation to local conditions. The differing 

abilities of closely related congeneric amphipods to conserve metabolic rate across 

natural latitudinal gradients is related to latitude via associated changes in 

environmental temperature and resource availability. 
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2.2 Introduction 

Metabolic rate is an important whole-animal response which provides empirical 

evidence for costs of living and the rate at which available environmental resources 

are used. The relationship between metabolic rate and temperature in aquatic 

ectotherms, and any predictable patterns that may emerge along natural thermal 

gradients, has been under scrutiny for nearly a century (Krogh, 1916). Early species­

related comparisons between Arctic and tropical aquatic ectotherms concluded that 

there was considerable, although incomplete, metabolic cold adaptation in Arctic 

species because their metabolic rates were elevated relative to tropical species 

(Scholander et al., 1953) More extensive comparisons between Antarctic and distantly 

related temperate marine species, have largely rejected the concept (Houlihan & 

Allen, 1982; Luxmoore, 1984; Clarke, 1991; 1993; Chapelle & Peck, 1995; Whiteley 

et al., 1996; Clarke & Johnston, 1999; Peck & Conway, 2000). Instead, resting 

metabolic rates in Antarctic aquatic ectotherms are lower than those of temperate and 

tropical species extrapolated back to the same temperatures indicating a selective 

advantage for low energy consumption and turnover in the extreme cold (Clarke, 

2003; Portner et al. 2007). Whether it is the stability and harshness of the 

environment, limited resource availability or the low temperatures that are selecting 

for low costs ofliving is unclear and frequently debated (Clarke 1993; 2003; Portner 

et al., 2005). 

Although the concept of metabolic cold adaptation has largely been dismissed 

in polar, mainly Antarctic, marine ectotherms, metabolic compensation ( elevation in 

metabolic rate to avoid the slowing effects of lower temperatures) has been 

documented between populations of the same species living at lower latitudes. All of 

these studies have been conducted in the northern hemisphere on individuals 
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acclimated to comparable temperatures for several weeks. The results show that 

individuals from colder, more northerly populations have higher metabolic rates than 

their counterparts from warmer, more southerly populations when measured at the 

same temperature (Vemberg, 1962; Mangum, 1963; Lonsdale & Levinton, 1989; 

Sommer & Portner, 2002), although there are exceptions (Sokolova & Portner, 2003). 

Such intraspecific variation in metabolism is attributed to shifts in the relationship 

between metabolic rate and temperature, termed R/T curves by Prosser (1950), where 

a change in R/T gradient signifies alterations in Q10 and activation energies for 

metabolism (Ea), and parallel shifts demonstrate changes in enzyme concentrations. 

The overall effect is the conservation of metabolic rate at the normal habitat 

temperatures of each population imparting some independence of rate function from 

the direct effects of habitat temperature (Bullock, 1955; Prosser, 1950). 

By raising individuals in a common environment for several generations, it has 

been shown that intraspecific variations in rate functions are genetically based 

indicating adaptation for local temperature regimes (Lonsdale & Levinton, 1989; 

Dittman, 1997). Latitudinal studies are therefore extremely valuable because they can 

allow for an examination of evolutionary adaptation to temperature in ecologically 

similar and closely related taxa. Unfortunately, latitudinal comparisons in marine 

invertebrates are limited and frequently confounded by variations in factors such as 

season and body size ( eg., Vemberg, 1962). In addition, most intraspecific studies to 

date have concentrated on comparisons between tropical and temperate populations, 

or temperate populations over limited latitudinal ranges. Surprisingly little is known 

of the differences in metabolic rate between Arctic species and populations of the 

same species living at lower latitudes, apart from two studies comparing subpolar and 

boreal populations, where opposing responses are observed (Sommer & Portner, 
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2002; Sokolova & Portner, 2003). Consequently, the key question of whether or not 

Arctic and subarctic marine invertebrates are capable of compensating their 

metabolism at polar latitudes remains unclear. It may be that shorter histories at low 

temperatures (0.7 my as opposed to 16 my in the Antarctic), less isolation than the 

Antarctic and wider geographical ranges may increase the capacity of Arctic/boreal 

species to compensate rate functions in the cold. This question is of key importance to 

marine ectotherms living in the rapidly changing Arctic, as it is not known whether 

these species are specialised to function at low temperatures and whether they are 

metabolically limited with respect to further environmental change. In addition, it is 

unclear whether polar marine invertebrates have the metabolic capacity to compete 

with warmer-water invasive species/populations with higher energetic requirements 

and rates of resource use. 

The present study investigated the relationship between metabolic rate and 

latitude in a widely distributed genus of amphipod crustacean, Gammarus, where 

sequences from the mitochondrial cytochrome c oxidase I (COI) gene show much 

higher genetic diversity between species than within species (Costa et al. 2009). The 

study concentrated on four garnmarid species with different but overlapping 

latitudinal distributions along the coastal fringes of the NE Atlantic and Arctic Oceans 

to include both Arctic, subarctic, boreal and temperate representatives. All species are 

abundant, especially at high latitudes, and are found under rocks and fucoids where 

they graze, feeding mainly on micro-algae (Wim Vader, personal communication). 

Their ability to tolerate environmental change, however, differs as does their vertical 

distribution in the intertidal (Gaston & Spicer, 2001) In all species, metabolic rates 

were determined in animals within 48h of capture at their normal environmental 

conditions (acclimatised animals) in order to assess whether metabolic compensation 
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occurs between natural populations. The specific effects of temperature on metabolic 

rate were subsequently investigated between latitudinal populations of the two 

intertidal species which occupy the same ecological niche but have different 

latitudinal ranges. Using this approach it was possible to examine intraspecific 

variations in metabolic rate in species with similar ecologies and known phylogeny, 

but different latitudinal distribution patterns and environmental tolerances. 

2.3 Materials and methods 

2.3.1 Animal Collection 

Four species of marine gammarid amphipod were investigated including: the 

circumpolar Arctic-boreal species, Gammarus setosus; the subarctic-boreal species, 

G. oceanicus; the temperate species, G. locusta; and the more eurythermal boreal­

temperate species and marine haplotype, G. duebeni duebeni (Rock et al., 2007). All 

species inhabit the low intertidal apart from G. d. duebeni which inhabits areas under 

freshwater influence in the mid to high intertidal (Rock et al., 2009). Environmental 

tolerances vary between the species with G. d. duebeni showing the widest range of 

tolerances and physiological performances under environmental change and G. 

locus ta the least (Bulnheim, 1979). Collection sites (Fig. 1) ranged from the most 

southerly population in Portugal (38.48°N) up the coast of Western Europe to include 

mid-latitude sites in Brittany/France (47.85°N), Anglesey/Wales (53.20°N), and Isle 

of Skye/Scotland (57.66°N), as well as two high latitude sites in Norway: Troms0 

(69.61 °N) and Ny-Alesund on Kongsfjorden, Svalbard (78.92°N). Collectively the 

various gammarid populations represented a range of climate regimes: warm­

temperate (Portugal and France), cold-temperate (Wales and Scotland), boreal 

(Troms0) and subarctic in Svalbard because of the warming influence of the Atlantic 
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Ocean in the summer (Opalinski & W~slawski, 1989; Willis et al., 2006). The sea 

surface temperatures at each collection site were: Portugal (15-22°C); France (9-

l 80C); Wales (6-16°C); Scotland (6-14 °C); Troms0 (4-11 °C); and Svalbard (-l.89-

60C). All collections were made at low tide between June and Sept (2006 - 2007), 

avoiding brooding females and moulting animals. Fucoids and microalgae were 

abundant at all sampling sites, including Svalbard, indicating that food supply was not 

limiting during the summer. 

2.3.2 Resting M02 in acclimatised animals 

In order to determine resting rate of oxygen uptake (MO2) in acclimatised animals, 

amphipods were removed from the shore and held at their respective environmental 

conditions at the time of capture (temperature, PO2, salinity and photoperiod), and 

allowed to recover from handling and feeding effects which can artificially elevate 

MO2. All determinations were made within 48h. Three latitudinal populations were 

sampled for each species apart from G. setosus which was only collected in Svalbard 

(79°N) (Fig.1 ). After collection, individual amphipods were held at their respective 

capture temperatures in fully aerated seawater, apart from G. d. duebeni which was 

held in 50% seawater. To determine MO2 measurements within 48h of capture, 

animals were returned immediately to one of three sites: Bangor University, Wales, 

for the amphipod populations in Scotland, Wales and France; NERC's Arctic 

Research Station in Ny-Alesund for populations collected in Troms0 and Ny-Alesund; 

and Universidade Nova de Lisboa, Lisbon, for the population collected in Portugal. 

For the transport of amphipods between sites, individuals were wrapped in paper 

soaked in seawater and maintained at a constant temperature. This is reported to be 

the most effective means of transporting amphipods ensuring maximum survival rates 
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(J. Ironside, personal communication). Preliminary studies also showed no variation 

in M02 before and after transportation. On arrival they were returned to aerated 

seawater at the appropriate capture temperature as soon as possible and left for 24 h to 

recover before M02 measurements commenced. 

2.3.3 Thermal sensitivity of M02 in acclimatised animals 

A second experiment characterised the specific effects of temperature by testing the 

temperature sensitivity of resting M02 in acclimatised animals and by estimating 

maximal M02 values when exposed to an acute increase in temperature. To determine 

the effects of acute temperature change on resting M02 in acclimatised animals, two 

latitudinal populations of G. oceanicus (58 and 79°N) and G. locusta (38 and 53 °N) 

were investigated. In each case animals were held in fully aerated seawater at their 

respective environmental conditions at the time of capture for the maximum of 5 days. 

Animals were fed throughout this period on algal fish food (TetraVeg®, Tetra GmbH, 

Germany) but were starved for 24h before M02 measurements commenced. 

2.3.4 Resting M02 in acclimated animals 

Amphipods from two latitudinal populations of G. oceanicus (58 and 70°N) and G. 

locusta (38 and 53°N) were returned to Bangor University and acclimated to a 

common temperature of l0°C in fully aerated, full strength seawater in a 12L:12D 

regime for 4 weeks. Individual G. oceanicus from Svalbard were not included in the 

acclimation studies because they were unable to survive longer then 2 weeks at 8°C. 

In contrast, G. locusta from Portugal continued to feed and remained active for 4 

weeks at 10°C and no mortalities were reported. A third of the water was replaced 

each week before feeding with algal fish food (Tetra Veg®, Tetra GmbH, Germany). 

39 



Chapter 2 Metabolic compensation with latitude 

Figure 1.1. Map of Europe to show the various collection sites for gammarid 

amphipods. These include: Ny-A.lesund, Svalbard (79°N); Troms0, Norway (70°N); 

Isle of Skye, Scotland (58°N); Anglesey, Wales (53°N); Brittany, France (48°N); and 

Troia, Portugal (38°N). The latitudinal distribution patterns of the four gammarid 

species examined in this study are shown by the diagonal arrows on the left of the 

map. More northerly populations of G. locusta from Scotland and Norway (56-70°N) 

are subtidal and were not included in this study. Populations of G. oceanicus were 

collected from populations in Ny-A.lesund, Troms0 and Isle of Skye. G. setosus was 

only collected in Ny-A.lesund. G. d. duebeni was collected from populations in 

Troms0, Isle of Skye and Anglesey, and G. locus ta was collected from Anglesey, 

Brittany and Troia. Temperatures at the time of collection were; 5°C at 79°N, 15°C at 

70°N, 13°C at 58 and 53°N, l8°C at 48°N, and 21 °Cat 38°N. The latitudinal 

distribution of the species is based on Opalinski & W~slawski (1989), Klekowski & 

W~slawski (1990) and Costa et al. (2004). 
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2.3.5 Determination of M02 

MO2 was measured in each individual using stop flow respirometers (vol=14 ml) held 

at a constant temperature by the presence of a water jacket. Each respirometer was 

supplied with fully aerated seawater at the desired temperature and salinity and stirred 

by means of a magnetic stirrer, separated by a perforated platform, to prevent the 

formation of oxygen partial pressure (PO2) gradients. Each respirometer contained a 

number of beads to provide shelter for the animals and to reduce activity levels. In 

each case, animals were placed into the respirometers and allowed to settle for 4h, 

which was found to be the minimum time necessary for resting MO2 (SPS Rastrick, 

unpublished data). After the animals had settled the water flow was stopped for 30 

min and the decline in PO2 in the seawater measured at regular intervals. In the study 

on acute temperature change, the flow of fully aerated seawater through the 

respirometers was resumed once resting MO2 had been determined and warmed by 

4°C. After 30 min, each respirometer was resealed and PO2 measurements taken for a 

further 3 0 min. This procedure was repeated until the animal succumbed to heat 

exhaustion and MO2 levels fell precipitously. Consequently, each amphipod was 

exposed to an increase in water temperature at a rate of 4 °C h-1
• In all cases, control 

respirometers were run without any animals. 

Oxygen partial pressures (PO2) were determined using an OxySense®l0l 

Non-invasive Oxygen Analyzer System (OxySense® Inc., Dallas, Texas, USA). The 

OxySense® system utilises an optical method to determine water PO2 levels by 

measuring the fluorescent energy released from an oxygen-sensitive dot placed onto 

the inside surface of the respirometer. Changes in fluorescence occur in proportion to 

changes in water PO2 and are detected by an external reader pen assembly 

(fluorimeter) which was held firmly in position by a Perspex holder projecting 
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horizontally from the side of the respirometer to align the pen assembly parallel to the 

oxygen-sensitive dot. The pen assembly was connected via a fibre optic cable to a 

converter and a PC for control and data acquisition using OxySense®l0l software 

(OxySense® Inc., Dallas, Texas, USA). Calibration of the OxySense® system was 

carried out for each new batch of oxygen-sensitive dots according to the 

manufacturer's instructions. Each batch of oxygen-sensitive dots are supplied pre­

calibrated from the manufacturer, however, minimum and maximum PO2 was 

checked using nitrogen or air saturated sea water, respectively. Fluorescent 

measurements were logged every 5 seconds for the length of the stop-flow period. In 

each case, the decline in PO2 was linear over the measurement period and kept above 

17 kPa to avoid hypoxia. All measurements were taken in low light conditions: first, 

as ambient light causes high noise to the live fluorescence signal; and second, to 

minimise any disturbance to the animal. 

2.3.6 Data Analysis 

OxySense®l0l software (OxySense Inc., Dallas, Texas, USA) converted fluorescent 

readings into changes in seawater PO2 against time. Rates of oxygen uptake were 

calculated as the change in PO2 per hour multiplied by the solubility coefficient for 

oxygen, which was adjusted for salinity and temperature (Harvey 1955), and the 

volume of water within each respirometer. Whole animal values for MO2 in µl O2.h-1 

were standardised to S.T.D.P. and expressed as nmol 0 2. animar1
• h-1

• As body mass 

increased with latitude, all MO2 data was standardised to a wet body mass of 1mg 

using a mass exponent of 0.62. This exponent was calculated empirically from the 

relationships between log whole-animal MO2 and log wet body mass and did not vary 
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significantly between the 4 gammarid species investigated in the present study 

(ANCOVA, P=0.89) (S.P.S. Rastrick and T. Potter, unpublished data). 

For the temperature sensitivity experiments, maximal aerobic threshold 

temperature was taken as the temperature at which MO2 reached its maximum value 

before falling precipitously. In preliminary studies it was shown that this temperature 

corresponded to the upper thermal tolerance of ventilatory activity ( determined as 

changes in the beating frequency of the pleopods), and circulatory capacity 

(determined as changes in heart rate) (SPS Rastrick, unpublished data). The specific 

relationship between acute temperature change and acclimatised MO2 was 

investigated by calculating the mean temperature coefficient (Q10) and the mean 

Arrhenius activation energy for metabolism (Ea) for each population. Q1o values were 

calculated using the Van't Hoff equation: 

Q -R IR (10 / T2-Tl) 
10- 2 I 

Where T 2 is the temperature at the maximal aerobic threshold and T 1 is the 

temperature after the first temperature increase ( capture temperature plus 4 °C). R1 

and R2 represent whole-animal MO2 values (nmol 0 2. animar1
. h-1

) recorded at T 1 and 

T2, respectively. Ea values (kJ. mor1
) were calculated, over the same range as Q10, 

from the gradient of the natural log of MO2 plotted against the reciprocal of 

temperature (1/°K), multiplied by the negative molar gas constant (-8.3144 J. K 1
• mor 

1
) (Lee & Baust 1982). All Arrhenius relationships were linear and negative over the 

temperature ranges studied. Mean aerobic scopes were taken as the differences 

between MO2 at rest and at the maximal aerobic threshold. 
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2.3.6 Statistical Analysis 

Values are given as means ± SEM with the number of observations in parenthesis. 

Data were tested for normality using a Kolmogorov-Smimov test and for 

homogeneity of variances using Levene's test. As all data were parametric, one-way 

analysis of variance (ANOVA) and the least significant difference (LSD) post-hoc test 

was used to test for any significant differences in either MO2, body size, Q10 and Ea 

between populations. Comparisons between two species at the same latitude, and two 

populations after temperature acclimation were made using an independent sample t-

test. Within populations, any significant variation in MO2 with acute change in 

temperature was tested using repeated measurers ANOV A. The linear relationship 

between aerobic scope and latitude was analysed using least-squares regression 

analysis. Results were considered to be significant at the 5% confidence interval 

(P<0.05). Statistical analyses were performed using SPSS software (SPSS version 12; 

SPSS INC., Chicago, IL, USA). 

2.4 Results 

2. 4.1 Body mass and latitude 

Between species, mean body mass of the individuals used to determine resting MO2 in 

acclimatised amphipods varied significantly with latitude (ANOVA, P<0.001) (Fig. 

2). Within species, latitude had a significant effect on body size in G. oceanicus and 

in G. locusta (ANOVA, P<0.001). In G. oceanicus, individuals from Svalbard were 

over twice the size of individuals from Scotland (58°N), and in G. locusta, individuals 

from Wales (53°N) were over 3 times larger than individuals from Portugal (38°N). In 

contrast, latitude had no effect on body mass in G. d. duebeni. In Troms0 (70°N), G. 

d. duebeni were significantly smaller than G. oceanicus (t-test, P<0.0001). 
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Figure 2.2. Mean body mass (mg) of the animals used to determine resting MO2 in 

acclimatised animals plotted against the latitudes at which they were caught. Mean 

values given ±SEM. (In G. setosus: n=6 at 79°N and 5°C. In G. oceanicus: n= 15 at 

79°N and 5°C; n=12 at 70°N and 15°C; n=l 7 at 58°N and 13°C. In G. d .duebeni: 

n=16 at 70°N and 15°C; n=19 at 58°N and 13°C; and n=15 at 53°N and 13°C. In G. 

locusta: n=18 at 53°N and 13°C; and n=lO at 48°N and l8°C; and n=9 at 38°N and 

21 ·c). 
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2.4.3 Resting M02 in acclimatised animals 

Mean resting whole-animal MO2 for acclimatised animals is plotted against latitude in 

Fig. 2.3a and against capture temperature in Fig. 2.3b. In G. oceanicus, there was a 

significant variation in mean MO2 between latitudinal populations (ANOVA, P<0.05) 

(Fig. 3a), marking a 50% drop in MO2 from 28.2±4.8(12) nmol 0 2. animar1
. h-1 in the 

population from Scotland to 14.8±1.7(15) nmol 0 2• animar1
• h-1 in the population 

from Svalbard (LSD test, P<0.001). This decline in MO2 occurred over a 8°C drop in 

capture temperature at a Q10 of 2.24. In contrast, whole animal MO2 remained 

unchanged between latitudinal populations of G. locusta and latitudinal populations of 

G. d. duebeni, despite changes in capture temperature (Figs. 2.3a and 2.3b). 

2.4.4 Resting M02 in acclimated animals 

When acclimated to 10°C for four weeks there was no difference in mean MO2 

between G. oceanicus from Troms0 and G. oceanicus from Scotland as mean values 

were 10.4±1.5(6) and 9.3±1.2(6) nmol 0 2• animar1
• h-1

, respectively (t-test, P=0.56) 

(Fig. 2.4). In G. locusta, however, mean MO2 was two-fold higher in the population 

from Wales at 35.4±5.5(5) nmol 0 2. animar1
• h-1 compared with the population from 

Portugal where MO2 was 19.0±2.4(6) nmolO2. animar1
• h-1 (t-test, P<0.05). 
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Figure 2.3 . Whole-animal MO2 values standardised for a body mass of 1mg plotted 

against (a) latitude, or (b) capture temperature. Mean values given ±SEM. (In G. 

setosus: n=6 at 79°N and 5°C. In G. oceanicus: n= 15 at 79°N and 5°C; n=12 at 70°N 

and 15°C; n= l 7 at 58°N and 13°C. In G. d. duebeni: n=16 at 70°N and 15°C; n=19 at 

58°N and 13°C; and n=15 at 53°N and 13°C. In G. locusta: n=18 at 53°N·and 13°C; 

and n=lO at 48°N and l8°C; and n=9 at 38°N and 21 °C). 
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Figure 2.4. Resting whole-animal MO2 values standardised for a body mass of 1mg 

for animals acclimated to 10°C for 4 weeks. Mean values given ±SEM to include G. 

locusta collected from the populations in Portugal (38°N) and Wales (53°N), and G. 

oceanicus collected from the populations in Scotland (58°N) and Troms0 (70°N). In 

G. oceanicus at 58 and 70°N and G. locusta at 53°N: n=6. In G. locusta at 38°N: 

n=8. 

48 



Chapter 2 Metabolic compensation with latitude 

2.4.5 Thermal sensitivity of MO2 in acclimatised animals 

In both populations of G. locusta and G. oceanicus, exposure to an acute increase in 

temperature resulted in an exponential and significant increase in M02 until the 

maximal aerobic threshold temperature was reached (ANOVA, P<0.01) (Table 2.1 & 

Fig. 2.5). The maximal aerobic threshold varied with latitude in both species, as did 

the maximum M02 reached at this temperature. The highest maximal aerobic 

threshold of 33 °C was observed in the southern population of G. locus ta from 

Portugal at a maximum M02 of 44.8±7.4(6) nmol 0 2. animar1
. h-1 (Fig. 2.5). This 

value was reduced to 29°C in the northern population of G. locusta even though 

maximum M02 remained unchanged at 52.3±7.1(10) nmol 0 2. animar1
. h-1

. In 

contrast, G. oceanicus from Scotland (58°N) was characterised by an maximal aerobic 

threshold of29°C, and a maximum M02 of 37.7±4.0(7) nmol 0 2. animar1
• h-1

• The 

population of G. oceanicus from Svalbard (79°N) exhibited the lowest maximal 

aerobic threshold at 25°C and had a significantly lower maximum M02 of 23.6±2.1(6) 

nmol 0 2• animar1
• h-1 compared with the population from Scotland (t-test, P<0.01) 

(Table 2.1 & Fig 2.5). 

The rate of change in M02 with temperature (Q1o) in G. locusta from Portugal 

was twice the value in G. locusta from Wales which was a significant difference (LSD 

test, P<0.01) (Table 2.1 ). Activation energies for metabolism (Ea) followed a similar 

trend with G. locusta from Portugal exhibiting significantly higher Ea values than G. 

locusta from Wales (LSD test, P<0.05). In contrast, there was no significant variation 

in either mean Q10 or Ea between the two populations of G. oceanicus (Table 2.1 ). 

Aerobic scope exhibited a significant negative relationship with latitude (ANOV A, 

P<0.05) resulting in a 3-fold reduction in aerobic scope between G. locusta from 

Portugal at 38°N and G. oceanicus from Svalbard at 79°N (Table 2.1). 
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Table 2.1. Temperature sensitivity of MO2 in two latitudinal populations of 
acclimatized G. oceanicus and G. locusta exposed to an acute change in temperature 
at a rate of 4°C h-1

• Values are given as means±SEM to include maximal aerobic 
threshold temperatures, aerobic scopes, temperature coefficients (Q10), activation 
energies of metabolism (Ea), and the body mass of the individuals sampled along with 
the number of observations in parenthesis. P-values generated using repeated 

measures ANOV A show the significance of any variation in MO2 with acute 
temperature change. 

Species Latitude Maximal aerobic Aerobic scope (nmol Q,o Ea 
(°N) threshold (°C) 0 2• animal_, h-1) (kJ.mor') 

G. oceanicus 79 25 8.5±0.2 1.52±0.16 40.6±9.4 
G. oceanicus 58 29 14.6±3.7 1.68±0.12 37.2±4.8 
G. locusta 53 29 20.9±7.8 1.78±0.16 46.0±5.1 
G. locusta 38 33 27.3±7.7 3.51±0.97 81.8±19.9 

Body 
mass (mg) 

166±10(6) 
81±8(7) 

92±6(10) 
33±3(6) 

50 

p 

0.019 
0.019 
0.011 
0.046 
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Figure 2.5. The effect of an acute change in temperature (4°C h-1
) on mean whole­

animal MO2 values standardised for a body mass of 1mg for G. oceanicus collected 

from Scotland (58°N) and Svalbard (79°N), and in G. locusta collected from Portugal 

(38°N) and Wales (53°N). Open circles represent resting MO2 values at the respective 

capture temperature of each population. Curves were fitted using locally weighted 

polynomial regression (LOESS) with a polynomial degree and a smoothing parameter 

of 1. Values are given as means±SEM (In G. oceanicus: n= 6 at 79°N and n=7 at 

58°N. In G. locusta: n=l Oat 53 °N and n=6 at 38°N). 
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2.5 Discussion 

The relatively low metabolic rates observed in subarctic populations of G. oceanicus 

and G. setosus, and the decline in MO2 with latitude in G. oceanicus, demonstrate that 

high latitude gammarid populations do not up regulate their metabolic rates in the cold 

i.e. they do not show metabolic cold adaptation. Subarctic populations of G. 

oceanicus and G. setosus are therefore low energy consumers with low rates of energy 

turnover in keeping with many Antarctic benthic marine invertebrates. The latter are 

specialized to live in the extreme cold in an isolated environment characterized by 

marked seasonal changes in environmental conditions and resource availability 

(Clarke, 2003; Portner et al., 2007). The subarctic population of G. oceanicus, 

however, appears to be less specialised, at least in terms of metabolism, as there was 

no evidence for metabolic divergence between the various latitudinal populations. 

Instead, metabolic rate in acclimatised G. oceanicus declined with habitat temperature 

at a Q10 of 2.24 which is typical for temperature-dependent changes in rate function. 

In addition, there were no differences in metabolic rate between populations at a 

common acclimation temperature, and no differences in the relationship between MO2 

and acute temperature change, described by Q10 and Ea, indicating similarities in 

enzyme kinetics and metabolic pathways. Low levels of energy consumption in 

Antarctic marine invertebrates are associated with relatively high longevity, and an 

increase in body size despite slower growth rates compared with warmer, low latitude 

species (Portner et al., 2007), including gammarid amphipods (De Broyer, 1977). 

Similar characteristics are observed in G. oceanicus as life-span and body size 

increase, and growth rates decline in subarctic relative to temperate populations 

(Steele & Steele, 1972; Skadsheim, 1984; W~slawski & Legei:ynska, 2002). Certain 

life-history traits also vary with number of broods in G. oceanicus declining from 
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three to one between populations living at 59 and 79°N (Skadsheim 1984). In the 

Southern Ocean, low energy life-history traits are thought to be evolutionary 

adaptations to low energy environments where costs of living may also be resource 

limited, especially in those species reliant on seasonal primary production (Clarke, 

2003). The wide latitudinal distribution of G. oceanicus combined with the 

observation that latitudinal differences in egg size and number of broods are 

phenotypic responses (Skadsheim, 1989), suggests that the low energy life-history 

traits of G. oceanicus from Svalbard are less likely to be an adaptive response and 

more likely to be a direct result ofliving in a cold and restricted thermal environment. 

The dependence of metabolic rate on temperature and the lack of metabolic 

specialization between populations resulted in higher rates of metabolism in the 

temperate population of G. oceanicus. This population was characterised by higher 

aerobic scopes and maximal threshold temperatures compared with the population at 

higher latitudes. Such observations demonstrate that G. oceanicus is capable of 

increasing metabolic rates and changing thermal tolerances at temperate latitudes 

where the environment is less restrictive and energy budgets higher (Clarke, 2003). 

Interestingly, G. oceanicus does not show metabolic compensation with season 

(Einarson, 1993), suggesting a general inability to compensate for change, which is 

further supported by at the molecular level by a recent study on sequence variation in 

a functionally significant region of the myosin heavy chain gene (Rock et al., 2009). 

The lack of myosin sequence diversity in G. oceanicus with latitude demonstrates a 

general toleration to change rather than an adaptive response. Moreover, recent 

phylogenetic analysis of the genus Gammarus based on nucleotide COI sequences 

revealed that within Europe, there is little genetic diversity between populations of G. 

oceanicus. Collectively these observations indicate that G. oceanicus is more of a 
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generalist than a typical Antarctic marine invertebrate species, as it survives 

environments that are not permanently cold and limited by resource availability, 

probably due to phenotypic adjustments to environmental change. 

In sharp contrast to G. oceanicus, metabolic rate in the temperate species, G. 

locusta, and the boreal-temperate species, G. d. duebeni, remained unchanged with 

latitude, suggesting compensation for changes in environmental conditions to 

conserve metabolic rate. Compensatory responses are normally described during 

temperature acclimation when an increase in rate function occurs in cold acclimated 

animals to counteract the slowing effect of reduced temperatures. A similar response 

is reported between latitudinal populations after temperature acclimation in several 

tropical/temperate marine invertebrates such as the fiddler crab, Uca rupax (Vemberg, 

1962), and the polychaete, Clymenella torquata (Mangum, 1963). It also occurs in 

acclimatised animals as demonstrated in the present study and in a classic study on 

water pumping rates in Mytilus californianus (Bullock, 1955), in which mussels from 

Friday Harbor (48°N) at 6.5°C pumped water at the same rate as mussels from Los 

Angeles (34°N) at 12°C. The resulting conservation of metabolic rate at the normal 

habitat temperature of each latitudinal population indicates alterations in metabolism 

can be attributed to shifts in the relationship between rate function and temperature 

(R/T curves described by Prosser, 1950). Shifts in R/T curves are likely to exist 

between latitudinal populations of G. locust a because individuals from Wales ( 53 °N) 

had higher MO2 values than individuals from Portugal (38°N) when measured at a 

common acclimation temperature. In addition, the reduction of Ea in the northern 

population signifies alterations in the specific activity of metabolic enzymes resulting 

in a lowering of the energy barriers for catalysis, a typical compensatory response 

between polar or subpolar ectotherms and their temperate conspecifics or confamilials 
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(Johnston et al., 1975; Sommer & Portner, 2002; Lucassen et al., 2006). In addition, 

the drop in Q10 in the northern population of G. locusta reflected a drop in thermal 

sensitivity of metabolism at higher latitudes which was accompanied by a reduction in 

maximal aerobic threshold temperature and aerobic scope. Such alterations are 

characteristic of cold adapted eurytherms at subpolar latitudes in the northern 

hemisphere where increased mitochondrial capacities lead to higher maintenance 

costs and an increase in whole-organism standard metabolic rates (Sommer & Portner, 

2002; 2004; Portner et al., 2005). It is possible that G. locusta responds in a similar 

fashion, albeit at a different range oflatitudes, as initial studies show a 7-fold increase 

in mitochondrial densities in the abdominal muscles of G. locusta with latitude (C. 

Field & N. M. Whiteley, unpublished data). Regardless of the mechanisms involved, 

the conservation of metabolic rates in G. locus ta and G. d. duebeni indicates 

metabolic diversity between populations. 

The conservation of relatively high rates of metabolism in G. locusta and G. d. 

duebeni indicate high rates of energy consumption and high energy life-styles. 

Preliminary growth studies, for instance, show that juvenile growth rates are 3 times 

higher in G. locusta from Wales at 1.02±0.06(10) mm week-1 compared with G. 

oceanicus from Scotland at 0.30±0.02(10) mm week1 (A. M. Posacka & S.P .S. 

Rastrick, unpublished data). There could be a number of reasons for conserving high 

metabolic rates across a range of latitudes, all of which depend on the continued 

availability of food to fuel elevated rates of energy consumption (Lonsdale & 

Levinton, 1989). In the low intertidal G. locusta, high energy turnover may be related 

to its warm-water ancestry. Phylogenetic analysis revealed that G. locusta shares a 

putative phylogroup with other Mediterranean species (Costa et al., 2009). 

Consequently, metabolic compensation may occur between latitudinal populations of 
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G. locusta to maintain higher energy traits such as high rates of growth and activity. 

Moreover, deep intraspecific diversity occurs between populations of G. locusta from 

Portugal and Wales of ~4% suggesting that the two populations were separated before 

the last glaciation event (Costa et al., 2009). Indeed, G. locusta has the longest history 

of reproductive isolation of the four species included in the present study. Genetic 

divergence between populations suggests that metabolic conservation at respective 

habitat temperatures may result from adaptation to local conditions. Unlike G. 

locusta, the conservation of a relatively high energy budget in G. d. duebeni could be 

less to do with its ancestry and more to do with to its ability to tolerate environmental 

change. G. d. duebeni groups in a different phylogroup to G. locusta and is more 

closely related to the high Arctic species, G. wilkitzkii, and to the cold-water species, 

G. oceancicus and G. setosus (Costa et al., 2009). Despite its cold-water ancestry, G. 

d. duebeni inhabits the high intertidal where it experiences wide and rapidly changing 

environmental conditions. As a result a number of biochemical and physiological 

adjustments are needed to impart some independence of rate function from 

environmental variability (Bulnheim, 1979; Gaston & Spicer 2001). The ability of G. 

d. duebeni to show metabolic compensation at high latitudes could be related to its 

high degree of eurythermy as described in another intertidal species, Arenicola 

marina (Portner et al., 2005; 2007). Metabolic compensation may only occur in 

boreal-temperate species in more eurythermal habitats such as the upper shore, as 

along as winter conditions as are not too extreme and food is not limiting, because 

some species experience metabolic depression in the winter (Sommer & Portner, 

2002; Sokolova & Portner, 2003). The conservation of metabolism in temperate and 

more eurythermal boreal-temperate gammarids supports the proposition that 

metabolic conservation is advantageous in a less stable thermal environment because 
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the alternative: high thermal sensitivities within the environmental range, is associated 

with increased long-term metabolic costs and a lower tolerance to extreme 

temperatures (Hawkins, 1995). As with G. locusta, the observed metabolic diversity 

in G. d. duebeni may in part be explained by adaptation to local conditions as grater 

genetic diversity was also reported between populations of G. d. duebeni than 

between populations of G. oceanicus (Costa et al., 2009). 

2. 5.1 Summary 

In summary, metabolic rates in acclimatised gammarid amphipods are conserved 

across populations in the temperate and boreal-temperate species, G. locusta and G. d. 

duebeni, but not in the subarctic-boreal species, G. oceanicus. In the latter, there was 

no evidence of metabolic compensation and therefore metabolic diversity between 

populations, suggesting that the reduction in energy consumption observed in the 

subarctic population was a direct result of restricted environmental conditions, 

especially temperature. The general lack of metabolic diversity and population 

structure in G. oceanicus suggest that associated changes in thermal tolerances 

between populations may be phenotypic. Metabolic conservation across populations is 

a feature of high energy turnover either to maintain a warm water life-style or to 

confer some independence from highly variable environmental conditions. Metabolic 

divergence between populations may in part be due to adaptive responses as some 

population structure is observed in both G. locusta and G. d. duebeni. 
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Chapter 3 

Conservation of protein synthesis rates between natural 

populations of gammarid amphipods is dependent on 

latitude but not environmental tolerance 
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3.1 Abstract 

To examine the rates of energy expenditure in marine ectothems along a latitudinal 

thermal gradient, whole-animal rates of protein synthesis were determined in 

gammarid amphipods acclimatised to natural environmental conditions. Protein 

synthesis rates represent a significant metabolic expense and are a major determinant 

of growth. This study included congeneric species of known phylogeny and similar 

ecologies but different latitudinal and vertical distribution patterns on the shore. 

Relatively low whole-animal fractional rates of protein synthesis, associated 

with low energy consumption and slow rates of growth, were recorded in Gammarus 

setosus and sub-arctic populations of G. oceanicus from Svalbard (79°N). In contrast, 

the warm-temperate species G. locusta showed no variation in rates of protein 

synthesis across its latitudinal range, despite a variation in habitat temperature of 8°C. 

G. locus ta also showed direct compensation of RNA activities (KRNA) with latitude, 

indicating elevated RNA efficiencies and suggesting the optimisation of enzymes to 

lower temperatures in the northern population (53°N). G. d. duebeni also showed no 

variation in rates of protein synthesis with latitude, perhaps allowing the 

compensation of growth/development across its range and to impart independence 

from temperature in its eurythermal environment. Conservation of protein synthesis 

rates in G. d. duebeni is facilitated by an elevation in RNA concentrations to 

counteract temperature depressed KRNA in northern populations (70°N). Unexpectedly, 

this high shore eurythermal species exhibited low whole-animal rates of protein 

synthesis, suggesting low rates of energy tum over. This may be due to resource 

limitation and energy conservation in an unstable environment. 
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3.2 Introduction 

Protein synthesis rates are an important determinant of growth and cellular 

metabolism, and are of fundamental importance to the turnover and repair of proteins. 

It is well documented that whole body protein synthesis rates are influenced by both 

temperature and food availability (reviewed by Fraser and Rogers, 2007; Whiteley & 

Fraser, 2008). Both of these factors vary over natural spatial gradients, such as 

latitude, yet little is known about the variation in protein synthesis rates in 

ecologically important marine ectotherms with wide latitudinal distribution patterns. 

In general, rates of protein synthesis decrease with temperature both within 

species acclimated to different temperatures ( eg. McCarthy et al., 1999) and between 

species acclimatised to natural seasonal changes in temperature and food availability 

(Whiteley & Faulkner, 2005). For example, in the temperate isopod, Ligia oceanica, 

summer rates of protein synthesis in animals acclimatised to 20°C at 2.3% day-1 were 

almost 8-fold higher than the rates in winter animals acclimatised to 5°C (Whiteley & 

Faulkner, 2005). Temperature has a direct effect on rates of protein synthesis, via 

changes in kinetic energy, but it also has an indirect affect on rates of protein 

synthesis, via its positive effect on the rate of food consumption, as increased amino 

acid uptake increases the rate of protein synthesis at a common temperature 

(McCarthy et al., 1993, 1994). Greater food consumption at higher temperatures also 

makes the independent roles of temperature and nutrition unclear, even during 

acclimation studies. Therefore, ectotherms are acclimatised to temperature when feed 

ad libitum and can never be truly acclimated to just temperature (McCarthy & 

Houlihan,1996; Fraser & Rogers, 2008; Whiteley & Fraser, 2008). Limited 

examination of protein synthesis rates between polar and temperate marine 

ectothermic species has revealed that, with the exception of the Antarctic sea urchin, 
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Sterechinus neumayeri (Marsh et al., 2001; Pace & Manahan, 2007), whole animal 

rates of protein synthesis decrease in polar marine ectothems living at temperatures 

below 5°C (Whiteley et al., 1996; Robertson et al., 2001a; Fraser et al., 2007). In the 

polar stenothermic isopod, Saduria entomon, rates of protein synthesis range from 

1.5% dai1 in fed animals to 0.6% dai1 in starved animals at 4 °C (Robertson et al., 

2001a). Both values are substantially lower than the mean rate of protein synthesis, 

approximately 2.7% dai1
, reported for temperate marine ectothems (Fraser & Rogers, 

2007). Rates of protein synthesis, however, have only been examined in 5 species of 

polar marine ectotherm (Whiteley et al., 1996; Robertson et al., 2001a; Marsh et al., 

2001; Storch & Portner, 2003; Pace et al., 2004; Fraser et al., 2007). These include 

species from different taxa and represent different stages of development. To date 

there has been no investigation of in situ rates of protein synthesis in closely related 

( congeneric) species or populations acclimatised to a wide range of latitudinal and 

local conditions. 

Protein synthesis is critical to cellular metabolism due to the catalytic effect of 

enzymes and the importance of membrane proteins in ion regulation. The ability to 

synthesise isozymes optimised to different temperatures is also crucial to the ability of 

organisms to enable acclimatisation to long term variations in temperature (reviewed 

by Hochachka & Somero, 2002). The ability of cells to protect metabolic pathways 

from short-term increases in temperature also depends on rates of protein synthesis 

both in the replacement of denatured enzymes and in the production of molecular 

chaperones, such as heat-shock proteins to repair and protect existing proteins 

(Morimoto et al., 1990; Hartl, 1996; Nover & Scarf, 1997; Bukau & Horwich, 1998; 

Somero, 2002; Ali et al., 2003, Hofmann, 2005). Protein synthesis is also an 

important determinent of growth and development in individual organisms with 
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optimum growth occurring at temperatures conducive to maximum rates of protein 

synthesis (Loughna & Goldspink, 1985; Pannevis & Houlihan, 1992; Carter & 

Houlihan, 2001). However, not all synthesised protein is retained as growth, as a high 

percentage is degraded through a variety of pathways such as ubiquitisation 

(Herschko & Ciechanover, 1982; 1998). Studies in fish have shown that at upper and 

lower critical temperatures, protein degradation increases leading to less protein being 

retained (McCarthy et al., 1999: Katersky & Carter, 2007). The efficiency of growth 

can be expressed as ether protein growth efficiency (PPV; protein growth / protein 

consumption) or protein synthesis retention efficiency (PSRE; protein growth I 

:fractional rate of protein synthesis). The latter is more typically used to express 

protein deposition and describes the percentage of synthesised protein retained as 

protein growth (Houlihan et al., 1995). Acclimation studies in juvenile barramundi, 

Lates calcacarifer, acclimated to a range of temperatures from 21-39°C also revealed 

that feeding, growth rate, and protein growth efficiency (PPV) increased with 

temperature reaching maximum values at similar temperatures before decreasing 

precipitously (Katersky & Carter, 2007). In the Wolffish, Anarhichas lupus, rates of 

protein synthesis increased between 5 and 14°C, but growth decreased from 11 °C due 

to the effect of increased protein degradation on PSRE at higher temperatures 

(McCarthy et al., 1999). Subsequently, thermal differences between protein synthesis 

and degradation may explain why growth decreases at temperatures just prior to the 

upper thermal limit (Brett, 1979; McCarthy & Houlihan, 1996; McCarthy et al., 1998; 

1999). Interspecific comparisons between 15 species ofteleosts, molluscs and 

crustaceans showed that PSRE generally decreases with temperature (Whiteley & 

Fraser, 2009). Low PSRE values are also observed in polar ectotherms such as the 

Antarctic limpet Nace/la concinna (Fraser et al., 2007). Levels ofubiquitin conjugates 
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of protein, used as an indicator of protein degradation, are also high in polar marine 

ectotherms (Place et al., 2004; Place & Hofinann, 2005). This suggests that low rates 

of growth reported in polar ectotherms (Peck et al., 1997; Clarke et al., 2004; Barnes 

et al., 2006; Bowden et al., 2006) may be due to low protein retention and synthesis 

rates at low temperatures (Fraser & Rogers, 2007; Whiteley & Fraser, 2009). 

Conversely, life-history traits such as higher rates of growth and development, 

associated with southern populations and species of gammarids (Steele & Steele, 1972; 

1973) may necessitate underlying selection for higher rates of protein synthesis and 

turnover in higher temperature, more eurythermal temperate environments (Portner, 

2005). 

Contary to recent measurements of growth efficiencies discussed above, it 

was previously proposed that selection for lower protein turnover and maintenances 

costs in more stable higher latitude environments may lead to more energy being 

available to growth and theoretically higher growth efficiencies (Portner et al., 2005). 

Indeed, growth does not always decrease in higher latitude species (Dayton et al., 

1974; Dayton, 1989; Rauschert, 1991; Barnes, 1995) or populations (Lonsdale & 

Levinton, 1985; Conover & Present, 1990; Conover, 1990; Jensen et al., 2000) and 

thermal independence of protein synthesis has been reported between (Fraser & 

Rogers, 2007; Pace & Manahan, 2007) and within (Whiteley & Faulkner, 2005) 

species of marine ectotherms. Rates of protein synthesis and as a consequence growth 

may be maintained due to modifications of RNA concentrations, compensating for 

temperature dependent decreases in RNA activities (KRNA; Goolish et al., 1984; 

Houlihan, 1991; Foster et al., 1992: 1993a; b; McCarthy et al., 1999; Robertson et al., 

2001b; Fraser et al., 2002a; Storch et al., 2003; Treberg et al., 2005; Whiteley & 
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Faulkner, 2005; Intanai et al., 2009); or via direct compensation of KRNA (Storch et al., 

2003; 2005). 

Higher rates of growth and development can increase individual fitness 

(Y amahira & Conorer, 2002) by limiting the time spent as non-reproductive, smaller 

juveniles that are at greater risk from predation (Laurence, 1975; Peterson & 

Wroblewski, 1984). Desiccation-tolerance has also been positively correlated with 

body size in ectotherms (Hobday, 1995; Gilchrist et al, 2008), and thermal-tolerance 

with developmental stage in gammarids (Steele & Steele, 1969); both may affect the 

ability of marine ectothermic species to survive climate change. Lower rates of 

growth, development, and reproduction due to lower rates of protein synthesis and 

retention may also affect rates of evolution and adaption in the face of ecosystem 

change (Hawkins, 1991; Reid et al., 1998; Fraser & Rogers, 2007). Rates of growth 

and development also affect, and are limited by, resource availability and species 

density, as an environment can support fewer individuals if those individuals consume 

resourses at a greater rate in order to maintain high rates of protein synthesis. 

Variation in the size of individuals and density of prey species may also affect the 

flow of energy though ecosystems. 

The ability of marine ectotherms to adapt or acclimatise to long- or short-term 

variations in temperature may depend on variations in rates of protein synthesis 

between species, with lower rates indicating a reduced ability to adapt to change 

(Hawkins, 1991; Reid et al., 1998; Fraser & Rogers, 2007). Polar marine ectotherms 

with low rates of protein synthesis are therefore likely to be more vulnerable to 

climate change. To examine whether low rates of protein synthesis are a feature of 

high latitude populations of the same species, comparisons were made between 

naturally acclimatised populations of congeneric species, the gammarid amphipods, 
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over a latitudinal gradient of 40°N. This will allow examination of some of the 

underlying mechanisms determining rates of growth and development between 

populations and species along a latitudinal thermal gradient. Such studies are 

ecologically relevant and may increases our understanding of varying susceptibilities 

to climate change. 

3.3 Materials and Methods 

3.3.1 Animal collection and husbandry 

To examine whole-animal fractional rates of protein synthesis at different latitudes, 

four species of gammarid amphipod were collected from various latitudinally 

separated populations between June and September 2007/2008. The overlapping 

distribution of each species meant that gammarid amphipods were collected from sites 

across a latitudinal range of 79 to 3 8°N representing a gradient of 5 to 21 °C in habitat 

temperature. Populations of each species were collected from the same sites as those 

described in Chapter 2. The subarctic/boreal low shore species, Gammarus oceanicus, 

was collected from Ny-Alesund in Svalbard, Norway (78.92°N-11.92°E); Troms0, 

Norway (69.61 °N-18.9°E), and Isle of Skye, Scotland (57.66°N-5.33°W). The 

temperate low shore species, G. locusta, was collected from Isle of Anglesey, Wales 

(53.2°N-4.5°W), and from Troia, Portugal (38.48°N-3.88°W). The temperate high 

shore species, G. d. duebeni, was collected from populations in Troms0, Isle of Skye 

and Anglesey. The Arctic species, G. setosus, was only collected from Ny-Alesund, 

Svalbard (see Fig 2.1, Chapter 2). Northern populations were sampled first due to the 

shorter summer season. Rates of protein synthesis were not measured in brooding 

females or moulting animals. Microhabitat temperature was recorded at each site at 
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the time of collection, by use of a thermocouple placed under the particular rocks and 

sediment were animals were found, these capture temperatures are shown in Table 3 .1. 

Table 3 .1. The temperatures recorded at the time of collection and the natural 
temperature range that each population usually experiences. The collection site and 
latitude of each species is also shown. 

Species Site Latitude Capture 
(°N) Temperature (°C) 

G. setosus Svalbard 79 5 
G. oceanicus Svalbard 79 5 
G. oceanicus Troms0 70 10 
G. oceanicus Scotland 58 13 

G. locusta Wales 53 13 
G. locusta Portugal 36 21 

G. d. duebeni Troms0 70 15 
G. d. duebeni Scotland 58 13 

G. d. duebeni Wales 53 13 

After capture, amphipods were held in seawater from the same site as they 

were collected, this was fully aerated and maintained at the respective capture 

temperature of each population. Animals were allowed access to natural food items to 

maintain the animals as close to the conditions on the shore as possible. Within 48h of 

capture individuals from each population had been returned to Bangor University, UK, 

for the determination of whole-animal protein synthesis rates. During transit animals 

were maintained between sheets of damp filter paper at their respective capture 

temperatures. On arrival animals were allowed to recover over night in aerated sea 

water collected from each site and maintained at their respective capture temperatures. 

The combination of transit and recovery time resulted in approximately 12h of 

starvation prior to experimentation. 

66 



Chapter 3 Rates of protein synthesis 

To further investigate the effect of temperature on protein synthesis G. d. 

duebeni from the north (Troms0; 70°N) and south (Scotland; 58°N) of their range, as 

well as a boreal population of G. oceanicus form Troms0 were acclimated to a 

common temperature. In each case, amphipods were held in fully aerated seawater at 

a constant temperature of l0°C and a 12L:12D regime for 4 weeks. A third of the 

water was replaced each week before the amphipods were fed a diet of algal fish food 

(TetraVeg®, Tetra GmbH, Germany). 

3.3.2. Determination of protein synthesis rate: injection regime 

Fractional rates of protein synthesis were determined using the flooding dose method 

(Garlick et al., 1980) modified for use in crustaceans (Houlihan et al., 1990; Whiteley 

et al., 1996). Each animal was injected with 2µ1 50mi1 wet body mass of crab saline 

(Pantin, 1934) containing 150 mmol r 1 of unlabelled L-phenylalanine and 3.7 MBq 

mr1 of L- [2,3,4,5,6-3H] phenylalanine (G. E. Healthcare. Specific Activity 4.37 TBq 

mmor1
). A micro-droplet manipulation system modified from Tomos et al. (1994) 

was used to deliver a small volume of labelling cocktail into the haemolymph, via the 

bulbus arteriosus of the heart. To this end, a micro capillary was orientated obliquely 

between the 1st and 2nd mesenteric plates using a micromanipulator under a dissecting 

microscope (Wild, M32, Heerbrugy, Switzerland). Amphipods were held in place 

with the pereopods submerged in water but the dorsal surface emersed and accessible 

for injection. A bright light shone from the side ensured that the bulbus arteriosus 

could be observed. The microcapillary was then left in place for 1 Os as preliminary 

injections of 0.01 % Toluene blue in crab saline revealed that this was sufficient time 

to ensure complete circulation of the labelling cocktail. Each injection took no longer 

than 2 min to minimalise disturbance to the animals. This system allowed animals as 
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small as 25mg to be injected. After injection animals were incubated at their 

respective capture temperatures in fully aerated seawater in 100%, with the exception 

of G. d. duebeni which was incubated in 50% seawater. G. d. duebeni and G. locusta 

were incubated for 1 h and G. oceanicus and G. setosus, were incubated for 1 and 2 h. 

Incubation time was determined in the validation experiments described below. After 

incubation, amphipods were sacrificed, snap frozen in liquid nitrogen and stored at -

80°C for later analysis. 

3.3.3. Validation of the flooding dose methodology 

In order to validate the flooding dose technique for use in amphipod crustaceans the 

low-shore species G. oceanicus (58°N) and the high-shore species G. d. duebeni 

(53°N) were injected with the labelling cocktail and incubated at 13°C for 30, 60 or 

120 min. This determined the optimum time-course for the maximum incorporation of 

the labelled phenylalanine into the protein fraction. The effect of temperature on the 

time-course of incorporation was also considered, as G. oceanicus from the high 

latitude population (79°N) were incubated at 5°C for 60, 120 or 180 min. 

In order to test the assumption that the intracellular free-pools were completely 

flooded by phenylalanine during the incubation period, 5 additional G .oceanicus 

(69°N) and G. locusta (53°N) were injected with crab saline containing no 

phenylalanine and incubated for 60min. The resulting samples were analysed as 

described below and comparisons of phenylalanine levels made between animals 

injected with saline and those from the same population injected with the flooding 

dose. All validation experiments in each population were carried out at their 

respective capture temperatures. 
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3.3.4 Determination of protein synthesis rate: analysis 

Each individual was treated as a separate sample unless animals weighed less than 50 

mg in which case up to four individuals from the same population were pooled 

together. Samples were analysed as previously described by Garlick et al. (1980) and 

McCleary and Whiteley (in preparation). Samples were ground under liquid nitrogen 

and vortexed with 3 ml of 2% PCA before being centrifuged (ALK, Multispeed 

refrigerated centrifuge, PK 121R; 15000rpm for 20min at 4°C) to separate the 

intracellular free-pools from the precipitated protein and RNA pellet. The pellet was 

washed twice more in 3 ml of2% PCA and then incubated in 4 ml of0.3N NaOH for 

1 hour at 37°C, to redissolve the protein. The alkali-soluble protein was determined 

from a 20µ1 sub-sample using a modified Lowry method (Peterson, 1977). The rest of 

the sample was vortexed with 2.5 ml of 12% PCA and incubated for 10 min at 4°C to 

precipitate the protein. After centrifuging, the pellet was washed in 2% PCA and 

supematants decanted for the determination of RN A levels. The protein pellet was 

hydrolysed in 3 ml of 6N HCl for 18-24 hours at 11 o·c. The acid was evaporated 

from the hydrolysed protein before the enzymatic conversion of the protein-bound and 

the intracellular free-pool phenylalanine to B-phenylethylamine (PEA) using tyrosine 

decarboxylase (Worthingtons, 44C335A). Before enzyme incubation all samples were 

sonicated in 5 second bursts for a total of 20 seconds to increase enzyme efficiency 

(McCleary & Whiteley, in preparation). The efficiency of tyrosine decarboxylase in 

converting phenylalanine into ~-phenylethylamine was determined for each batch of 

enzyme by converting and analysing known standards of phenylalanine (150, 100 and 

50 nm mr1
). Phenylethlamine was extracted and determined flourometrically using a 

multipliable counter (Wallac, Victor 2 
TM, 1420). RNA levels were measured by 

ultraviolet absorption at 232 and 260nm (Bio-Tek Kontron, Uvikon 943; after 
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Ashfrod & Pain, 1986) and verified using known standards (RNA, Sigma R 8508). 

The specific radioactivities of the protein-bound (Sb) and the intracellular free-pool (Sa) 

faction were determined by scintillation counting (Wallac, WinSpectral™, 1414 

Liquid scintillation counter) and expressed as disintegrations per min (dpm) per nmole 

of phenylethylamine. Counting efficiency was 37% (Whiteley & Faulkner, 2005). 

3.3.5 Calculations 

Whole-animal fractional rates of protein synthesis (ks;% daf1
) were calculated using 

the equation (Garlick et al., 1980): 

Sa 24 
Ks= - X -X 100 

Sb t 

Where ks= % protein mass synthesised per day (% daf 1); Sb= protein-bound specific 

radioactivity of phenylalanine (dpm/nmol phe); Sa= free-pool specific radioactivity of 

phenylalanine (dpm/nmol phe); t = incubation time in hours; 24= number of hours in a 

day. Absolute rates of protein synthesis (As; mg protein.daf1
) were calculated from 

the equation: 

Ks 
As= - x (protein mass) 

100 

RNA to protein ratios (µg RNA. mg protein-1
) were used to express RNA 

concentrations, and the capacity for protein synthesis. RNA activity (KRNA; mg protein. 

mi1 RNA daf1
) was calculated using the equation (after Preedy et al., 1988): 

10 Ks 
KRNA = 

RNA: protein 
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As body size varied significantly between species and populations of the same 

species all data was standardised to lg wet body mass so that comparisons could be 

made between the measured variables. Data were standardised using the regression 

coefficients 0.7 for whole animal values (As) and -0.2 for weight-specific values (ks, 

KRNA, RNA:protein) (Houlihan et al., 1990). 

3.3.6 Statistical analysis 

All data were tested for normality using Kolmgorov-Smimov tests and Levene's tests 

for homogeneity of variances. As fractional rates of protein synthesis represent 

proportional data, all ks values were arcsine square root transformed before further 

analysis. Parametric data were subjected tot-tests or one-way analysis of variance 

(ANOVA) with LSD post hoc tests. The linear incorporation of the labelled 

phenylalanine into the protein fraction over time was tested using least-squares liner 

regression. All statistical analyses were performed using SPSS software (SPSS INC., 

Chicago. IL, USA). All values are means±SEM with the number of observations in 

parentheses. 

3.4 Results 

3.4.1. Validation of flooding dose methodology 

The time course for phenylalanine radioactivities in the intracellular free-pools and 

protein-bound fractions of both G. oceanicus and G. d. duebeni are displayed in Fig 

3.2. In G. oceanicus, no significant change in intracellular free-pool specific 

radioactivity was observed between 30 and 120 min in individuals collected from 

Skye at 13°C (ANOVA, f=0.167, P=0.848); and between 60 and 180 min in 

individuals collected from Svalbard at 5°C (ANOV A f=0.828, P=0.459). In contrast, 
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specific radioactivities of phenylalanine in the free-pools of G. d. duebeni were stable 

between 30 and 60 min, but levels fell significantly between 60 and 120 min from 

1291±251(8) to 656±144(8) dpm.nmor1 phenylalanine (ANOVA, f=3.75, P<0.05; 

LSD, P=0.028). 

Incorporation oflabelled phenylalanine into protein was significant (Table 3.2) 

and linear between 30 and 120 min at 13°C in G. oceanicus and G. d. duebeni from 

the UK (Fig. 3.1). In G. d. duebeni protein-bound phenylalanine radioactivities 

increased from 0.3±0.08(8) dpm.nmor1 at 30 min to 1.8±0.9(8) dpm.nmor1 at 120 

min (Table 3.2 and Fig 3.2d). In G. oceanicus a similar increase was observed from 

0.35±0.07(5) dpm.nmor1 to 1.49±0.69(6) dpm.nmor1 over the 1.5h incubation period 

(Table 2 and Fig 2c). The subarctic population of G. oceanicus also exhibited a 

significant linear increase in protein-bound phenylalanine radioactivities from 

0.29±0.08(8) dpm.nmor1 at 60 min to 0.59±0.14(5) dpm.nmor1 at 180 min (Table 3.2 

and Fig 3.2c). However, at the lower temperature of 5°C this population showed rates 

of incorporation over 5 times lower than the that of their southern conspecifics at 

13°C (Table 3.2). In each case the intercept of the regression model for each 

population/species was not significantly different from the origin (Table 3.2). Base­

line phenylalanine levels in saline injected amphipods were 3.9±1.1 (5) nm.mr1 in G. 

d. duebeni (53°N) and 1.9±1.0(5) nm.mr1 in G. locusta (53°N). Therefore, the 

flooding-dose increased baseline phenylalanine levels 3-6 fold. 
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Fig. 3.1. The specific radioactivity of phenylalanine (dpm nmor1
) in the intracellular 

free-pools and in the protein-bound fraction at different incubation times (min). (A) 

Intracellular free-pool specific radioactivities for phenylalanine in G. oceanicus from 

79°N held at 5°C (open circles; n=6) and G. oceanicus from 58°N held at 13°C (closed 

circles; n=5); (B) Intracellular free-pool specific radioactivities for phenylalanine in G. 

d. duebeni from 58°N held at 13 °C (n=8); (C) The significant positive linear 

relationship between protein-bound specific radioactivities of phenylalanine and time 

in G. oceanicus from 79°N held at 5°C (open circles; n=6) and G. oceanicus from 

58°N held at 13 °C ( closed circles; n=5); (D) The significant positive linear 

relationship between protein-bound specific radioactivities of phenylalanine and time 

ind. duebeni from 58°N held at 13°C (n=8). The equations for the linear regression 

lines in C and D are given in Table 2. Mean values given ±SEM. 
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Table 3.2. Results of the least-squares regression analysis for the relationship between 
protein-bound phenylalanine radioactivity and incubation time illustrated in Fig 3 .1. 
The regression coefficient (b) or the gradient of the relationship characterises the rate 
oflabelled phenylalanine incorporation into proteins ( dpm nmok1

• min-1
). The p­

value (pb) showing the significance ofleast-squares regression model is shown. As is 

the p-value (pa) of the significance of the variation between the intercept (a) and the 
origin is also shown. All values are means± SEM. 

Species Latitude(' N) Tern perature("C) N b Po a 

G. d. duebeni 58 13 24 0.017 ±0.008 0.044* -0.36±0.65 

G. oceanicus 58 13 15 0.013±0.006 0.045* -0.1 ±0.46 

G. oceanicus 79 5 18 0.002±0.001 0.044* 0.14±0.14 

ANOVA, * =P<0.05 

3.4.2 Body size 

An 11-fold increase in wet body mass was observed with latitude between G. locusta 

from Portugal and G. setosus from Svalbard (Fig. 3.2). Within species body mass 

increased with latitude. In the lower shore species, G. locusta, a significant increase in 

body mass of 60% was recorded with latitude (t-test, t=6.85, P<0.001). Values ranged 

from 25.3±2.1(18) mg at 38°N to 64±6.6(10) mg at 53°N. A similar increase of 65%, 

from 97.4±7.3(10) mg at 58°N to 274.4±27.6(11) mg at 79°N, was observed in G. 

oceanicus (ANOVA, F=26.l, P<0.001). Body mass also varied significantly in the 

high-shore species, G. d. duebeni, increasing with latitude from 71.5±3.9(8) mg at 

58°N to 128.1±5(8) mg at 70°N (ANOV A, F=22.2, P<0.001 ). The only significant 

difference in body size between species was at 70°N were G. d. duebeni on the high 

shore were less than half the size of G. oceanicus on the lower shore (t-test, t=6.8, 

P <0.001). 
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Fig. 3.2 The positive relationship between wet body mass (mg) and latitude (°N) for 

Gammarus setosus (closed circles); G. oceanicus (open circles); G. d. duebeni (closed 

triangles) and G. locusta (open triangles). Line fitted using least-squares regression 

Y= 6.8X -277.9 (r2= 0.82). Mean values given ±SEM. (In G. setosus: n=l2 at 79°N. 

In G. oceanicus: n= 11 at 79°N; n=l2 at 70°N; n=l0 at 58°N. In G. d. duebeni: n=8 at 

70°N; n=6 at 58°N; and n=8 at 53°N. In G. locusta: n=lO at 53°N; n=18 at 38°N). All 

values are means± SEM. 
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3.4.3 Fractional and absolute rates of protein synthesis 

Whole-animal fractional and absolute rates of protein synthesis in the various species 

and their populations are plotted against latitude and against habitat temperature in 

Fig. 3.3. In general, whole-animal ks and As values decreased with latitude and 

temperature. In G. oceanicus collected at 5°C (79°N) ks and As values were 12- and 

25-times lower than measured in G. locusta collected at 21 °C (36°N). 

Interspecifically, the mid-shore species G. setosus exhibited whole-animal ks 

values (1.14±0.16(12) % daf1
) that were 1.5 fold higher than in G. oceanicus (t-test, 

t=2.3 P=<0.05) at the same latitude (79°N) and temperature (5°C). As (0.78±0.24 (12) 

values were also significantly higher in G. setosus (t-test, t=6.7 P=<0.001). In contrast, 

the upper-shore species G. d. duebeni exhibited ks values that were 4-fold lower (t-test, 

t=2.2 P=<0.05) and As values that were 8.5-fold lower (t-test, t=-3.7 P=<0.05) than 

the lower-shore species G. locusta at the same latitude (53°N) and temperature (13°C). 

The high-shore species G. oceanicus at 69°N also exhibited significantly higher ks (t­

test, t=-6.7 P=<0.001) and As values (t-test, t=-5.7 P=<0.001) than G. d. duebeni 

captured at the same latitude. 

Intraspecifically, a decrease in ks and As with temperature is reported between 

latitudinal populations of the subarctic-boreal species G. oceanicus. Rates of protein 

synthesis decreased significantly from 1.96±0.8(10)% dai 1 at 13 °C in the population 

from Scotland (58°N) to 0.25±0.1(11) % dai1 at 5°C in the population from Svalbard 

(79°N; ANOVA, F=3.7, P>0.05). This marked an 87% decrease in ks over an 8°C fall 

in habitat temperature. As values also decreased significantly with temperature from 

1.6±0.77 mg daf1 at 13°C to 0.18±0.07(10)mg daf1 at 5°C, marking a 9-fold 

reduction in synthesis rates (ANOV A, F = 4.41, P<0.05). In contrast, the temperate 

species, G. locusta, showed no significant variation in either whole-animal ks (t-test, 
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t= -0.65, P=0.37) or As (t-test, t = -0.47, P=8.75) with latitude despite an 8°C 

difference in capture temperature between the populations from Wales (53°N) and 

Portugal (38°N). Likewise there was no significant variation in whole-animal ks in the 

boreal-temperate species, G. d. duebeni, between the 3 latitudinal populations 

(ANOVA, F =3.1, P=0.069). 

When acclimated to a common temperature of 10°C for 4 weeks there was no 

significant difference in ks between G. oceanicus and G. d. duebeni from Troms0. 

After acclimation G. d. duebeni also showed no significant difference in ks between 

populations collected form Troms0 (1.7±0.8(7) % daf1
) and Wales (0.9±0.4(6) mg 

daf1
). 
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Fig 3.3. Fractional (ks;% daf1
) and absolute (As; mg daf1

) rates of protein synthesis 

in populations captured at different latitudes (°N) and temperatures (°C). Species 

include: Gammarus setosus (closed circles); G. oceanicus (open circles); G. d. 

duebeni (closed triangles) and G. locusta (open triangles). (A) Relationship between 

fractional rates of protein synthesis and latitude (Y = -0.05X + 3.96; r2=0.39). (B) 

Relationship between fractional rates of protein synthesis and habitat temperature (Y 

= O. lX + 0.02; r2=0.23). (C) Relationship between absolute rates of protein synthesis 

and latitude (Y = -0.09X + 7.32; r2=0.48). (D) Relationship between absolute rates 

of protein synthesis and temperature (Y = 0.2 lX + -0.84; r2=0.32). Lines fitted using 

least-squares regression. Mean values given ±SEM. (In G. setosus: n=12 at 79°N. In 

G. oceanicus: n= 13 at 79°N; n=l 1 at 70°N; n=l l at 58°N. In G. d. duebeni: n=8 at 

70°N; n=6 at 58°N; and n=8 at 53°N. In G. locusta: n=8 at 53°N; n=7 at 38°N). 
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3.4.4 RNA concentrations and activities 

In general, RNA activities (KRNA) decreased with temperature between 0.13±0.04(11) 

mg protein mgRNA-1 dai1 in G. oceanicus captured at 79°N and 5°C, and 

2.49±1.02(18) mg protein mg RNA-1 daf1 measured in G. locusta from 38°N and 

21 °C (Fig.3.4a). Comparisons between species at the same latitude revealed that KRNA 

was lower in the high-shore species G. d. duebeni compared with G. oceanicus or G. 

locusta collected from the lower shore at the same latitude, in keeping with low k8• 

Intraspecifically, KRNA values followed a similar pattern to As with latitude and 

temperature. G. oceanicus exhibited a 96% decrease in mean KRNA over a 8°C drop in 

temperature from 1.36±0.58(11) mg protein mgRNK1 daf1 at 58°N to 0.1±0.04(11) 

mg protein mgRNA-1 daf1 at 79°N (ANOVA, F=4.8, P=0.05). In G. d.duebeni, there 

was a 79% decrease inKRNA from 0.63±0.15(8) to 0.13±0.08(8) mg protein mgRNA-1 

day-1 between populations from 53°N and 69°N (ANOVA,f-=4.8, P<0.01). In contrast, 

there was no change in KRNA between populations of G .locusta from Portugal at 38°N 

(2.43±1.02 (6)mg protein mgRNA-1 daf1
) and Wales at 53°N (2.29±0.74 (6)mg 

protein mgRNA-1 daf1
) despite the 8°C drop in temperature (t-test, t=-0.16, P=0.88). 

Overall, RNA concentrations, expressed as RNA:protein ratios, increased in 

gammarid amphipods with latitude (Fig 3.4b). Intraspecific comparisons showed that 

G. d. duebeni was the only species to show a significant increase in RNA:protein 

ratios as latitude increased with an 5.2-fold increase in values between 6.37±1.61(8) 

µg RNA.mi1 protein at 53°N and 33.17±10.91(8) µg mi1 at 69°N. RNA:protein 

ratios remained unchanged between latitudinal populations of G. oceanicus at 79°N 

(15.5±0.039 (1 l)µg mg-1
), 69°N (7.72±0.15 (1 l)µg mg-1

) and 58°N (14.46±0.58 

(l0)µg mg-1; ANOVA, F=2.09 P=0.14) and populations of G. locusta at 53°N 

(5.7±1.38 (6)µg mi1
;) and 38°N (9.31±1.74 (6)µg mg-1; t-test, t=-1.62, P=0.14). 
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Fig. 3.4. The effect oflatitude (°N) on RNA activities (KRNA; mg protein mi1 RNA 

day-1
) and concentrations (RNA: protein; µg mg-1

) in: Gammarus setosus (closed 

circles); G. oceanicus (open circles); G. d. duebeni (closed triangles) and G. locusta 

(open triangles). (A) Relationship between KRNA and latitude (Y = -0.078X + 6.38; r2= 

0.52). (B) Relationship between RNA:protein and latitude (Y = -0.35X + 0.41; r2= 

0.17). Lines fitted using least-squares regression Mean values given ±SEM. (In G. 

setosus: n=12 at 79°N. In G. oceanicus: n= 13 at 79°N; n= l 1 at 70°N; n=l 1 at 58°N. 

In G. d. duebeni: n=8 at 70°N; n=6 at 58°N; and n=8 at 53°N. In G. locusta: n=8 at 

53°N; n=7 at 38°N). 

80 



Chapter 3 Rates of protein synthesis 

3.5. Discussion 

In general, whole body fractional rates of protein synthesis are lower in marine 

ectotherms from polar latitudes (Fraser & Rogers, 2007; Whiteley & Fraser, 2009). 

This general pattern is also observed in other marine crustaceans. For instance, the 

Antarctic isopod, Glyptonotus antarcticus, living permanently at 0°C has much lower 

standardised whole animal fractional rates of protein synthesis at 0.24±0.04% daf 1 

(Whiteley et al., 1996) than the temperate isopod, Idotea rescata, at 0.45±0.58 % dai 

1 (Faulkner & Whiteley, 2005) or the tropical prawn, Macrobrachium rosenbergii, at 

3.7±1.54% daf1 acclimated to 30°C (Intanai et al., 2009). In the present study, rates 

of protein synthesis were higher in populations of the temperate species, G. locus ta, at 

13°C and 21 °C then the Arctic species, G. setosus, at 5°C. In addition, rates of protein 

synthesis were also low in the subarctic population of G. oceanicus living in 

Kongsfjorden, Svalbard, compared with the temperate population from Scotland. Not 

all polar ectotherms exhibit low rates of protein synthesis, fractional rates of protein 

synthesis during development of the Antarctic sea urchin, Sterechinus neumayeri, 

range from 12 -170% daf1 (Place & Manahan, 2007). These values are higher or in 

the same range as those reported in temperate sea urchins: Lyechinus pictus, 14 % 

daf1 at 15°C (Place & Manahan, 2006); Strongylocentrotus purpuratus, 26 % daf1 at 

l6°C (Goustin & Wilt, 1981); Arbacia punctulata, 46 % day-1 at 25°C (Fry & Gross, 

1970; reviewed by Place & Manahan, 2007). However, S. neumayeri is unusual 

among polar ectotherms and rates of protein synthesis substantially decrease in most 

polar species living below 5°C (Houlihan, 1991; Houlihan et al., 1995; Carter & 

Houlihan, 2001; Fraser & Rogers, 2007; Whiteley & Fraser, 2009). 

In the laboratory, short-term increases in temperature, not approaching the 

upper thermal limit, usually result in increased whole animal rates of protein synthesis 
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(Whiteley et al., 1996; Robertson et al., 2001a; b; Whiteley et al., 2001). In natural 

populations, variations in protein synthesis across natural thermal gradients, such as 

latitude and season, are associated with fluctuations in both temperature and food 

availability. For example, the temperate mussel Mytilus edulis has summer rates that 

are 3.5-fold higher than winter rates (Hawkins, 1985; Kreeger et al., 1995). The effect 

of seasonal variations in protein synthesis rates on growth is less clear as protein 

degradation and protein synthesis retention efficiency (PSRE) also vary noticeably 

with season. In M edulis rates of protein synthesis were only greater than rates of 

degradation in June and October, and then only in fed animals (Hawkins, 1985). In a 

more recent study, the Antarctic limpet, Nacella concinna, exhibited winter rates of 

protein synthesis as low as half that of summer values (Fraser et al., 2002a; b). This 

was attributed to a tenfold decrease in nutrient consumption ( determined from faecal 

egestion), and not the 2°C difference in temperature between summer and winter. In N 

concinna, it appears that food availability is the primary factor effecting protein 

synthesis over temperature, which is likely to be associated with high seasonal 

variability of primary productivity in both benthic and pelagic Antarctic marine 

ecosystems (Clarke, 1988; Clarke et al., 1988; Gilbert, 1991; Fraser et al., 2004; 

Grange et al., 2004). Despite natural variations in nutrient availability and 

temperature, absolute protein synthesis rates, PSRE and therefore growth does not 

vary with season in N concinna (Fraser et al., 2007). Although nutrient availability 

can affect whole animal protein synthesis, microalgae on which gammarids mainly 

feed were abundant at all of the lower shore sites surveyed in the present study, at 

least in summer when the measurements were taken. Kongsfjorden, where subarctic G. 

oceanicus and G. setosus were collected, also has high summer marine primary 

productivity (Eilersen et al., 1989). Therefore, at least in the lower-shore species, 

82 



Chapter 3 Rates of protein synthesis 

temperature is likely to be the primary factor affecting rates of protein synthesis in the 

high latitude populations of gammarid amphipods. 

Low rates of protein synthesis indicate low energy expenditure which matches 

the latitudinal patterns in metabolic rate, or energy consumption, outlined for the same 

gammarid species and populations in Chapter 2. Thus high latitude species, such as G. 

setosus and high latitude populations of G. oceanicus are characterised by low rates of 

energy consumption and expenditure which has been reported in other polar 

ectotherms (Clarke, 2003; Portner et al., 2007) including the amphipod, Waideckia 

obesa (Chapelle & Peck, 1995). A similar response has been reported in other polar 

invertebrates, such as N concinna, where both rates of oxygen consumption and 

protein synthesis were considerably lower than temperate species (Bowgen et al., 

2007). Low energy consumption and expenditure has been associated with reduced 

metabolic sensitivities, and high growth efficiencies (Hawkins et al., 1989; Wieser, 

1994; Hawkins & Day, 1996; Portner et al., 2005). In cold-water, high latitude species, 

it has been postulated that low rates of energy expenditure lead to lower maintenance 

costs meaning that a larger proportion of available energy is allocated to growth 

(Heilmayer et al., 2004; Portner et al., 2005). Growth experiments on scallops and eel 

pout suggest that growth efficiencies are higher in the cold (reviewed by Portner et al., 

2005). Growth rates depend not only on energy made available for protein synthesis 

but also on the proportion of synthesised protein degraded or retained. It is possible 

that in stable polar environments protein degradation and turnover rates are lower than 

in temperate environments where selection for high protein turnover is associated with 

climate variability (Portner, 2004), allowing, theoretically, more protein to be retained 

as growth. Although rates of protein degradation and turnover in the current study are 

not known, rates of protein degradation in polar ectotherms are reported to be high 
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compared to temperate species (Place et al., 2004; Place & Hofmann, 2005). At lower 

temperatures polar ectotherms are also reported to degrade about twice as much 

protein as tropical ectotherms, suggesting that protein growth is actually less efficient 

at higher latitudes (reviewed by Fraser et al., 2007; Whiteley & Fraser, 2009). Indeed, 

meta-analysis of 12 species ofteleost, 2 species of molluscs, and one species of 

crustacean showed that PSRE generally decreases with temperature (Fraser et al., 

2007). Recent measurement of PSRE in the Antarctic limpet, N concinna, revealed 

extremely low PSRE in summer (15.7% at -0.5°C) and winter (20.6% at -l.6°C) 

compared to the majority of values reported in non-Antarctic ectotherms were values 

can be as high as 95% (Houlihan et al., 1995; Fraser et al., 2007). This observation 

contradicts the previous hypothesis indicating that growth efficiency is limited by 

temperature in high latitude species/populations. Acclimation studies in the wolfish, 

Anarhichas lupus, acclimated to a range of temperatures between 5 and 14°C, 

reported increases in growth efficiency with temperature to an optimum whole animal 

protein growth efficiency (PPV) of 34% and PSRE of 51 % between 9 and 10°C, 

before decreasing as temperatures approached the upper thermal limit. Low growth 

rates reported in polar marine ectotherms (Peck et al., 1997; Clarke et al., 2004) could 

therefore be a result of low PSREs as well as low rates of protein synthesis. Low 

growth rates have also been reported in G. setosus and Arctic populations of G. 

oceanicus (Steele & Steele, 1970; 1971). 

The low rates of growth and protein synthesis observed in high latitude 

populations may also be constrained by reduction in energy consumption with 

temperature depressed metabolic rates. High growth rates, particularly with high rates 

of protein degradation at lower temperatures, would lead to greater demand on protein 

synthesis and increases in associated maintenance costs. It has been suggested that 
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increased metabolic rates within the limited energy budgets of polar environments 

could lead to fitness costs associated with the divergence of energy away from 

reproduction (Clarke, 2003). Thus, low rates of growth and development may be 

beneficial in low energy Arctic environments. Low rates of metabolism and ATP 

synthesis may also reflect lower demands of protein synthesis in more stenothermal 

polar environments. For example, the Antarctic gammarid, Paraceradocus gibber, has 

lost the ability to synthesise heat-shock proteins due to its stenothermal environment 

(Clark, 2008), whereas in more eurythermal temperate ectotherms the synthesis of 

heat-shock proteins is thought to constitute a substantial metabolic expense (Feder & 

Hofmann, 1999). Therefore, in temperate less stenothermal environments higher rates 

of whole animal protein synthesis in populations of G. oceanicus may be a result of 

selection for greater protein turnover enforced by greater climate variability (Portner, 

2004), as well as a direct effect of higher mean temperatures on rate processes. 

Higher protein synthesis rates could be a necessity for living in higher temperature 

more variable temperate environments where higher rates of growth, development and 

reproduction dominate. 

Despite the predictions given above, the most eurythermal species, G. d. 

duebeni, in the present study displayed relatively low rates of protein synthesis. This 

is unexpected as higher rates of protein synthesis and turnover are associated with an 

ability to compensate for environmental change, at least in molluscs (Hawkins et al., 

1987). G. d. duebeni can tolerate the greatest range of temperatures and salinities and 

is the most robust of the four species included in the present study (Bulnheim, 1979; 

Gaston & Spicer, 2001) allowing it to survive on the upper shore. Low rates of protein 

synthesis reported for G. d. duebeni are associated with lower juvenile growth rates 

compared to the lower shore species, G. locusta, from the same latitude measured at a 
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common temperature of 15°C (A. M. Posacka & S.P.S. Rastrick, unpublished data). 

Slower rates of development are also reported in G. d. duebeni compared to other 

gammarid species over a range of temperatures from -1.5 to 15°C (Steele & Steele, 

1973). At l0°C, eggs of G. duebeni took 30 days to develop. This time was reduced to 

17 days in G. lawrencianus, 26 days in G. obtusatus, and 25 days in G. oceanicus. 

The only species with longer times for egg development than G. duebeni, at any 

common temperature, was the Arctic species, G. setosus, at 35 days at l0°C (Steele & 

Steele, 1973). These lower rates are partly a result oftradeoffs between energy for 

growth and increased base line turnover in eurythermal environments (Portner et al., 

2005), as despite low rates of protein synthesis, selection for a eurythermal 

environment may still enforce proportionally higher rate of protein turnover. However, 

excess resource availability may be a precondition for the selection of higher protein 

synthesis and turnover in eurythermal environments (Mueller & Diamond, 2001). In 

high-intertidal species such as G. duebeni increased risk from desiccation particularly 

during the summer (when measurements were taken) may limit foraging activity 

during increased periods of emersion, as shown in other high-shore invertebrates ( eg, 

Little, 1989). This could lead to low rates of protein synthesis due to amino acid 

limitation (McCarthy et al., 1993; 1994). It is possible that the maintenance of protein 

synthesis rates could be an important component of the overall energy budget, and 

divert energy away from the costs associated with ion regulation in this euryhaline 

environment. Indeed, another high-shore crustacean, Ligia oceanica, found at similar 

latitudes to G. d. duebeni also exhibits low rates of protein synthesis of 0.5±0.3 % 

dai1 (Whiteley & Faulkner, 2005), indicating that low rates of synthesis could be 

characteristic of high intertidal, highly tolerant species. Demonstrating that, high rates 

of growth and development associated with high rates of protein synthesis are not a 
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universal feature of eurythermal species. However, further investigation of protein 

synthesis rates and turnover in other taxa of intertidal invertebrates is required. 

As well as having relatively low rates of protein synthesis both G. d. duebeni 

and L. oceanica also show physiological compensation for changes in temperature 

with latitude (Whiteley & Faulkner, 2005). Consequently, rates of protein synthesis 

are conserved between the various latitudinal populations of G. d. duebeni as 

observed for metabolic rate (Chapter 2). The conservation of protein synthesis rates, 

and therefore energy expenditure, imparts some partial energetic independence from 

temperature variation in order to survive a rapidly changing physical environment, as 

previously described in Arenicola marina sampled over a similar latitudinal range 

(Sommer & Portner, 2002). At temperate and tropical latitudes conservation of protein 

synthesis rate is also reported between different species. Recent comparisons using 

meta-analysis of seven species of teleost, four species of crustacean and two species 

of mollusc from polar, temperate and tropical environments demonstrated no 

significant difference in rates of protein synthesis (approximately 2.7% daf1
) between 

10 and 30°C, with lower rates observed in polar stenotherms (Fraser & Rogers, 2007). 

Rates of protein synthesis were also conserved across latitudinal populations in G. 

locusta which inhabits a less variable environment than G. d duebeni. In this species, 

the northerly population of G. locusta might conserve higher protein synthesis rates 

despite the fall in habitat temperature to preserve relatively high rates of growth in 

order to minimise the time spent as a non-reproductive juvenile exposed to increased 

risk of predation (Bervan et al., 1979; Lonsdale & Levinton, 1985). The conservation 

of protein synthesis rates despite the latitudinal drop in temperature may also be 

related to the increase in protein degradation predicted at lower temperatures (Place et 

al., 2004; Place & Hofmann, 2005). 
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Growth compensation at higher latitudes is supported in a number of marine 

ectotherms, for example: Atlantic salmon, Salmo salar (Nicieza et al., 1994); Atlantic 

Silversides, menidia menidia, (Conover & Present, 1990); Mummichog, Fundulus 

heteroclitus (Schultz et al., 1996; DiMichele & Westerman, 1997); Striped bass, 

Marone saxatilis (Conover et al., 1997); Atlantic halibut, Hippoglossus hippoglossus 

(Jonassen et al., 2000). This normally involves an increased capacity for growth in 

high latitude populations resulting in higher growth rates than lower latitude 

populations/species when acclimated to a common temperature. However, when G. d. 

duebeni from Wales (53°N) and Scotland (58°N) were acclimated to a common 

temperature of 15°C, no variation in growth rate was observed (A. M. Posacka & 

S.P.S. Rastrick, unpublished data). Steele and Steele (1969) also reported that G. d. 

duebeni would be expected to conserve life-history traits such as development rate 

and embryo size across its range. This is in keeping with similar rates of protein 

synthesis reported in the present study between northern (69°N) and southern (53°N) 

populations of G. d. duebeni even when acclimated to a common temperature of 10°C. 

Suggesting that possibly higher latitude populations exhibit low temperature 

adaptation, optimising growth rates to the lower environmental temperatures 

experienced (Levinton, 1983; Levinton & Monahan, 1983; Lonsdale & Levinton, 

1985), not by evolving an up-regulation of maximum growth rates at higher-latitudes 

but by a downward shift in the growth temperature curve and optimum temperature 

for growth (Y amahira & Conover, 2002). As described by the Local Temperature 

Adaptation Model for growth reviewed in Chapter 1. A similar shift in R/T curves for 

metabolism in G. locusta and G. d. duebeni with latitude is also suggested in Chapter 

2. Such a shift in the growth temperature curve without an elevation of growth rates in 

higher latitude populations is unusual within species and normally only accounts for 
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growth compensation between species (Y amahira & Conover, 2002) This may allow 

G. d. duebeni to survive in a highly variably environment, although whether this is 

adaptive or due to phenotypic plasticity involves further investigation. 

Whatever the environmental factors and life-history trade-offs associated with 

compensation of protein synthesis across a latitudinal thermal gradient, the primary 

mechanism of compensation appears to involve an upregulation of RNA 

concentrations in an attempt to compensate for a reduction in RNA activities (KRNA) 

at lower temperatures (Goolish et al., 1984; Houlihan, 1991; Foster et al. , 1992, 1993a; 

b; McCarthy et al., 1999; Robertson et al., 2001b; Fraser et al., 2002a; Storch et al., 

2003; Treberg et al., 2005; Whiteley & Faulkner, 2005; lntanai et al., 2009). Meta-

analysis of thirteen latitudinally distinct species of marine teleost, crustaceans and 

molluscs also show a significant decrease in KRNA and an associated increase in RNA 

concentration with temperature (McCarthy & Houlihan, 1996; Fraser et al., 2002a). A 

similar relationship with temperature between whole animal and white muscle RNA 

concentrations and activities is also reported in the Wolffish, Anarhichas lupus 

(McCarthy et al., 1999). In the present study, G. d. duebeni also shows an increase in 

RNA concentration and decrease in KRNA at higher latitudes. However, not all studies 

report variations in RNA concentrations with temperature (eg. Storch et al., 2005; 

Whiteley & Faulkner, 2005). Maintaining high concentrations of RNA at higher 

latitudes may be energetically expensive (Fraser et al., 2002a) unless elevated RNA 

concentrations are a result oflow rates of RNA turnover and enhanced RNA stability 

(Storch et al., 2005). The higher energetic costs associated with elevated RNA 

concentrations may explain the lack of RNA upregulation, to compensate for low 

KRNA, in energy-limited subarctic populations of G. oceanicus. The benefits of not 

maintaining elevated and costly RNA concentrations may also explain why G. locusta 
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exhibits no variation in RNA between Wales (31 °C) and Portugal (21 °C). Suggesting 

that rather than maintaining high levels of the RNA machinery for protein synthesis, 

G. locus ta optimises the efficiency of that machinery at lower temperatures, thus 

conserving rates of protein synthesis though conservation of KRNA• Although never 

previously reported at the whole animal level, cold compensation of KRNA has been 

reported at the cellular level in a teleost and a molluscan species (Storch et al., 2003; 

2005). The Antarctic scallop, Adamussium colbecki, living at 0°C showed similar in 

vitro gill tissue RNA concentrations to the temperate scallop, Aequipecten opercularis 

(25°C), but a nine-fold increase in KRNA indicating cold-adaptation in RNA efficiency 

(Storch, et al., 2003). In addition, an in vitro acclimation study of two eelpout species 

(Zoarcidae) from Antarctic (Pachycara brachycephalum) and temperate (Zoarces 

viviparous) environments, revealed lower activation energies (Ea) of protein synthesis 

at lower temperatures in temperate but not polar species (Storch et al., 2005). Lower 

Ea of protein synthesis in response to cold-acclimation has also been demonstrated in 

eel hepatocytes suggesting the optimisation of enzymes and pathways involved in 

protein synthesis to lower temperatures (Jankowsky et al., 1981). This is the first time 

that compensation for KRNA has been reported between natural temperate populations 

of a marine ectotherm species. Therefore, optimising rates of protein synthesis and 

KRNA to lower temperatures via reduced Ea and the optimisation of enzymes may be a 

feature ofless stenothermal temperate species such as G. locusta. Although the Ea of 

protein synthesis in G. locusta and G. oceanicus is unknown, G. locusta does exhibit 

lower Ea of metabolism in the northerly population, whereas G. oceanicus does not 

(Chapter 2). The reduction of Ea via expression of cold-adapted isozymes that 

counteract restricted enzyme activities at lower temperatures, is well cited in a number 

of marine ectotherms (reviewed by Hochachka & Somero, 2002). Further study of the 
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kinetics of key enzymes involved in metabolism and protein synthesis across 

latitudinal populations of Arctic/boreal and less stenothermal temperate species is 

required. However, the ability to express functional proteins with differing enzyme 

activities may depend on rapid temporal variations in temperature rather than 

progressive changes in temperature over large spatial scales (Rock et al., 2009). It 

appears that partial independence from environmental temperature can occur in 

temperate species/populations given sufficient time. Indeed populations of G. 

oceanicus examined in the present study shows less genetic divergence than between 

the populations of G. locus ta ( Costa et al., 2009). 

Ectotherms have the ability to acclimatise or adapt rates of protein synthesis to 

varying temperature assuming the organism has the phenotypic or genotypic capacity 

(Houlihan et al., 1993; McCarthy & Houlihan, 1996), however, this may depend on 

the thermal history of the species. Recent phylogenic study of gammarid 

species/populations using COl revealed that G. oceanicus shares a putative 

phylogroup with other more stenothermal North European species including the 

Arctic species, G. wilkizkii, and the circumpolar species, G. setosus (Costa et al., 

2009). Conversely, G. locusta is more closely related to other warmer water, less 

stenothermal Mediterranean and Black Sea gammarids (Costa et al., 2009). It is also 

suggested that variations in the ability to show metabolic compensation, between G. 

oceanicus and G. locusta over the same latitudinal range as the present study, may in 

part be due to variations in ancestral thermal experience (Chapter 2). Perhaps the 

varying ability of natural populations to conserve rates of protein synthesis across 

their range is at least in part due to variations in ancestral thermal history and possible 

associated variations in genotypic capacity. 
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3.5.1 Summary 

In summary, there is a fundamental difference in the ability of the subarctic/boreal 

species, G. oceanicus, and the temperate species, G. locusta, to conserve rates of 

protein synthesis across latitudinal thermally distinct populations. G. oceanicus shows 

no compensation of protein synthesis rates across its thermal range, with low rates of 

protein synthesis in subarctic, low temperature stenothermal populations, leading to 

low growth and development (Steele & Steele, 1972). Rates of protein synthesis may 

be constrained by low metabolic rates (Chapter 2), low RNA capacities, and possibly 

high rates of protein degradation and low PSRE as observed in another polar 

ectothermic species (Place et al., 2004; Place & Hofmann, 2005; Fraser et al., 2007); 

as well as the direct effect of temperature on kinetics of protein synthesis. On the 

contrary, G. locus ta conserves rates of protein synthesis between populations from 

Wales (53°N) and Portugal (38°N) despite an 8°C difference in habitat temperature. 

This may allow partial compensation of growth across its range and compensate for 

possibly higher rates of protein degradation and lower PSRE at lower temperatures 

(Place et al., 2004; Place & Hofmann, 2005; Fraser et al., 2007). Higher rates of 

protein synthesis may also reflect a higher rate of protein turnover imposed by 

increased environmental variability at temperate latitudes (Portner, 2004; Portner et 

al., 2005). The conservation of protein synthesis rates in G. d. duebeni may occur for 

different reasons. In this species the level of eurythermy may be important, and this 

may account for the relatively low rates of-protein synthesis observed in all 3 

latitudinal populations. As low rates of protein synthesis may be imposed by restricted 

resource availability, leading to smaller body sizes and low rates of growth and 

development (Steele & Steele, 1973; Chapter 2; A. M. Posacka & S.P.S. Rastrick, 

unpublished data). Protein synthesis is usually conserved by compensating for low 
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KRNA at lower temperatures by upregulating RNA content (reviewed, Fraser and 

Rogers, 2007; Whiteley & Fraser, 2008). This response was observed in G. d. duebeni, 

but not in G. locusta where KRNA increased instead ofRNA:protein in the northern 

relative to the southern population. Such changes indicate alterations in enzyme 

activities in the more northerly population. In addition to the variations in thermal 

range and temperature stability with latitude, the level of genetic divergence between 

populations and ancestral thermal experience may also be important. Restricted 

growth and development, and increasing time to reproductive maturity, associated 

with low rates of protein synthesis, may affect the ability of polar ectotherms to adapt 

and evolve the long-term variations in temperature predated by climate models. It has 

also been suggested that low rates of protein synthesis may affect the ability of these 

polar ectotherms to survive short-term variations in temperature due to a restricted 

protein turnover. However low rates of protein synthesis measured in the high-shore 

eurytherm G. d. dubeni suggests that restricted protein turnover dues not necessarily 

restrict thermal-tolerance, although further direct measurement of rates of protein 

turnover in G. d. dubeni and other eurythermal marine ectotherms is required. 
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Chapter 4 

The energetic costs of protein synthesis in, Gammarus 

oceanicus, is not dependent on latitude. 
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4.1 Abstract 

Protein synthesis can account for a substantial portion of basal metabolic rate. 

The present study is the first to compare costs of whole-animal protein synthesis 

between latitudinally separated populations of the same species. 

Estimates of the energetic costs of protein synthesis vary greatly, possibly due 

to the species studied, the methodology used, and the lack of detailed validation of 

inhibitor concentration and incubation time in some previous studies. 

Costs of protein synthesis were determined using an inhibitor method in two 

populations of Gammarus oceanicus; a sub-arctic population from Svalbard (79°N) at 

5°C and a temperate population from Scotland (58°N) at 13°C. The inhibitor 

(cycloheximide) concentration and incubation time was validated using a locally 

abundant species, G. marinus, acclimated to either 10 and 5°C. 

Despite variability in whole-animal rates of protein synthesis between 

populations of G. oceanicus, no variations in the energetic costs of protein synthesis 

were observed, with both populations exhibiting costs of 7 µmol 0 2 mg-1 close to the 

theoretical minimum. Therefore, costs of protein synthesis appear to be fixed and 

independent of temperature, at least within this species. Reported costs of protein 

synthesis in G. oceanicus at both latitudes were low and close to the theoretical 

minimum, perhaps indicating energy conservation in this Northern European species. 

Similarly, low costs of protein synthesis were also observed using the correlative 

method, utilising rates of oxygen uptake and protein synthesis from populations of G. 

set9sus, G. oceanicus, G. locusta determined in Chapters 2 and 3. 
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4.2 Introduction 

The growth and development of organisms in order to reach reproductive maturity 

and pass genetic information on to the next generation is one of the major driving 

forces of evolution (Jobling, 2002). However, little is known about the energetic costs 

of growth and development and how these may change with environmental 

temperature. The dominant cost of growth is that of protein synthesis with costs 

typically within the range of 70-100 mmol ATP g-1 compared to lipids at 15-25 mmol 

ATP i 1 and glycogen at 10-12 mmol ATP g-1 (Jobling,1985). In reality the costs of 

protein synthesis associated with growth and development are even higher due to the 

greater degradation rate and turnover of proteins compared to lipids or carbohydrates 

(Reeds et al., 1985; Houlihan et al., 1995). Minimum costs of protein synthesis, in a 

range of endo- and ectotherms, have been estimated to account for 11-42% of total 

oxygen uptake (MO2), which constitutes a significant energetic expense (Houlihan et 

al., 1995). Despite multiple attempts to estimate costs of protein synthesis, the data 

cited in the literature are conflicting and vary over an unlikely range (reviewed by 

Fraser & Rogers, 2007; Bowgen et al., 2007). This is particularly true in polar 

ectotherms where values vary over two orders of magnitude from 0.92 µmol 0 2 mi1 

in sea urchin larvae, Sterechinus neumayeri (Marsh et al., 2001), to 147.5 µmol 0 2 

mg-1 in the isopod, Glyptonotus antarcticus (Whiteley et al., 1996). To date, costs of 

protein synthesis have been measured in only five polar species, all from Antarctica 

(Whiteley et al., 1996; Marsh et al., 2001; Storch & Portner, 2003; Pace et al., 2004; 

Bowgen, et al., 2007) where marine invertebrates have a number of cold-water 

specialisations that may be unique to the isolated waters of the Southern Ocean 
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(Portner et al., 2007. The present study is the first to determine costs of protein 

synthesis in a polar population from the northern hemisphere. 

It has been suggested that low energetic costs of protein synthesis may be an 

advantage in low energy polar environments. Pace et al. (2004) reported 

comparatively low costs of 1.9 µmol 0 2 mg-1 in the Antarctic starfish, Odontaster 

vadlidus. In the sea urchin, S. neumayeri, low mean costs of protein synthesis during 

development may allow rates of protein synthesis to remain high, ranging from 0.5 to 

7.1 % daf1 at -1 ·c (Place & Manahan, 2007), compared to rates of protein synthesis 

in warmer temperate sea urchins (Fry & Gross, 1970; Goustin & Wilt, 1981; Place & 

Manahan, 2007). Conserved rates of protein synthesis at higher latitudes facilitated by 

low costs, as shown in S. neumayeri, may compensate for higher rates of protein 

degradation (Place et al., 2004; Place & Hofmann, 2005) and slow rates of growth 

and development normally associated with low temperatures (Peck et al., 1997; 

Clarke et al., 2004; Barnes et al., 2006; reviewed in Chapter 3). Low energetic costs 

of protein synthesis, close to the theoretical minimum, are also associated with 

elevated rates of protein synthesis and growth during the yolk-sac development of the 

tropical African catfish, Clarias gariepinus (Conceicao et al., 1997). Low energetic 

costs may, therefore, facilitate higher rates of protein synthesis. Conversely, it is 

possible that high rates of protein synthesis may also lead to lower energetic costs. It 

has been postulated that costs of protein synthesis may consist of a fixed component 

independent of synthesis rate and a variable component dependent on synthesis rate 

(Pannevis & Houlihan, 1992). At low rates the fixed cost dominates and protein is 

proportionately more energetically expensive to synthesise (Pannevis & Houlihan, 

1992; Smith & Houlihan, 1995; Whiteley et al. 1996; Pedersen, 1997). Therefore, 
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lower rates of protein synthesis reported in most polar ectoderms (Whiteley et al., 

1996; Robertson et al., 2001a; Fraser et al., 2007; reviewed in Chapter 2) could lead 

to elevated costs of protein synthesis and in tum growth. Indeed, costs of protein 

synthesis have been shown to be higher in the Antarctic isopod, Glyptonotus 

antarcticus, at o·c, compared with the temperate isopod, Idotea rescata, at 4°C 

(Whiteley et al., 1996). However the literature is confusing and more recently, Storch 

and Portner, (2003) have shown that costs of protein synthesis do not vary between 

the Antarctic and the temperate scallop Adamussium colbecki and Aequipecten 

opercularis. 

To further investigate whether polar marine ectotherms exhibit higher costs of 

protein synthesis as a result of lower fractional rates of protein synthesis (ks) 

(Whiteley et al., 1996), costs of protein synthesis were determined for a subarctic 

(79°N) and temperate (58°N) population of G. oceanicus, using the inhibitor method. 

G. oceanicus was selected as northern populations acclimatised to 5°C exhibit lower 

whole animal ks than southern populations acclimatised to 13°C, due to temperature 

dependent decreases in RNA activities (discussed in Chapter 3). The present study is 

the first time that two natural populations of the same species, from different latitudes 

and acclimatised to different thermal regimes, have been compared. 
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4.3 Materials and methods 

4.3.1 Validation of the inhibitor methodology 

In order to validate the use of cycloheximide for determining costs of protein 

synthesis in amphipod crustaceans, preliminary experiments were carried out on a 

locally available gammarid species, Gammarus marinus. Two criteria were 

established: the minimum dose of inhibitor required to significantly inhibit fractional 

rates of protein synthesis; and the optimal time required for the inhibitor to have an 

effect at 5 and at 10°C. It was important to carry out a dose response trial as high 

concentrations of cycloheximide are likely to have secondary effects (Bowgen et al., 

2007) while low cycloheximide concentrations can be dissolved directly into saline 

without the use of ethanol which can have adverse affects. A time course trial was 

necessary as some authors have reported cycloheximide inhibition to be reversible 

(Frankel, 1970). For both the dose response and time course trials, rates of oxygen 

uptake were used as a proxy for rates of protein synthesis. This decision was made as 

measuring oxygen uptake is non-invasive allowing multiple measurements to be taken 

from the same individual amphipod. In addition, the measurement of oxygen uptake 

rates after placebo injections (i.e. saline) can also be used to determine the effects of 

the injection procedure itself. 

G. marinus was collected from the Menai Straits (53.22°N, 4.13°W) and 

returned to Bangor University where they were acclimated at 5 or 10°C for 4 weeks in 

fully aerated sea water at 33%0 in a 12L:12D regime. One-third of the sea water was 

changed every week. After each water change, animals were feed ad libitum on Tetra 

min algal flakes (Tetra Veg®, Tetra GmbH, Germany). Salinity, temperature, and 

water quality were monitored at regular intervals. 
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To determine the minimum dose of cycloheximide needed to significantly 

reduce whole animal rates of oxygen uptake, G. marinus acclimated to 10°C were 

divided into 5 groups. Amphipods in the first group of 13 animals (control animals) 

were injected with crab saline (Pantin, 1934). Amphipods in the remaining 4 groups 

of 6-8 animals were either injected with 1, 2, 10 or 20 mmoles cycloheximide in crab 

saline resulting in tissue concentrations after injection of0.005, 0.01, 0.05 or 0.1mg 

cycloheximide g-1 fresh mass. Before injection, amphipods were placed into 

individual stop-flow respirometers maintained at 10°C and allowed to settle in order 

to determine resting rates of oxygen uptake. Each individual amphipod was then 

carefully removed from its respirometer and either injected with 2µ1 of saline or 2 µl 

diluted cycloheximide per 50 mg fresh mass. Injections were made directly into the 

bulbus arteriosus of the heart using a micro-droplet manipulation system as described 

previously (Chapter 3). After injection each animal was returned to its respective 

respirometer and rates of oxygen uptake measured after 30, 60 and 120 min. For 

animals injected with saline, 0.005 mg cycloheximide i 1 and 0.05 mg cycloheximide 

g-1 further oxygen readings were taken at 180,240, 300 and 360 min. Rates of oxygen 

uptake were determined as described in Chapter 2 using stop-flow respirometry and 

the OxySense®lOl Non-invasive Oxygen Analyzer System (OxySense® Inc., Dallas, 

Texas, USA). 

To assess the possible affect of temperature on incubation time, the 

experiment was repeated with G. marinus acclimated to 5°C. In this experiment 6 

amphipods were injected with cycloheximide at 0.05 mg i 1 and 6 amphipods with 

crab saline. Rates of oxygen uptake were determined in resting individuals and at 30, 

60, 120, 180,240, 300 and 360 min after injection. 
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4.3.2 Determination of metabolic costs of protein synthesis by the inhibitor method 

For the determination of metabolic costs of protein synthesis, G. oceanicus were 

collected from a subarctic and a temperate population inhabiting the low intertidal. 

The subarctic population of G. oceanicus was collected from Ny-Alesund, Svalbard 

(78.92°N-l 1.92°E) at a habitat temperature of 5°C. The southern population was 

collected from Duntum on the Isle of Skye, Scotland (57.66°N-5.33°W; Fig. 4.1) at a 

habitat temperature of 13°C. All collections were made between July and August 

2007. Animals were returned to Bangor University, North Wales, within 24h of 

collection. During transit animals were maintained between sheets of damp filter 

paper at the temperature of capture. After transit individuals from each population 

were maintained in fully aerated sea water at 33%0, in a 12L:12D regime and at their 

respective capture temperatures of either 5 or 13°C. All animals were feed ad libitum 

on Tetra min algal flakes (Tetra Veg®, Tetra GmbH, Germany). Costs of protein 

synthesis were determined within 7 days of capture. 
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Fig, 4.1. Position of collection sites at the Isle of Skye in Scotland (58°N) at 

13°C and Ny-A..lesund in Svalbard (79°N) at 5°C. 
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To determine costs of protein synthesis in the subarctic population of G. 

oceanicus acclimatised to 5°C and the temperate population acclimatised to 13°C, 7-8 

animals from each population were placed into individual stop-flow respirometers 

maintained at the appropriate temperature and allowed to settle in the apparatus for 4h. 

After this period, the respirometers were closed for 30 min to determine resting rates 

of oxygen uptake. Animals were then removed from the respirometers and injected 

with 10 mmoles cycloheximide at 2µ1 50 mi1 fresh mass to give a tissue 

concentration of 0.05 mg cycloheximide i 1 fresh mass as this was the concentration 

shown to have the most significant effect on MO2. In addition, 7-8 individuals from 

each population were injected with saline to act as controls. After injection, 

individuals were returned to their respective respirometers and left in flow-through 

recirculated sea water at the appropriate temperature for 2h ( optimal time for 

cycloheximide inhibition from the validation time course trial). Rates of oxygen 

uptake were determined 30 min and one h after injection. At the end of the 2h post­

injection incubation period, individual amphipods were carefully removed from the 

respirometers and injected with 2µ1 50 mi1 fresh mass of crab saline containing 150 

mmol r 1 of unlabelled L- phenylalanine and 3.7 MBq mr1 ofL- [2,3,4,5,6-3H] 

phenylalanine (G. E. Healthcare, Specific Activity 4.37 TBq mmor1
), as described in 

Chapter 3. Amp hi pods were then returned to their respirometers for a further 2 h ( 4 h 

after cycloheximide injection) to allow for the incorporation of [3H] phenylanine into 

proteins (validated in Chapter 3). During this time MO2 was determined at 30 min to 

assess handling stress at 2 h to provide data for the calculation of costs of protein 

synthesis. After the 4h post-injection period, all animals were sacrificed, frozen in 

liquid nitrogen and stored at -80°C for the analysis of protein synthesis rates. 
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4.3.3 Analysis and calculations 

Whole animal fractional rates of protein synthesis were analysed following the 

procedure described by Garlick et al. (1980), as detailed in Chapter 3. Absolute rates 

of protein synthesis (As; mg protein. animar1
• dat1

) were determined from fractional 

rates as outlined in Chapter 3. Whole animal M02 data (µmol 0 2. animar1
. h-1

) was as 

described in Chapter 2. As wet mass was significantly higher in the northern 

population of G. oceanicus (t-test, t=8.5, P< 0.001), all MO2 data was standardised 

for a fresh mass of lg using a weight exponent of 0.62 specifically determined for 

gammarid amphipods (S.P.S.Rastrick and T. Potter, Chapter 2). Absolutes rates of 

protein synthesis were scaled using a weight exponent of 0.7 (Houlihan et al., 1990). 

Whole animal energetic costs of protein synthesis (µmol 0 2 mi1protein) were 

calculated for the subarctic and temperate populations of G. oceanicus using a 

modification of the equation ofBowgen et al (2007): 

MOi Saline _ MO?HX 

Cost of Protein synthesis=--------
A 

Saline 
4 

CHX 
s - • s 

Where MOlaline is the rate of oxygen uptake in the saline injected animals and 

M02 cttx is the rate of oxygen uptake in the animals injected with cycloheximide .The 

difference between the two represents cycloheximide-sensitive rates of oxygen uptake. 

As saline is the mean absolute rate of protein synthesis of the saline injected animals and 

AscHx is the absolute rate of synthesis in animals injected with cycloheximide, 

recoded after 2 h incubation with the labelling cocktail. Costs of protein synthesis in 

cycloheximide injected individuals were then expressed as µmol ATP mg protein-1
, 

assuming that one mole of oxygen is equivalent to 6 moles of ATP. 
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4.3.4 Correlative costs of protein synthesis 

Correlative costs were estimated for a range of gammarid species using whole animal 

standardised (lg fresh mass) resting MO2 and absolute rates of protein synthesis (As) 

for G. setosus collected at 79°N, G. oceanicus from populations living at 79 and 58°N, 

and G. locusta from populations living at 53 and 38°N. MO2 data from Chapter 2 was 

converted to µmol 0 2. animar1
. daf1 and scaled to lg fresh mass using the mass 

exponent of 0.62 and plotted against As (mg protein. animar1
. daf1

) obtained from the 

same populations in Chapter 3. 

4.3.5 Statistical analysis 

All data were tested for normality using Kolmgorov-Smimov tests and the Levene's 

tests for homogeneity of variances. As MO2 data from G. marinus was non-parametric, 

within treatment comparisons between resting and all post-injection MO2 values were 

made using a Wilcoxon test for related samples. Comparisons between saline and 

cycloheximide injected G. marinus were tested at common incubation times using the 

Mann-Whitney U test for two independent samples. As and MO2 data for determining 

costs of protein synthesis in G. oceanicus were parametric, and therefore means were 

compared using an independent sample t-test. The relationship between As and MO2 

used to determine the correlative costs of protein synthesis was analysed using least-

squares liner regression. The slope coefficient equalled the estimated costs of protein 

synthesis expressed as µmol 02 mt1 protein. All statistical analyses were performed 

using SPSS software (SPSS INC., Chicago. IL, USA). All values are means±SEM 

with the number of animals in parentheses. 
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4.4 Results 

4.4.1 Validation of inhibitor methodology 

Resting, pre-treatment MO2 values in G. marinus acclimated to 10°C did not differ 

significantly between the various groups including the control (Fig. 4.2). Mean resting 

values ranged from 18.9±3.3(6) µmol 0 2. animar1
• h-1 in animals before injection 

with cycloheximide at 0.005 mg i 1 fresh mass to 32.1±3.3(8) µmol 0 2. animar1
• h-1 

in animals before injection with 0.1 mg cycloheximide g-1 FW. There was a 

significant increase in MO2 from resting values after 30 min in controls and at each 

concentration of cycloheximide (Wilcoxon P<0.05) with the exception of animals 

injected with 0.05 mg cycloheximide i 1
, In control animals M02 increased from 

27.3±2.2(6) µmol 0 2. animar1
. h-1 in resting animals to 43 .6±6.7(6) µmol 0 2. animar 

1
• h-1 at 30 min post saline-injection. M02 returned to resting values after 60 min in 

all groups with the exception of the group injected with the strongest concentration of 

cycloheximide at 0.1 mg i 1 which remained elevated. M02 in controls remained 

stable for the remainder of the incubation period being 26.9±2.7(6) µmol 0 2. animar1
. 

h-1 at 60 min and 19.5±3.0(6) µmol 0 2. animar1
. h-1 at 300 min. In animals injected 

with 0.05 mg cycloheximide g-1
, M02 values decreased below the resting , pre­

treatment values at 120 min post-injection and remained lower for the duration of the 

time cures (Fig. 4.2). 

Comparisons between treatment groups at specific time intervals showed that 

MO2 levels were significantly higher in amphipods injected with cycloheximide at 0.1 

mg i 1 compared to the control group, 60 min after injection (Mann-Whitney U, 

P<0.05; Fig. 4.2). At the lowest tissue concentration of 0.005 mg cycloheximide i 1
, 

MO2 did not differ from the control group until 180 min post-injection (Mann-
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Whitney U; P <0.05). The effect of cycloheximide on MO2 at this concentration was 

also transitory and by 240 min there was no significant difference between treated and 

control animals (Fig. 4.2). The cylcoheximide injection of 0.01 mg t 1 had no 

significant effect on MO2 when compared to the control group at any time point. At 

the higher dose of 0.05 mg t 1
, M02 values were significantly lower than controls at 

60 min post-injection (Mann-Whitney U, P<0.05) and continued to remain 

significantly lower after 120 min (Mann-Whitney U, P<0.0001) and 180 min (Mann­

Whitney U, P<0.05). Consequently, a cycloheximide dose of 0.05 mg t 1fresh mass 

was chosen for the determination of metabolic costs because this was the minimum 

dose necessary to significantly reduce MO2 for the period necessary for radiolabelled 

amino acid incorporation. 

In G. marinus acclimated to 5°C there was no significant difference in resting 

M02 between the treatment group at 20.5±2.4(6) µmol 0 2. animar1
• h-1 and control 

group at 22.6±2.4(6) µmol 02. animar1
• h-1 (Mann-Whitney U, P=0.26). At 5°C, M02 

increased significantly above resting values to 22.6±3.1(6) µmol 0 2. animar1
• h-1 in 

animals injected with 0.05 mg cycloheximide g-1 fresh mass (Wilcoxon, P<0.05) and 

34.1±2.5(6) µmol 02. animar1
• h-1 (Wilcoxon, P<0.05) in controls, 30min after 

injection. When compared to controls, a dose of 0.05 mg cycloheximide t 1fresh mass 

significantly reduced MO2 to 14.2±0.9(6) µmol 0 2. animar1
• h-1 after 60 min at 5°C. 

This effect was persistent and at 360 min MO2 was still significantly lower at 

17.3±6.6(6) µmol 02. animar1
• h-1 than mean M02 in the control group at 

31.1±2.0(6) µmol 02. animar1
. h-1 (Mann-Whitney U, P<0.001. Fig. 4.3). Overall, 

acclimation temperature had no effect on the time required for cycloheximide to take 

affect. Therefore, an incubation time of 120 min was deemed to be an appropriate 
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time for the inhibition of protein synthesis by cycloheximide to take fall affect, at both 

5 and 10°C. After this incubation period of 2h animals were injected with the 

radiolabel amino acid and incubated for a further 2h before being sacrificed, resulting 

in a total incubation time of 4h. This time interval had the added advantage of 

allowing amphipods to recover from handling and injection stress before the second 

injection to determine rates of protein synthesis. 

4.4.2 Energetic costs of protein synthesis - correlative approach 

The relationship between whole-animal M02 and As in a range of gammarid 

species is given in Fig. 4.4. There was a significant linear relationship between the 

two variables (r2 = 0.65, ANOVA, P<0.05). The slope of the relationship gives an 

estimated correlated cost of 5.9 µmol 0 2 mg-1 protein synthesised or 35.4µmolATP 

. -1 mgprotem . 
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Figure 4.2. The effects of various concentrations of cycloheximide on whole animal 

rates of oxygen uptake (M02), standardised for a body mass of 1mg, in G. marinus 

over an incubation period of 360 min. Control animals were injected with saline. 

Resting values represent M02 values from animals allowed to settle in the 

respirometers for 4h before injection with either cycloheximide or saline. All values 

are means± SEM. (In saline controls n= 13; at 0.01 mg cycloheximide i 1 fresh mass, 

n=8; at 0.05 mg cycloheximide i 1 fresh mass, n=6; at 0.005 mg cycloheximide g·1 

fresh mass, n=6; at 0.05 mg cycloheximide g·1 fresh mass, n=6). 
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Figure 4.3. Whole animal rates of oxygen uptake, standardised for a body mass of 

1mg, in G. marinus injected with either saline (controls) or cycloheximide at a dose of 

0.05 mg i 1 fresh mass in animals acclimated to 5 or l0°C. Resting values refer to 

MO2 measured pre-injection. All values are means± SEM (at l0°C, saline n=13, 0.05 

mg cycloheximide i 1 fresh mass n=6; at 5°C, saline n=6, 0.05 mg cycloheximide g-1 

fresh mass n=6). Any statistical differences between groups are represented by: *= 

P<0.05, **= P<0.0l, ***= P<0.001 (Marm-Whitney U). 

110 



Chapter 4 Energetic costs of protein synthesis 

Q) 70 
~ 
«s 

+-' a. 60 ::, 

C 
Q) 

C)- 50 
>-..-
X I 

0 >, 
't-- ro 40 0 ""O 
en N 
Q) 0 

+-' 30 «s 0 
Ii.. E 

""C ::L 
Q) --- 20 en 

""C 
I,... • G. setosus 
«s 

10 ""C 
0 G. oceanicus 

C 
«s 

+-' 
Cl) 0 

0 1 

'\/ G. locusta 

2 3 4 5 6 

Absolute rates of protein synthesis 
(mg day-1) 

Figure 4.4. The correlation between whole animal rates of oxygen uptake 

standardised for a body mass of 1mg and expressed as µmol 0 2 per animal per day 

and whole animal rates of absolute protein synthesis expressed as mg protein 

synthesised per day. All data standardised to a wet body mass of lg. Mean values 

given ±SEM (In G. setosus: MO2 n=6, As n=l2. In G. oceanicus: MO2 n=15, As n=l 1 

at 79°N; MO2 n=l2, As n=l 1 at 70°N; and MO2 n=l 7, As n=l0 at 58°N. In G. locusta 

MO2 n=18, As n=6 at 53°N; and MO2 n=9, As n=6 at 38°N). Line fitted using lest­

squares liner regression, Y= 5.9X + 26.9 (r2=0.64). 
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4. 4. 3 Energetic costs of protein synthesis- direct approach 

After 4h incubation at a cycloheximide dose of 0.05 mg i 1fresh mass and 2h with the 

radiolabel, mean MO2 and As were significantly lower than controls in G. oceanicus 

acclimatised to both 5°C (t-test, P<0.05) and 13°C (t-test, P<0.001) (Table 1). In the 

subarctic population MO2 was 25% lower in the treatment group versus the controls, 

and in the temperate population MO2 was 26% lower. Cycloheximide inhibited As 

means by 91 % in the subarctic population and by 89% in the temperate population (t-

test, P<0.05). Energetic costs of protein synthesis were relatively low in both 

populations of G. oceanicus at around 7 µmol 0 2 mg protein-1 (Table 4.1 ), and not 

significantly different (t-test, P=0.89). Costs of protein synthesis expressed as ATP 

equivalents were 40.4±5.7(7) µmol ATP mg protein-1 in the subarctic population at 

5°C, and 42.1±12.4(8) µmol ATP mg protein-1 in the temperate population at 13°C. 

Table 4.1. Effect of saline and cycloheximide on whole-animal rates of oxygen uptake 
and absolute rates of protein synthesis in two latitudinal populations of G. oceanicus. 
Costs of protein synthesis were calculated as described in the text. All values are 
means±SEM with the number of animals in parentheses. 

Latitude Temperature Variable Saline [Cycloheximide] Costs 
(0.05 mg g-1 FW) (µmol 0 2 mg protein-1

) 

79°N 5°c M02 (µmol 0 2. animar1.day-1
) 36.89±1.87(7) 27.79±1.28(7)* 6.74±0.94 

79°N 5°c As (mg protein. animar1
• day-1

) 1.48±0.45(7) 0.13±0.02(7)* 

58°N 13°c M02 (µmol 0 2. animar1.daf1
) 33.93±1 .07(8) 24.99±1 .80(8)** 7.01±1.87 

58°N 13°c As (mg protein. animar1
• daf 1

) 1.50±0 .59(8) 0.17±0.06(8)* 
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4.5 Discussion 

The whole animal costs of protein synthesis obtained in both the subarctic 

(6.74±0.94µmol 02 mi1
) and temperate populations (7.01±1.87µmol 02 mi1

) were 

close to the theoretical minimum of 8.3 µmol 0 2 mi1 (Reeds et al., 1985). Similar 

low costs of 7 µmol 0 2 mg-1 are also reported in the Antarctic scallop, Adamussium 

colbecki (Storch & Portner, 2003) and in the Antarctic sea urchin, Sterechinus 

neumayeri (Pace et al., 2004; Place & Manahan, 2007). Low costs of protein 

synthesis (i.e. costs close to or below the theoretical minimum) may be an advantage 

in low energy polar environments; perhaps facilitating compensation of protein 

synthesis rates and so growth/development in low temperature environments, as 

suggested in S. neumayeri (Place & Manahan, 2007). Energetic costs determined 

using the inhibitor method, however, vary over 3 orders of magnitude in Antarctic 

species from 0.92 µmol 0 2 mg-1 in S. neumayeri (Marsh et al., 2001), to 147.5 µmol 

02 mg-1 in the Antarctic isopod, Glyptonotus antarcticus (Whiteley et al., 1996). 

Costs of protein synthesis in the Antarctic limpet, Nacella concinna, are 2- and 3-fold 

higher than costs shown in the present study, using the inhibitor method (13.95±0.77 

µmol 02 mg-1
) and the correlative approach (19.58 µmol 0 2 mg-1

), respectively 

(Bowgen et al., 2007). Some variation in the cited values may be due to differences 

between the correlative or inhibitor approach. Correlative costs of protein synthesis in 

gammarids estimated in the present study (5.9 µmol 0 2 mg-1
) were similar to those 

reported for G. oceanicus using the inhibitor method. In theory, correlative costs 

should be higher than costs measured using the inhibitor method, as correlative costs 

include RNA synthesis and peptide transport whereas cycloheximide only inhibits 

peptide bonding (Bowgen et al., 2007). In the limpet, N concinna, correlative costs of 
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protein synthesis were almost 50% higher than those determined using the inhibitor 

method (Bowgen et al., 2007). However, this is not always the case as in the sea 

urchin, Lytechinus pictus, correlative costs estimated in starved (13 µmolO2 mt1
) and 

feed (12 µmol 0 2 mt1
) animals were lower than measured costs (20 µmolO2 mt1

; 

Pace & Manahan, 2001). It is not known whether RNA synthesis and/or peptide 

mobilisation is affected by the inhibition of polypeptide formation. If this is the case 

then inhibition by cycloheximide could affect the whole process of protein synthesis 

and account for similarities in estimated costs by both the direct and correlative 

methods. In the present study the correlative costs were also slightly lower than those 

estimated by the direct inhibitor method. Although this may be because the As and 

MO2 values used in the present correlation were population means from 3 different 

species and not simultaneous measurements from the same individuals of a common 

species. Values used in the present study are also from acclimatised animals. Further 

controlled experiments are needed to confirm whether costs of protein synthesis are 

likely to differ in animals held under controlled conditions in the laboratory. Some of 

the variation in energetic costs reported in the literature may indeed be due to 

differences between the correlative and inhibitor methods, however, values reported 

using the inhibitor method also appear to vary unrealistically (Bowgen et al., 2007). It 

is possible that variations in methodology between studies, such as inhibitor 

concentration (Bowgen et al., 2007), type of inhibitor, or the temperature and time of 

the incubation period results in the range of observed costs. Validation and 

standardisation of inhibitor methodology is important for further comparisons 

between costs of protein synthesis estimated using the inhibitor method. 
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4.5.1 Validation of cycloheximide dose and incubation time 

A range of inhibitors have been used to inhibit protein synthesis for a number of 

reasons including the assessment of energetic costs. For instance: cycloheximide, 

emetine and puromycin, which inhibit the transfer of RNA during protein synthesis 

(Y armolinsky & Haba, 1959; Grollman, 1966); or actiomycin D which inhibits RNA 

polymerase directed transcription (Kersten et al., 1960; Hurwitz et al., 1962; 

Hamilton et al., 1963). In each case it is important to validate the inhibitor for the 

subject species. For example, in the common oat plant, Avena sativa, cycloheximide 

is a more effective protein synthesis inhibitor than pactamycin (Bates & Cleland, 

1979), but in the sea slug, Aplysia, pactamycin was reported to be more effective than 

cycloheximide (Schwartz et al., 1971). Anisomycin (Burton, 1992), puromycin 

(Coleman et al., 1994; Horst, 1989; Kwast & Hand, 1996; Horst, 1990) and 

cycloheximide (Burton, 1991; Whiteley et al, 1996; Pedreira et al, 1995; 2003) have 

all been use to successfully inhibit protein synthesis in crustaceans. Other inhibitors 

are less effective. For example, actiomycin D has even been shown to stimulate 

protein synthesis in the crustacean, Upogebia littoralis (Pataryas et al., 1972). At 

lower concentrations actiomycin D does inhibit protein synthesis, but at higher doses 

it can stimulate the production of some enzymes (Garren et al., 1964; Thompson et al., 

1966). Therefore, the inhibition of portion synthesis may vary between different 

inhibitors and different concentrations. Cycloheximide, as used in the present study, is 

the most common inhibitor used to investigate costs of protein synthesis (reviewed by 

Bowgen et al., 2007). However, emetine and anisomycin have also been used and it is 

possible that variations in the non-specific affects of these inhibitors may explain 

some of the variation in the reported energetic costs for protein synthesis. In the 
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Antarctic sea urchin, S. neumayeri, the costs of protein synthesis determined using 

emetine and Anisomycin (Place & Manahan, 2007) were much lower than the 

theoretical minimum of 8.3 µmol 0 2 mt1 (Reeds et al., 1985). Costs of protein 

synthesis in S. neumayeri were also 6-fold lower than costs of 13.95 µmol 0 2 mt1 

reported in another Antarctic marine invertebrate, N concinna, using cycloheximide 

(Bowgen et al., 2007). It is possible that differences in reported costs are partly due to 

the inhibitor used. Rates of protein synthesis in S. neumayerii were also determined 

using a different label and amino acid, [14C] alanine, instead of [3H] phenylalanine as 

used in N concinna and in the present study (Bowgen et al., 2007; Place & Manahan, 

2007). Therefore, methodologies should be scrutinised and care taken before 

comparisons of costs of protein synthesis are made between studies. 

Examination of the concentration of inhibitors injected is also important. The 

lack of consideration of the optimal concentration needed to inhibit protein synthesis 

may explain some of the variation in costs of protein synthesis estiamted using the 

inhibitor method (Bowgen et al., 2007). In crustaceans, previous estimations of 

protein synthesis costs by means of inhibition with cycloheximide used concentrations 

as high as 5 mg g-1 (Whiteley et al., 1996), which is 100 times greater than the 

concentration used in the present study. Even though such high concentrations of 

cycloheximide significantly inhibited both rates of oxygen uptake and protein 

synthesis in an Antarctic and temperate isopod species it is possible that the high 

concentration affected other important ATP demanding processes as cycloheximide is 

known to inhibit a wide range of metabolic processes not necessarily associated with 

protein synthesis (Ellis & MacDonald, 1970; McMahon, 1975). Cycloheximide may 

also become unstable in slightly alkaline seawater which is of concern during 
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determination of costs in marine environments (Schwartz et al., 1971). These 

secondary effects could cause an over estimation of protein synthesis costs. Indeed, 

the energetic costs of synthesising proteins in Glyptonotus antarcticus is one of the 

highest recorded to date. Clearly the methodology needs standardisation and 

validation is needed to confirm concentrations and time courses. In the present study 

several preliminary trials were carried out in preparation for the determination of 

metabolic costs in G. oceanicus. Due to their abundance, ease of availability and 

similarities in size, G. marinus was collected locally and used for these preliminary 

experiments. The highest cycloheximide dose of 0.1 mg g-1 used in the present study 

caused an elevation in MO2 which remained higher than resting, pre-treatment values 

for the first 60 min after injection. It appears that the higher cycloheximide tissue 

concentration of 0.1 mg i 1 elevated M02 at a time when control animals showed a 

decrease from injection disturbance, indicating that the higher concentration had a 

direct effect on metabolic rate. A similar response was found in the high shore 

temperate isopod, Ligia oceanica, after 3h incubation at a high cycloheximide 

concentration of 5mg g-1 body mass. Extensive experiments were carried out on 

isopods acclimated to five different temperatures in both winter and summer. In the 

majority of cases, MO2 values increased after the 3h incubation period (L. S. Faulkner 

& N. M. Whiteley, unpublished observations). In addition, Bowgen et al. (2007) 

reported a weak (r2=0.2) but significant positive relationship between the 

concentration of cycloheximide injected and the estimated energetic costs of protein 

synthesis. In vitro studies on cell cultures have also revealed that high concentrations 

of cycloheximide interfere with cellular metabolism and may lead to spurious results 

(Wieser & Krumschnabel, 2001). Therefore, as in the present study, it is important to 
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use the lowest concentration possible in order to minimise any nonspecific effects of 

cycloheximide. In addition, it is only necessary to inhibit enough protein metabolism 

in order to induce a significant reduction in rates of oxygen uptake and protein 

synthesis throughout the incubation period (Bowgen et al., 2007). In fact, even studies 

utilising high concentrations of cycloheximide, such as 5 mg t 1
, reduce protein 

synthesis by 65% (Whiteley et al., 1996), less than the 89-91 % inhibition reported in 

the present study. Cycloheximide concentration may also affect the incubation time 

needed for the inhibitor to take effect. In the present study, lower concentrations of 

0.005 mg cycloheximide t 1 had a limited effect and then only after 180 min. Timing 

of the inhibition effect is therefore crucial. Incubation times between the first 

cycloheximide injection and the second injection with the radiolabel also vary 

tremendously, ranging from 7h in N concinna, giving a total incubation time of 9h, 

(Bowgen et al., 2007) to 2 min in the isopod, Glyptonotus antarcticus, resulting in a 

total incubation time of2h (Whiteley et al., 1996). In the present study, 0.05 mg 

cycloheximide t 1 had a significant effect after 60 min at both 5 and 10°C, with the 

initial increase in MO2 above resting values being due to the effects of handling stress 

and the injection procedure. At 5°C the handling stress was less marked, possibly due 

to temperature-related reductions in biological rate processes including activity rates, 

and therefore oxygen demand. Significant variations in MO2 with time in saline 

controls and most of the treatment groups as a result of handling stress and the 

injection procedure makes comparisons ofMO2 before and after injection unreliable. 

This also highlights one of the main problems with the inhibitor method as 

measurements of protein synthesis rates with the flooding dose technique are terminal 

and therefore repeated measurements of synthesis rates from the same individual are 
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impossible. As a result the inclusion of a saline injected control group is essential. By 

comparing M02 values between treatment and control groups, it was possible to show 

that the inhibitory effects of cycloheximide at 0.05 mg t 1 fresh mass diminished after 

240 min suggesting an ability of G. oceanicus to reverse the effects of the inhibitor. 

Recovery of metabolic rates after cycloheximide administration has been reported in 

the ciliate, Terahymena thermophila, which shows recovery of protein synthesis in lh 

and can even become insensitive to a second dose (Frankel, 1970). In contrast, in G. 

oceanicus at 5°C, metabolism of cycloheximide did not occur, at least within 360 min, 

suggesting that this process takes longer at the lower temperature. Other low 

temperature experiments at O and 3 °C in N concinna have also shown no recovery of 

protein synthesis rates after cycloheximide injection, at least for 24 h (Bowgen, et al., 

2007). In the present study a dose of 0.05 mg cycloheximide g-1 fresh mass was found 

to be the minimum concentration required to reduce M02, and therefore protein 

synthesis, for the 240 min duration of the experiment at both 5 and l0°C. 

4.5.2 Energetic costs of protein synthesis 

Energetic costs of protein synthesis were observed to be the same in G. oceanicus 

from Ny-.Alesund (79°N) and Scotland (58°N) despite differences in habitat 

temperature and whole animal acclimatised rates of protein synthesis between the 

populations (Chapter 3). Previous studies on isolated hepatocytes in rainbow trout, 

Oncorhynchus mykiss, have shown elevated costs of protein synthesis associated with 

lower fractional rates of protein synthesis (ks) (Pannevis & Houlihan, 1992; Smith & 

Houlihan, 1995). In contrast, the similarity in the energetic costs of protein synthesis 

in G. oceanicus suggests that costs of protein synthesis are fixed as described in other 
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temperate and Antarctic marine invertebrate species (Bowgen et al., 2007; Pace & 

Manahan, 2001; 2006; 2007). For instance, the Antarctic limpet, N concinna, showed 

no variation in costs of protein synthesis despite rates varying significantly between 

0.91 mg protein day-1 at 0°C and 1.16 mg protein dai1 at 3 °C (Bowgen et al., 2007). 

In N concinna the proportion of estimated energy (%MO2) allocated for protein 

synthesis did not vary with season despite a 10-fold decrease in food consumption and 

associated decrease in ks during the winter. The temperate sea urchin, Lytechinus 

pictus, also showed no variation in costs of protein synthesis between starved and fed 

individuals despite associated variations in ks (Place & Manahan, 2001; 2006). In 

addition, energetic costs of protein synthesis remain constant despite ks varying over 2 

orders of magnitude between different developmental stages (Place & Manahan, 

2006). Developmental stage also has no effect on the energetic costs estimated in the 

Antarctic sea urchin, S. neumayeri, despite a 2-fold difference in rates of protein 

synthesis (Pace & Manahan, 2007). Bowgen et al. (2007) suggest that costs of protein 

synthesis are fixed as there is no known mechanism for altering the stoichimetry of 

ATP per peptide bond synthesised, although the authors concede that other costs, such 

as amino acid transport may vary. Indeed, on average, measured costs of protein 

synthesis are 5-fold higher than those estimated from the stoichiometery of boned 

formation, as a result of additional costs associated with RNA synthesis and amino 

acid transport (Waterlow & Millward, 1989). Although theoretical costs of peptide 

bond formation would not be expected to vary between populations/species, this may 

not be the case for additional costs (Waterlow et al., 1978a; b; Reeds et al., 1985). 

Muller et al. (1986) showed that in tumour cells, RNA synthesis accounted for up to 

14% ofMO2, a significant energetic cost. However, as stated above, more research is 
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needed to investigate any additional costs that may be inhibited by cycloheximide and 

whether these additional costs are affected by dose. Translation initiation and 

termination could also lead to additional costs as might post-translational modification 

of newly synthesised polypeptide chains, and these costs may very between species 

(Storch & Portner, 2003). Costs of protein synthesis may be more likely to vary 

between species than between populations due to greater genetic diversity, 

particularly in highly adapted Antarctic species. Comparisons of anoxia-sensitive and 

anoxia-tolerant teleost species have shown that physiological adaptation to an energy 

limited environment can affect the percentage of ATP made available for protein 

synthesis and therefore possibly costs (Wiser & Krumschnabel, 2001). Indeed, 

Whiteley et al. (1996) demonstrated that energetic costs of protein synthesis were 4-

times higher in the Antarctic isopod, Glyptonotus antarcticus, at 0°C, compared with 

the temperate isopod, Idotea rescata, at 4°C. It is possible that energetic costs were 

influenced by the stability of the environment with the Antarctic isopod characterised 

by low rates of protein synthesis and turnover (Whiteley et al., 1996). More recently, 

Storch and Portner (2003) have shown that costs of protein synthesis did not vary 

between the Antarctic scallop, Adamussium colbecki, at 7 µmol 0 2 mt1 and the 

temperate scallop, Aequipecten opercularis, at 9 µmol 0 2 mg-1
. Although this study 

was carried out in vitro in a cell-free system and therefore excludes additional costs 

such as amino acid transport that may vary between species. Recent meta-analysis has 

also reported no relationship between costs of protein synthesis and temperature, 

suggesting that energetic costs are fixed despite variations in ks with temperature 

between polar and temperate species, although the authors concede that some of the 
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data should be interpreted with caution due to methodological differences between 

studies (Bowgen et al., 2007). 

4.5.3 Summary 

The present study is the first to compare costs of whole animal protein synthesis 

between subarctic and temperate populations of the same species. Despite variations 

in whole animal acclimatised ks between populations of G. oceanicus, no variations in 

the energetic costs of protein synthesis were observed. This supports a recent 

intraspecific study of Antarctic marine ectotherms acclimated to summer and winter 

temperatures (Bowgen et al., 2007). The finding, however contradicts the hypothesis 

that costs of protein synthesis consist of a fixed cost of 4 ATP (2ATP and 2 GTP) 

equivalents per peptide bond (Reeds et al., 1985) which is independent of ks and a 

variable cost dependent on ks (Pannevis & Houlihan, 1992). The latter could involve 

the costs associated with amino acid transport, RNA synthesis, translation initiation 

and termination, and the post-translational modification of newly synthesised 

polypeptide chains. The present study suggests these additional costs of protein 

synthesis are fixed between subarctic and temperate populations of G. oceanicus. 

Previous metabolic observations demonstrated a lack of metabolic diversity between 

the same populations suggesting there is little evolutionary adaptation to local 

conditions (Chapter 2). This may explain why the costs of protein synthesis are the 

same between the two populations. To the contrary, previous whole animal inter­

specific comparisons of Antarctic and temperate isopods do suggest that high costs 

are associated with lower rates of protein synthesis (Whiteley et al., 1996). Such 

differences may be due to the greater evolutionary distances between species 
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compared to populations, particularly Antarctic species that are often highly adapted 

and evolutionary isolated from temperate confamilials. However, the data are limited 

and other studies show no variation in costs between related Antarctic and temperate 

species (Storch & Portner, 2003). Comparisons between studies should also be made 

with caution due to variations in methodology. For the direct method it is important to 

appreciate that variations in energetic costs can be brought about by differences in the 

type of inhibitor used, the dose injected, the temperature and the time the inhibitor is 

allowed to take affect. A failure of some previous studies to carryout sufficient 

validation trials may explain some of the variation in costs of protein synthesis in the 

current literature. 
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The individual studies on oxygen uptake (Chapter 2) and rates of protein synthesis 

(Chapter 3) that make up this thesis are intended to increase understanding of the rates 

of energy consumption and expenditure in an ecologically important group of marine 

ectothems, the gammarid amphipods. This final Chapter summarises the physiological 

data presented so far and discusses it in terms of the effects of latitudinal variations in 

energy consumption on life-history trends in r- and K-selection with latitude and the 

possible implications of climate change. 

The present thesis shows no evidence of MCA in polar species/populations of 

gammarid amphipods and suggests that mean temperature, as well as other factors 

such as food availability, environmental stability and selection for life history-traits 

( e.g. faster growth) may affect metabolic rates with latitude. This is demonstrated by 

lower metabolic rates in the circumpolar species, Gammarus setosus, and the 

subarctic population of G. oceanicus. Low rates of energy consumption have been 

reported in other polar ectotherms (Clarke, 2003; Portner et al., 2007) including the 

amphipod, Waideckia obesa (Chapelle & Peck, 1995). It has previously been 

suggested that low rates of oxygen uptake and protein synthesis (Chapter 2 and 3) 

may explain low growth rates reported in the majority of polar ectotherms (Peck, 

2002). Particularly when combined with low protein synthesis retention efficiency 

(PSRE) and elevated protein degradation, associated with higher latitude ectotherms 

(reviewed by Fraser and Rogers, 2007; Whiteley & Fraser, 2009). Growth and 

development of organisms in order to reach reproductive maturity and pass genetic 

information to the next generation is one of the major driving forces of evolution 

(Jobling, 2002). Protein synthesis is an important determinant as well as the dominant 

cost of growth (Jobling, 1985), with optimum growth occurring at temperatures 
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conducive to maximum rates of protein synthesis (Loughna & Goldspink, 1985; 

Pannevis & Houlihan, 1992; Carter & Houlihan, 2001). 

Minimum costs of protein synthesis are estimated to account for 11-42% of 

total energy consumption, which is a significant energetic expense (Houlihan et al., 

1995). It is also possible that lower rates of protein synthesis result in higher costs 

(Pannevis & Houlihan, 1992), further limiting growth in polar ectotherms. However, 

the present studies suggest that within species costs may be fixed between polar and 

temperate ectotherms and independent of temperature, as previously shown in the 

Antarctic limpet, Nacella concinna (Bowgen, et al., 2007), and the temperate sea 

urchin, Lytechinus pictus (Place & Manahan, 2001; 2006). Additional costs of protein 

synthesis; such as RNA synthesis, peptide transport, the translation initiation and 

termination of proteins or post-translational modification of newly synthesised 

polypeptide chains (Waterlow et al., 1978a; b; Reeds et al., 1985; Storch & Portner, 

2003); may be more likely to vary between species than populations. Therefore, 

previous variations in whole animal costs of protein synthesis reported between polar 

and temperate species such as the Antarctic isopod, Glyptonotus antarcticus and the 

temperate isopod, I do tea rescata, may be reliable. Indeed, a previous study of the 

Antarctic scallop, Adamussium colbecki, and the temperate scallop, Aequipecten 

opercularis, suggested fixed costs between species, but in this case the study carried 

out in vitro in a cell-free system and therefore excluded additional costs such as amino 

acid transport (Storch & Portner, 2003). Although variation in costs of protein 

synthesis may be more likely between species than populations, comparisons drawn 

from the literature are confused by a lack of consistency in experimental methods 

(Bowgen et al., 2007). 
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In addition to low growth rates, reduced development rates, delayed maturity, 

reduced number of larger eggs and reduced reproductive output are also life-history 

traits associated with high latitude marine invertebrates (Bosch et al., 1987; Clarke, 

1987; Arntz et al., 1994) including Antarctic and Arctic amphipods (Steele & Steele, 

1970; 1972; 1973; Bregazzi, 1972; Bluhm et al., 2001). These traits show that polar 

ectotherms are predominantly K-selected compared to less stenothermal temperate 

species/populations. K-selection is often associated with stable environments, 

favouring slower rates of development and a greater investment in fewer offspring. 

W eslawski and Legezynska (2002) concluded that 17 of the 18 Arctic amphipod 

species they studied were K-strategists. These high-latitude K-selected traits can also 

be associated with restricted protein synthesis and less efficient protein retention both 

in general maintenance and growth (examined in Chapter 3) and more specifically in 

protein synthesis related to gametogenesis and reproduction that is assumed to be 

equally affected by temperature. Arctic populations (79°N) of G. oceanicus also 

exhibit K-selected traits, such as low reproductive rates, and are limited to only one 

brood per year (Sainte Marie, 1991; Weslawski & Legezynska, 2002) compared to 3 

broods per year at lower latitudes (59°N; Skadsheim, 1984). Longer life-spans of 3-4 

years are also reported in Arctic populations compared to only 15 months at more 

temperate latitudes (Weslawski & Legezynska, 2002; Skadsheim, 1984). Increased 

longevity in polar ectotherms my be directly related to lower energy consumption and 

expenditure. Eighty years ago Pearl (1928), and Alpatov and Pearl (1929) first 

suggested that life span is inversely related to metabolic rate and for almost as long, 

larger body sizes in polar ectotherms have been associated with low rates of growth 

sustained over a longer life span (Weymouth et al., 1931 ). Shorter life spans and 
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smaller body sizes reported in lower latitude ectotherms may therefore be associated 

with higher energy consumption and expenditure, and with faster growth and 

development. Selection for fast development and early reproduction may also result in 

the divergence of energy towards reproduction soon after maturity, depleting 

recourses for future growth and survival. Perhaps leading to smaller adult body sizes 

and increasing adult mortality reinforcing selection for fast development and early 

reproduction (see Lonsdale & Levinton, 1985). At lower latitudes, selection for higher 

energy life-histories may lead to body size being constrained by higher energy 

demands, as above a maximum body size maintenance costs can not be supported by 

nutrient or oxygen uptake (Lonsdale & Levinton, 1985). Especially as oxygen 

saturations decrease at lower latitudes due to the effect of temperature on oxygen 

solubility (Chappelle & Peck, 1999a;b ). However, the hypothesis that lower oxygen 

saturations limit body size remains controversial (eg. Spicer & Gaston, 1999; Woods 

et al., 2009) 

Lower overall energy budgets at higher latitudes may also explain 

fundamental differences in the ability of sub-arctic/boral species (i.e. G. oceanicus) 

and warm temperate species (i.e. G. locusta) to exhibit compensation of energy 

consumption and expenditure across a latitudinal thermal gradient. Clarke (1991; 

1993) suggests that MCA would be unlikely to evolve in energy-limited environments, 

as a trade-off between metabolism and other energetically demanding processes, such 

as reproduction, would lead to inherent fitness costs. However, at warmer temperate 

latitudes where food supply may not be as seasonal, higher energy budgets may allow 

MCA to evolve. Low energy consumption and energy conservation may also be 

adaptive in low energy environments, especially in those species/populations reliant 
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on seasonal primary production, perhaps leading to K-selection for low energy life­

history traits (Clarke, 1991; 1993; 2003), reported in polar amphipods (Steele & 

Steele, 1972; 1973; Weslawski & Legezynska, 2002). 

Conversely, r-selected traits, such as higher rates of growth, development and 

reproduction, associated with southern species/populations of amphipods including G. 

oceanicus (Steele & Steele, 1972; 1973; Weslawski & Legezynska, 2002) may lead to 

selection for higher rates of energy turnover in higher temperature more eurythermal 

temperate environments (Portner, 2005). As well as, the direct effect of higher mean 

temperatures on the kinetics of ATP sensitive processes such as protein synthesis. 

However, the high intertidal eurytherm G. d. duebeni only exhibited higher metabolic 

rates than its low-intertidal congeneric G. locusta or G. oceanicus at 69°N. As well as 

showing little variation in energy consumption, G. d. duebeni shows no evidence of 

high energy turnover or expenditure. In fact, it exhibits comparatively low rates of 

protein synthesis despite its unstable environment. Low rates of protein synthesis are 

in keeping with low rates of growth and development reported in G. d. duebeni 

(Steele & Steele, 1973; A. M. Posacka & S.P.S. Rastrick, unpublished data). Such K­

selected traits are unusual in a eurythermal species inhabiting an unstable 

environment and may be a result of resource limitation. 

Portner et al. (2005; 2007) suggests that the level of eurythermy at the low 

temperature extreme of a species range, known as cold-eurythermy, determines the 

level of MCA. This is supported by MCA reported between terrestrial species of 

insects (Addo-Bediako, et al., 2002) but not between teleost species from more stable 

marine environments (Clarke & Johnston, 1999). By determining the level of MCA in 

high latitude species/population, the degree of cold-eurythermy, determines the level 
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of ATP available for protein synthesis, (Portner et al. 2005; 2007). Facilitating 

intraspecific compensation of protein synthesis and possibly growth in the eurytherm 

G. d. duebeni, despite inhabiting latitudes of 70°N which is well inside the Arctic 

Circle (Chapter 2). 

As well as elevated oxygen uptake and ATP availability for protein synthesis, 

the RNA machinery of protein synthesis is also up regulated in lower temperature 

populations of G. d. duebeni (Chapter 3). This compensatory response in response to 

temperature dependent decreases in RNA activities (KRNA) is well supported in the 

literature (Goolish et al., 1984; Houlihan, 1991; Foster et al., 1992; 1993a; b; 

McCarthy et al., 1999; Robertson et al., 2001 b; Fraser et al. 2002a; Storch et al., 2003; 

Treberg et al., 2005; Whiteley & Faulkner, 2005; Intanai et al., 2009). However, 

compensation of protein synthesis rates reported between latitudinal populations of G. 

locusta is not reliant on variations in RNA concentration but via direct compensation 

of KRNA (Chapter 3). Direct optimisation of RNA efficiency to varying temperature 

has only previously been reported in vitro in the Antarctic scallop, Adamussium 

colbecki and the temperate eel pout, Zoarces viviparous (Storch et al., 2003; 2005). 

Lower activation energies (Ea) of protein synthesis at lower temperatures in Z. 

viviparous (Storch et al., 2005) indicates the optimisation of enzymes and pathways 

involved in protein synthesis to lower temperatures (Jankowsky et al., 1981). The 

optimisation of enzymes to lower temperatures in northern populations of G. locusta 

is also indicated by a reduction in the Ea of metabolism with latitude (Chapter 2). 

Possible variations in isozyme expression in latitudinally distinct populations of G. 

locusta warrants future investigation. This intraspecific variation may possibly be 

supported by greater genetic diversity reported between populations of G. locusta 
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compared to G .oceanicus (Costa et al., 2009). Recent phylogenic study of gammarid 

species/populations using CO 1 revealed that G. oceanicus and G. setosus share a 

putative phylogroup with other more stenothermal Arctic species, such as G. wilkizkii. 

Whereas, G. locusta is more closely related to other warmer water, less stenothermal 

Mediterranean and Black Sea gammarids (Costa et al., 2009), perhaps suggesting that 

ancestral thermal history and phylogeny is important in determining energy 

consumption and expenditure. This may suggest a genetic basis for intraspecific 

variation in energy consumption, a hypothesis supported in insects (Addo-Bediako, et 

al., 2002). 

The ability of marine ectotherms to adapt or acclimatise to long or short term 

variations in temperature may depend on variations in rates of energy consumption, 

perhaps putting polar ectotherms at greater risk from climate change. In the face of 

future climate change the outlook for ecologically important Arctic-boreal crustaceans, 

such as G. setosus and northern populations of G. oceanicus, may be bleak due to 

reduced aerobic scopes and the inability to tolerate increases in temperature (Chapter 

2). Lower rates of protein synthesis may also affect the ability of polar ectotherms to 

survive climate change (Hawkins, 1991; Reid et al., 1998; Fraser & Rogers, 2007). 

The ability of polar ectotherms to survive short-term fluctuations in temperature may 

be affected by restricted protein turnover. However, the present study has 

demonstrated that species such as G. d. dubeni that are extremely tolerant of 

temperature change may exhibit low rates of protein synthesis and possibly protein 

turnover. 

K-selected traits such as slow growth and development, increasing time to 

reproductive maturity and lower reproductive output associated with low energy 
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consumption and expenditure may also affect the ability of marine ectotherms to 

adapt and evolve to long-term variations in mean temperature. It is also possible that 

temperate marine ectotherms, such as G. locusta, may migrate north as temperatures 

increase and out-compete Arctic species and populations; due to high rates of activity, 

growth and development associated elevated rates of ATP and protein synthesis. In 

addition to a greater capacity for adaptation due to shorter generation times and 

greater reproductive output supported by MCA. Therefore, not only are polar 

ectotherms restricted geographically as temperatures increase, but are also restricted 

physiologically. 

132 



References 

References 

133 



References 

Addo-Bediako, A., Chown, S.L. & Gaston, K.J. (2000) Thermal tolerance, climatic 
variability and latitude. Proceedings of the Royal Society of London Series B­
Biological Sciences, 267, 739-745. 

Addo-Bediako, A., Chown, S.L. & Gaston, K.J. (2002) Metabolic cold adaptation in 
insects: a large-scale perspective. Functional Ecology, 16, 332-338. 

Ali, K.S., Dorgai, L., Gazdag, A., Abraham, M. & Hermesz, E. (2003) Identification 
and induction ofhsp70 gene by heat shock and cadmium exposure in carp. Acta 
Biologica Hungarica, 54, 323-334. 

Alpatov, W.W. & Pearl R. (1929) Experimental studies on the duration oflife. XXL 
Influence of temperature during the larval period and adult life on the duration of 
life of the imago of Drosophila melanogaster. American Naturalist, 63, 33-67. 

Anuaas, T., Baust, J. G. & Zachariessen, K.E. (1983) Eco-physiological studies on 
arthropods from Spitsbergen. Polar Research, 1, 235-240. 

Arnett, A.E. & Gotelli, N.J. (1999a) Bergmann's rule in the ant lion Myrmeleon 
immaculatus DeGeer (Neuroptera: Myrmeleontidae): geographic variation in body 
size and heterozygosity. Journal of Biogeography, 26, 275-283. 

Arnett, A.E. & Gotelli, N.J. (1999b) Geographic variation in life-history traits of the 
ant lion, Myrmeleon immaculatus: Evolutionary implications ofBergmann's rule. 
Evolution, 53, 1180-1188. 

Arnett, A.E. & Gotelli, N.J. (2002) Bergmann's rule in laval ant lions: testing the 
starvation resistance hypothesis. Ecological Entomology, 80, 708-716. 

Arntz, W. E., Brey, T. & Gallardo, V. A. (1994) Antarctic zoobenthos. Oceanography 
and Marine Biology, 32, 241-304. 

Ashton, K.G. & Feldman, C.R. (2003) Bergmann's rule in nonavian reptiles: Turtles 
follow it, lizards and snakes reverse it. Evolution, 57, 1151-1163. 

Atkinson, D. & Sibly, R.M. 1997. Why are organisms usually bigger in colder 
environments? Making sense of a life history puzzle. Trends in Ecology and 
Evolution, 12, 235-239. 

Bailey, T.G. & Robison, B.H. (1986) Food Availability as a Selective Factor on the 
Chemical-Compositions ofMidwater Fishes in the Eastern North Pacific. Marine 
Biology, 91, 131-141. 

Barnes, D.K.A. (1995) Seasonal and annual growth in erect species of Antarctic 
bryozoans. Journal of Experimental Marine Biology and Ecology, 188, 181-198. 

134 



References 

Barnes, D.K.A., Webb, K. & Linse, K. (2006) Slow growth of Antarctic bryozoans 
increases over 20 years and is anomalously high in 2003. Marine Ecology Progress 
Series, 314, 187-195. 

Bates, G.W. & Cleland, R.E. (1979) Protein-synthesis and auxin-induced growth -
inhibitor studies. Planta, 145, 437-442. 

Belk, M.C. & Houston, D.D. (2002) Bergmann's rule in ectotherms: A test using 
freshwater fishes. American Naturalist, 160, 803-808. 

Bergmann, C. (1847) Uber die Verhaltnisse der Warmeokonomie der Thiere zuihrer 
Grosse. Gotland Studies, 1, 595-708. 

Berrigan, D. & Partridge, L. (1997) Influnce of temperature and activity on the 
metabolic rate of adult Drosophila melangaster. Comparative Biochemistry and 
Physiology, 118A, 1301-1307. 

Berven, K.A., Gill, D.E., & Smithgill, S.J. (1979) Countergradient selection in the 
green frog, Rana clamitans. Evolution, 33, 609-623. 

Block, W. & Young, S.R. (1978) Metabolic adaptation of Antarctic terrestrial micro­
arthropods. Comparative Biochemistry and Physiology, 61A, 363-368. 

Bluhm, B. A., Brey, T. & Klages, M. (2001) The autofluorescent age pigment 
lipofuscin: key to age, growth and productivity of the Antarctic amphipod, 
Waldeckia obesa (Chevreux, 1905). Journal of Experimental Marine Biology and 
Ecology, 258, 215-235. 

Bosch, I., Beauchamp, K.A., Steele, M.E. & Pearse, J.S. (1987) Development, 
metamorphosis, and seasonal abundance of embryos and larvae of the Antarctic sea­
urchin Sterechinus neumayeri. Biological Bulletin, 173, 126-13 5. 

Bolliet, V., Cheewasedtham, C., Houlihan, D., Gelineau, A. & Boujard, T. (2000) 
Effect of feeding time on digestibility, growth performance and protein metabolism 
in the rainbow trout Oncorhynchus mykiss: interactions with dietary fat levels. 
Aquatic Living Resources, 13, 107-113. 

Bowden, D.A., Clarke, A., Peck, L.S. & Barnes, D.K.A. (2006) Antarctic sessile 
marine benthos: colonisation and growth on artificial substrata over three years. 
Marine Ecology Progress Series, 316, 1-16. 

Bregazzi, P. K. (1972) Life cycles and seasonal movements of Cheirimedon 
femoratus (Pfeffer) and Tryphosella kergueleni (Meirs) (Crustacea, Amphipoda). 
British Antarctic Survey Bulletin, 30, 1-34. 

135 



References 

Brehm, G. & Fiedler, K. (2004) Bergrnann's rule does not apply to geometrid moths 
along an elevational gradient in an Andean montane rain forest. Global Ecology and 
Biogeography, 13, 7-14 

Brett, J. R. (1979) Environmental factors and growth. In. Fish Physiology and 
Growth, Vol 8 (W.S. Hoar, D.J. Randall J.R. Brett, eds) 599-667. Academic Press, 
New York. 

Buick, D.P. & lvany, L.C. (2004) 100 years in the dark: Extreme longevity of Eocene 
bivalves from Antarctica. Geology, 32, 921-924. 

BuKau, B & Horwich, A.L. (1998) The HSP70 and HSP60 chaperone machines. Cell, 
92, 351-366 

Bullock, T.H. (1955) Compensation for temperature in the metabolism and activity of 
poikilotherms. Biological Review, 30, 311-342. 

Bulnheim, H. P. (1979) Comparative studies on the physiological ecology of five 
euryhaline Gammarus species. Oecologia, 44, 80-86. 

Burton, R.S. (1991) Regulation of proline synthesis in osmotic response - Effects of 
protein-synthesis inhibitors. Journal of Experimental Zoology, 259, 272-277. 

Carter, C. G. Houlihan, D. F., McCarthy, I.D. & Braefield, A.E. (1992) Variation in 
the food intake of grass carp, Ctenopharyngodon idella (Val.), fed singly or in 
groups. Aquatic Living Resources, 5, 225-228. 

Carter, C. G. & Houlihan, D. F. (2001) Protein synthesis. In. Fish Physiology; 
Nitrogen Excretion. Vol 20. (P.A. Wright & P.M. Andersen, eds) 31-75. Academic 
Press, London. 

Castaneda, L.E., Lardies, M.A. & Bozinovic, F. (2004) Adaptive latitudinal shifts in 
the thermal physiology of a terrestrial isopod. Evolutionary Ecology Research, 6, 
579-593. 

Cavaliersmith, T. (1978) Nuclear volume control by nucleoskeletal DNA, selection 
for cell-volume and cell-growth rate, and solution of DNA C-Value paradox. 
Journal of Cell Science, 34, 247-278. 

Chapelle, G. & Peck, L.S. (1995) The influence of acclimation and substratum on the 
metabolism of the Antarctic amphipods Waldeckia obesa (Chevreux 1905) and 
Bovallia gigantea (Pfeffer 1888). Polar Biology, 15, 225-232. 

Chapelle, G. & Peck, L.S. (1999a). Polar gigantism dictated by oxygen availability. 
Nature, 399, 114-115. 

136 



References 

Chapelle, G. & Peck, L. S. (1999b). Reply to "Spicer J.L. & Gaston K.J. -Amphipod 
gigantism dictated by oxygen availability?" Ecology Letters, 2, 401-403. 

Chappell, M.A. (1983) Metabolism and thermoregulation in desert and montane 
grasshoppers. Oecologia, 56, 126-131. 

Childress, J.J. & Seibel, B.A. (1998) Life at stable low oxygen levels: Adaptations of 
animals to oceanic oxygen minimum layers. Journal of Experimental Biology, 201, 
1223-1232. 

Chown, S.L, Addo-Bediako, A. & Gaston, K.J. (2003) Physiological diversity: 
Listening to the large-scale signal. Functional Ecology, 17,4, 568-572 

Chown, S.L. & Gaston, K.J. (1999) Exploring links between physiology and ecology 
at macro-scales: the role of respiratory metabolism in insects. Biological Reviews, 
74, 87-120. 

Christie, H. & Kraufvelin, P. (2003) Mechanisms regulating amphipod population 
density within macroalgal communities with low predator impact. Scientia Marina, 
68, 189-198. 

Clark, M.S., Fraser, K.P .P. & Peck, L.S. (2008) Lack of an HSP70 heat shock 
response in two Antarctic marine invertebrates. Polar Biology, 31, 1059-1065. 

Clarke, A. (1987) Temperature, latitude and reproductive effort. Marine Ecology 
Progress Series, 38, 89-99. 

Clarke, A. (1988) Seasonality in the Antarctic marine-environment. Comparative 
Biochemistry and Physiology, 90B, 461-473. 

Clarke, A. (1991) What is cold adaptation and how should we measure it? American 
Zoologist, 31, 81-92. 

Clarke, A. (1993) Seasonal acclimatization and latitudinal compensation in 
metabolism - Do they exist? Functional Ecology, 7, 139-149. 

Clarke, A. (2003) Costs and consequences of evolutionary temperature adaptation. 
Trends in Ecology and Evolution, 18, 573-581. 

Clarke, A. (2006) Temperature and the metabolic theory of ecology. Functional 
Ecology, 20, 405-412. 

Clarke, A. & Johnston, N. M. (1999) Scaling of metabolic rate with body mass and 
temperature in teleost fish. Journal of Animal Ecology, 68, 893-905. 

Clarke, A. & Fraser, K.P.P. (2004) Why does metabolism scale with temperature? 
Functional Ecology, 18, 243-251. 

137 



References 

Clarke, A., Holmes, L.J. & White, M.G. (1988) The annual cycle of temperature, 
chlorophyll and major nutrients at Signy Island, South Orkney Islands, 1969-82. 
British Antarctic Survey Bulletin, 80, 65-86. 

Clarke, A., Prothero-Thomas, E., Beaumont, J.C., Chapman, A.L. & Brey, T. (2004) 
Growth in the limpet Nace/la concinna from contrasting sites in Antarctica. Polar 
Biology, 28, 62-71. 

Classon & Zauke, G.P (2000). Bioaccumulation of trace metals in marine and 
estuarine amphipods: evaluation and verification oftoxicokinetic models. Canadian 
Journal of Fisheries and Aquatic Sciences, 57, 1410-1422. 

Coleman, M.J., Konstant, P.H., Rothman, B.S. & Nusbaum, M.P. (1994) 
Neuropeptide degradation produces functional inactivation in the crustacean 
nervous-system. Journal of Neuroscience, 14, 6205-6216. 

Conceicao, L.E.C., Houlihan, D.F. & Verreth, J.A.J. (1997) Fast growth, protein 
turnover and costs of protein metabolism in yolk-sac larvae of the African catfish 
(Clarias gariepinus). Fish Physiology and Biochemistry, 16, 291-302. 

Conover, D.O. (1990) The relationship between capacity for growth and length of 
growing-season - evidence for and implications of countergradient variation. 
Transactions of the American Fisheries Society, 119, 416-430. 

Conover, D.O., Brown, J.J. & Ehtisham, A. (1997) Countergradient variation in 
growth of young striped bass (Marone saxatilis) from different latitudes. Canadian 
Journal of Fisheries and Aquatic Sciences, 54, 2401-2409. 

Conover, D.O. & Present, T.M.C. (1990) Countergradient variation in growth-rate -
compensation for length of the growing-season among Atlantic silversides from 
different latitudes. Oecologia, 83, 316-324. 

Cossins, A.R. & Bowler, K. (1987) Temperature Biology of Animals. Cossins, a. R. 
and K. Bowler. Temperature Biology of Animals. Chapman and Hall: London, 
England, UK. 

Costa, F.O. & Costa, M.H. (2000) Review of the ecology of Gammarus locusta (L.). 
Polish Archives of Hydrobiology, 48, 541-559. 

Costa, F. 0., Neuparth, T., Theodorakis, C. W., Costa, M. H. & Shugart, L. R. (2004) 
RAPD analysis of southern populations of Gammarus locusta: comparison with 
allozyme data and ecological inferences. Marine Ecology Progress Series, 277, 197-
207. 

138 



References 
. . 

Costa, P.O., Neuparth, T., Correia, A.D. & Costa, P,O. (2005).Multi-level assessment 
of chronic toxicity of estuarine sediments with the amphipod Gammarus locusta: IL 
Organism and population-level endpoints. Marine Environmental Research, 60, 93-
110. 

Costa P.O., Henzler C.M., Lunt D.H., Whiteley N.M. & Rock J. (2009) Probing 
marine Gammarus (Amphipoda) taxonomy with DNA barcodes. Systematics and 
Biodiversity, 7, 365- 379. 

Cowey, C.B. (1992) Nutrition: Estimating requirements of rainbow trout. 
Aquaculture, 100, 177-189 

Cowles, R.B. (1945) Surface-mass ratio, paleoclimate heat sterility. American 
Naturalist, 79, 561-567. 

Dayton, P .K. (1989) Interdecadal variation in an Antarctic sponge and its predators 
from oceanographic climate shifts. Science, 245, 1484-1486. 

Dayton, P.K., Robillia.G, Paine, R.T. & Dayton, L.B. (1974) Biological 
accommodation in benthic community at McMrudo-Sound, Antarctica. Ecological 
Monographs,44, 105-128. 

De Broyer, C. (1977) Analysis of the gigantism and dwarfness of Antarctic and 
Subantarctic Gammaridean Amphipoda. In. Adaptations within Antarctic 
Ecosystems. Smithsonian Institute, Washington. 

Dittman, D. E. (1997) Latitudinal compensation in oyster ciliary activity. Functional 
Ecology, 11, 573-578. 

DiMichele, L. & Westerman, M.E. (1997) Geographic variation in development rate 
between populations of the teleost Fundulus heteroclitus. Marine Biology, 128, 1-7. 

Ege, R. & Krogh, A. (1914) On the relation between the temperature and the 
respiratory exchange in fishes. Internationale Revue der Gesamten Hydrobiologie 
und Hydrographie, 1, 48-55. 

Egginton, S. & Sidell, B.D. (1989) Thermal-acclimation induces adaptive-changes in 
sub cellular structure of fish skeletal-muscle. American Journal of Physiology, 256, 
Rl-R9. 

Eilertsen, H., Taasen, C.H. & W~slawski, J.M. (1989) Phytoplankton studies in the 
fiords of west Spitsbergen: Physical environment and production in spring and 
summer. Journal of Plankton Research, 11, 1245-1260. 

Einarson, S. (1993) Effects of temperature, seawater osmolality and season on oxygen 
consumption and osmoregulation of the amphipod Gammarus oceanicus. Marine 
Biology, 117, 599-606. 

139 

~ 

\ i\ '\ ~ 
·. it . 



References 

Ekman, S. (1953) Zoogeography of the Sea. Sedgwick and Jackson, London. 

Ellis, R.J. & Macdonal. I. (1970) Specificity of cycloheximide in higher plant systems. 
Plant Physiology, 46, 227. 

Feder, M.E. (1985) Acclimation to constant and variable temperatures in plethodontid 
salamanders .1. Rates of oxygen-consumption. Comparative Biochemistry and 
Physiology, 81A, 673-682. 

Feder, M.E. & Hoffmann, G.E. (1999) Heat-shock proteins, molecular chaperones, 
and the stress response: Evolutionary and ecological physiology. Annual Review of 
Physiology, 61, 243-282. 

Fenchel, T.M. & Kolding, S. (1979) Habitat selection and istribution patterns of 5 
species of the amphipod Genus Gammarus. Oikos, 33, 316-322. 

Fernandez, D.A., Calvo, J., Franklin, C.E. & Johnston, I.A. (2000) Muscle fibre types 
and size distribution in sub-antarctic notothenioid fishes. Journal of Fish Biology, 
56, 1295-1311. 

Fernandez, D.A., Calvo, J. & Johnston, I.A. (2005) Muscle growth in Antarctic and 
Subantarctic notothenioid fishes. Scientia Marina, 69, 325-336. 

Fialkowski, W. & Rainbow, P.S. (2006) The discriminatory power of two biomonitors 
of trace metal bioavailabilities in freshwater streams. Water Research, 40, 1805-
1810. 

Foster, A.R., Hall, S.J. & Houlihan, D.F. (1993) The effects of seasonal 
acclimatization on correlates of growth-rate in juvenile cod, Gadus morhua. Journal 
of Fish Biology, 42, 461-464. 

Foster, A.R., Houlihan, D.F. & Hall, S.J. (1993) Effects of nutritional regime on 
correlates of growth-rate in juvenile atlantic cod (Gadus morhua) - Comparison of 
morphological and biochemical measurements. Canadian Journal of Fisheries and 
Aquatic Sciences, 50, 502-512. 

Foster, A.R., Houlihan, D.F., Hall, S.J. & Burren, L.J. (1992) The effects of 
temperature-acclimation on protein-synthesis rates and nucleic-acid content of 
juvenile cod (Gadus morhua). Canadian Journal of Zoology-Revue Canadienne De 
Zoologie, 70, 2095-2102. 

Fox, H.M. (1939) The activity and metabolism of poikilothermal animals in different 
latitudes. Proceedings of the Zoological Society of London, 109, 141-156. 

Frankel, J. (1970) An analysis ofrecovery ofTetrahymena from effects of 
cycloheximide. Journal of Cellular Physiology, 76, 55-64. 

140 



References 

Franklin, C.E. (2009) Conservation physiology: Assessing and forecasting the 
responses of organisms to environmental change. Comparative Biochemistry and 
Physiology,153A, S56-S56. 

Fraser, K.P.P., Clarke, A. & Peck, L.S. (2002a) Low-temperature protein metabolism: 
seasonal changes in protein synthesis and RNA dynamics in the Antarctic limpet 
Nacella concinna Strebel 1908. Journal of Experimental Biology, 205, 3077-3086. 

Fraser, K.P.P., Clarke, A., & Peck, L.S. (2002b) Feast and famine in Antarctica: 
seasonal physiology in the limpet Nacella concinna. Marine Ecology-Progress 
Series, 242, 169-177. 

Fraser, K.P.P., Peck, L.S. & Clarke, A. (2004) Protein synthesis, RNA concentrations, 
nitrogen excretion, and metabolism vary seasonally in the Antarctic holothurian 
Heterocucumis steineni (Ludwig 1898). Physiological and Biochemical Zoology, 77, 
556-569. 

Fraser, K.P.P., Clarke, A. & Peck, L.S. (2007) Growth in the slow lane: protein 
metabolism in the Antarctic limpet Nacella concinna (Strebel 1908). Journal of 
Experimental Biology, 210, 2691-2699. 

Fraser, K.P.P. & Rogers, A.D. (2007) Protein metabolism in marine animals: the 
underlying mechanism of growth. Advances in Marine Biology, 52, 268-362 

Fry, B.J. & Gross, P.R. (1970) Patterns and rates of protein synthesis in sea urchin 
embryos .2. Calculation of absolute rates. Developmental Biology, 21, 125-146. 

Garland, T. & Adolph, S.C. (1994) Why not to do 2-species comparative studies 
limitations on inferring adaptation. Physiological Zoology, 67, 797-828. 

Garlick, P.J., McNurlan, M.A. & Preedy, V.R. (1980) A rapid and convenient 
technique for measuring the rate of protein-synthesis in tissues by injection of 
Phenylalanine-H-3. Biochemical Journal, 192, 719-723. 

Garren, L.D., Crocco, R.M., Howell, R.R. & Tomkins, G.M. (1964) Paradoxical 
effect of actinomycin D - Mechanism of regulation of enzyme synthesis by 
hydrocortisone. Proceedings of the National Academy of Sciences of the United 
States of America, 52, 1121-1129. 

Garvey, J.E. & Marschall, E.A. (2003) Understanding latitudinal trends in fish body 
size through models of optimal seasonal energy allocation. Canadian Journal of 
Fisheries and Aquatic Sciences, 60, 938-948. 

Gaston, K.J. & Spicer, J.I. (1998) Do upper thermal tolerances differ in 
geographically separated populations of the beachflea Orchestia gammarellus 
(Crustacea : Amphipoda)? Journal of Experimental Marine Biology and Ecology, 
229, 265-276. 

141 



References 

Gaston, K.J. & Spicer, J.I. (2001) The relationship between range size and niche 
breadth: a test using five species of Gammarus (Amphipoda). Global Ecology and 
Biogeography,10, 179-188. 

Gaston, K.J., Chown, S.L., Calosi, P., Bernardo, J., Bilton, D.T., Clarke, A., Clusella­
Trullas, S., Ghalambor, C.K., Konarzewski, M., Peck, L.S., Porter, W.P., Poertner, 
H.O., Rezende, E.L., Schulte, P.M., Spicer, J.I., Stillman, J.H., Terblanche, J.S. & 
van Kleunen, M. (2009) Macrophysiology: A Conceptual Reunification. American 
Naturalist, 174, 595-612. 

Gilbert, N.S. (1991) Microphytobenthic Seasonality in near-shore marine-sediments 
at Signy Island, South Orkney Islands, Antarctica. Estuarine Coastal and Shelf 
Science, 33, 89-104. 

Gerlach, G. H., Turay, L., Malik, K.T.A., Lida, J., Scutt, A. & Goldspink, G. (1990). 
Mechanisms of temperature acclimation in the carp: a molecular biology approach. 
American Journal of Physiology, 259, R237-R244 

Gilchrist, G.W., Jeffers, L.M., West, B., Folk, D.G., Suess, J. & Huey, R.B. (2008) 
Clinal patterns of desiccation and starvation resistance in ancestral and invading 
populations of Drosophila subobscura. Evolutionary Applications, 1, 513-523. 

Goolish, E.M., Barron, M.G. & Adelman, LR. (1984) Thermoacclimatory response of 
nucleic acid and protein content of carp muscle-tissue - Influence of growth-rate and 
relationship to glycine uptake by scales. Canadian Journal of Zoology, 62, 2164-
2170. 

Goustin, A.S. & Wilt, F.H. (1981) Protein-synthesis, polyribosomes, and peptide 
elongation in early development of Strongylocentrotus purpuratus. Developmental 
Biology, 82, 32-40. 

Gotthard, K., Nylin, S. & Wiklund, C. (2000) Individual state controls temperature 
dependence in a butterfly (Lassiommata maera). Proceedings of the Royal Society 
of London. 267B, 589-593. 

Grange, L.J., Tyler, P.A., Peck, L.S. & Cornelius, N. (2004) Long-term interannual 
cycles of the gametogenic ecology of the Antarctic brittle star Ophionotus victoriae. 
Marine Ecology-Progress Series, 278, 141-155. 

Gregory, T.R. (2001) Coincidence, coevolution, or causation? DNA content, cell size, 
and the C-value enigma. Biological Reviews, 76, 65-101. 

Grollman, A.P. (1966) Inhibition by emetine of transfer factor in protein synthesis. 
Federation Proceedings, 25, 215-238. 

142 



References 

Hamilton, L.D., Fuller, W. & Reich, E. (1963) X-ray diffraction and molecular model 
building studies of interaction of actinomycin with nucleic acids. Nature, 198, 538-
540. 

Hartl, F.U. (1996) Molecular chaperones in protein folding. Nature, 381: 571-580 

Harvey, H. W. (1955) The Chemistry and Fertility of Seawaters. Cambridge 
University Press, Cambridge, UK. 

Hawkins, A.J.S. (1985) Relationships between the synthesis and breakdown of protein, 
dietary absorption and turnovers of nitrogen and carbon in the blue mussel, Mytilus 
edulis. Oecologia, 66, 42-49. 

Hawkins, A.J.S. (1991) Protein turnover - a functional appraisal. Functional Ecology, 
5, 222-233. 

Hawkins, A.J.S. (1995) Effects of temperature-change on ectotherm metabolism and 
evolution - metabolic and physiological interrelations underlying the superiority of 
multilocus heterozygotes in heterogeneous environments. Journal of Thermal 
Biology, 20, 23-33. 

Hawkins, A.J.S., Bayne, B.L. & Day, A.J. (1986) Protein turnover, physiological 
energetics and heterozygosity in the Blue Mussel, Mytilus edulis - the basis of 
variable age-specific growth. Proceedings of the Royal Society of London, 229B, 
161-176. 

Hawkins, A.J.S. & Day, A.J. (1996) The metabolic basis of genetic differences in 
growth efficiency among marine animals. Journal of Experimental Marine Biology 
and Ecology, 203, 93-115. 

Hawkins, A.J.S., Widdows, J. & Bayne, B.L. (1989) The relevance of whole-body 
protein metabolism to measured costs of maintenance and growth in Mytilus edulis. 
Physiological Zoology, 62, 745-763. 

Heilmayer, 0., Brey, T. & Portner, H.O. (2004) Growth efficiency and temperature in 
scallops: a comparative analysis of species adapted to different temperatures. 
Functional Ecology, 18, 641-647. 

Hershko, A. & Ciechanover, A. (1982) Mechanisms of intracellular protein 
breakdown. Annual Review of Biochemistry, 51, 335-364. 

Hershko, A. & Ciechanover, A. (1998) The ubiquitin system. Annual Review of 
Biochemistry, 67, 425-479. 

Hewitt, D.R. (1992) Response of protein turnover in the brown tiger prawn Penaeus 
esculentus to variation in dietary protein content. Comparative Biochemistry and 
Physiology, 103A, 183-187. 

143 



References 

Hoar, W.S. (1975) General and Comparative Physiology. Prentice-Hall Inc. New 
Jersey, USA 

Hobday, A. (1995) Body size variation exhibited by an intertidal limpet - Influence of 
wave exposure, tidal height and migratory behaviour. Journal of Experimental 
Marine Biology and Ecology, 189, 29-45. 

Hochachka, P.W. & Somero, G.N. (2002). Biochemical Adaptation: Mechanism and 
Process in Physiological Evolution. Oxford University Press, Oxford. 

Hodkinson, I.D. (2003) Metabolic cold adaptation in arthropods: a smaller-scale 
perspective. Functional Ecology, 17, 562-572. 

Horst, M.N. (1989) Association between chitin synthesis and protein synthesis in the 
shrimp Penaeus vannamei. Journal of Crustacean Biology, 9, 257-265. 

Horst, M.N. (1990) Concurrent protein synthesis is required for in vivo chitin 
synthesis in postmolt blue crabs. Journal of Experimental Zoology, 256, 242-254. 

Houlihan, D.F. (1991) Protein turnover in ectotherms and its relationships to 
energetics. Advances in Comparative and Environmental Physiology, Vol. 7. (D.F 
Houlihan,., D.R. Livingstone and R.F. Lee, eds.), Springer-Verlag: Berlin, 
Germany; New York, New York, USA. 

Houlihan, D. F. & Allan, D. (1982) Oxygen-consumption of some Antarctic and 
British gastropods - an evaluation of cold adaptation. Comparative Biochemistry 
and Physiology, 73A, 383-387. 

Houlihan, D.F., McMillan, D.N., Agnisola, C., Genoino, LT. & Foti, L. (1990) 
Protein synthesis and growth in octopus-vulgaris. Marine Biology, 106, 251-259. 

Houlihan, D.F., Pannevis, P. & Heba, H. (1993) Protein synthesis in juvenile tilapia 
Oreochromis mossambicus. Journal of the World Aquaculture Society, 24, 145-151. 

Houlihan, D. F., Carter, C.G. & McCarthy, I.D. (1995) Protein turnover in animals. 
In, Nitrogen Metabolism and Excretion. (P.J. Walsh & P. Wright, eds.), 1-32. CRC 
Press, Boca Raton, FL, USA. 

Heinze, J., Foitzik, S., Fischer, B., Wanke, T. & Kipyatkov, V.E. (2003) The 
significance oflatitudinal variation in body size in a holarctic ant, Leptothorax 
acervorum. Ecography. 26, 349-355. 

Hershko, A. & Ciechanover, A. (1982) Mechanisms ofintrellularprotein break-down. 
Annual Review of Biochemistry, 51, 335-364. 

Hershko, A. & Ciechanover, A. (1998) The ubiquitin system. Annual Review of 
Biochemistry, 67, 425-479. 

144 



References 

Hubbs, C.L. (1948) Changes in the fish fauna of western North-America correlated 
with changes in ocean temperature. Journal of Marine Research, 7, 459-482. 

Hurwitz, J., Alexander, M., Furth, J.J. & Malamy, M. (1962) Role of 
deoxyribonucleic acid in ribonucleic acid synthesis, .3. Inhibition of enzymatic 
synthesis of ribonucleic acid and deoxyribonucleic acid by actinomycin D and 
proflavin. Proceedings of the National Academy of Sciences of the United States of 
America, 48, 1222-1230. 

Hyman, L. H. (1955). The Invertebrates. Vol. 4. Echinodermata. The coelomate 
Bilateria, pp VI-763 Wiley-Liss, New York, Toronto and London. 

Intanai, I., Taylor, E.W., & Whiteley, N.M. (2009) Effects of salinity on rates of 
protein synthesis and oxygen uptake in the post-larvae and juveniles of the tropical 
prawn Macrobrachium rosenbergii ( de Man). Comparative Biochemistry and 
Physiology, 152A, 372-378. 

Ikeda, T. (1985) Metabolic rates of epipelagic marine zooplankton as a function of 
body-mass and temperature. Marine Biology, 85, 1-11. 

Ironside, J.E., Smith, J.E., Hatcher, M.J., Sharpe, R.G., Rollinson, D., & Dunn, A.M. 
(2003) Two species of feminizing microsporidian parasite coexist in populations of 
Gammarus duebeni. Journal of Evolutionary Biology, 16, 467-473. 

Ivleva, I.V. (1980) The dependence of crustacean respiration on body mass and 
habitat temperature. International Review of Hydrobiology, 65, 1-47. 

James, A.C., Azevedo, R. & Partridge, L. (1995) Thermal evolution ofrate oflarval 
development in laboratory and field populations of Drosophila melanogaster. J. 
Evolutionary Biology, 8, 315-330. 

Jankowsky, H.D., Hotopp, W. & Vsiansky, P. (1981) Effects of assay and acclimation 
temperatures on incorporation of amino-acids into protein of isolated hepatocytes 
from the european eel, Anguilla anguilla L. Journal of Thermal Biology, 6, 201-208. 

Jensen, A.J., Forseth, T. & Johnsen, B.O. (2000) Latitudinal variation in growth of 
young brown trout Salmo trutta. Journal of Animal Ecology, 69, 1010-1020. 

Jobling, M. (1985) Growth. In. Fish Energetics: New Perspectives (P. Tytler & P. 
Calow, eds) 213-230. Croom Helm, London. 

Jobling, M. (1995). The influence of environmental temperature on growth and 
conversion efficiency in fish. ICES Committee Meetings Documents. 4, 1-26 

Jobling, M. (1995). Environmental factors and rates of development and growth. In, 
Handbook of Fish Biology and Fisheries. Vol l(P.J. Hart & J. Reynolds, eds), 97-
122, Blackwell Science, Oxford, UK. 

145 



References 

Johnston, I.A. (2003) Muscle metabolism and growth in Antarctic fishes (suborder 
Notothenioidei): evolution in a cold environment. Comparative Biochemistry and 
Physiology, 136B, 701-713. 

Johnston, I.A., Walesby, N. J., Davison, W. & Goldspink, G. (1975). Temperature 
adaptation in myosin of Antarctic fish. Nature, 254, 74-75. 

Johnston, I.A., Calvo, J., Guderley, H., Fernandez, D. & Palmer, L. (1998) Latitudinal 
variation in the abundance and oxidative capacities of muscle mitochondria in 
perciform fishes. Journal of Experimental Biology, 201, 1-12. 

Johnston, I.A., Fernandez, D.A., Calvo, J., Vieira, V.L.A., North, A.W., Abercromby, 
M., & Garland, T. (2003) Reduction in muscle fibre number during the adaptive 
radiation of notothenioid fishes: a phylogenetic perspective. Journal of 
Experimental Biology, 206, 2595-2609. 

Jonassen, T.M., Imsland, A.K., Fitzgerald, R., Bonga, S.W., Ham, E.V., Naevdal, G., 
Stefansson, M.O. & Stefansson, S.O. (2000) Geographic variation in growth and 
food conversion efficiency of juvenile Atlantic halibut related to latitude. Journal of 
Fish Biology, 56, 279-294. 

Karan, D, Munjal, A.K., Gibert, P., Moreteau, B., Parkash, R. & David, J.R. (1998) 
latitudinal clines for morphometrical traits in Drosophila kikka.wai: a study of 
natural populations from the Indian subcontinent. Genetical Research, 71, 31-38 

Katersky, R.S. & Carter, C.G. (2007) High growth efficiency occurs over a wide 
temperature range for juvenile barramundi Lates calcarifer fed a balanced diet. 
Aquaculture, 272, 444-450. 

Kelly, D.W., Dick, J.T.A. & Montgomery, W.I. (2002) The functional role of 
Gammarus (Crustacea, Amphipoda): shredders, predators, or both? Hydrobiologia, 
485, 199-203. 

Kersten, W., Kersten, H. & Rauen, H.M. (1960) Action of nucleic acids on the 
inhibition of growth by actinomycin of Neurospora crassa. Nature, 187, 60-61. 

Klekowski, R. Z. & W~slawski, J.M. (1990)Atlas of the Marine Fauna of Southern 
Spitzbergen. Vol 2. Invertebrates Part 1. Polish Academy of Sciences Press, 
Gdansk, Poland. 

Kostadinova, A. & Mavrodieva, R.S. (2005) Microphallids in Gammarus insensibilis 
Stock, 1966 from a Black Sea lagoon: host response to infection. Parasitology, 131, 
347-354. 

Kreeger, D.A., Hawkins, A.J.S., Bayne, B.L. & Lowe, D.M. (1995) Seasonal 
variation in the relative utilization of dietary protein for energy and biosynthesis by 
the mussel, Mytilus edulis. Marine Ecology Progress Series, 126, 177-184. 

146 



References 

Krogh, A. (1914) The quantitative relation between temperature and standard 
metabolism in animals. Internationale Zeitschift far Physikalisch Chemische 
Biologie, 1,491-509. 

Krogh, A. (1916) The Respiratory Exchange of Animals and Man. Longmans Green, 
London. 

Kunnemann, H. (1973) Resistenzadaptation bei gehemmter proteinbiosynthese. 
Versuche mit Actinomycin D an dem fisch Rhodeus amarus. Marine Biology, 18, 
260-271. 

Kwast, K.E. & Hand, S.C. (1996) Oxygen and pH regulation of protein synthesis in 
mitochondria from Artemia franciscana embryos. Biochemical Journal, 313, 207-
213. 

Lardies, M.A., Bacigalupe, L.D. & Bozinovic, F. (2004) Testing the metabolic cold 
adaptation hypothesis: an intraspecific latitudinal comparison in the common 
woodlouse. Evolutionary Ecology Research, 6, 567-578. 

Laurence, G.C. (1975) Laboratory growth and metabolism of winter flounder 
Pseudopleuronectes americanus from hatching through metamorphosis at 3 
temperatures. Marine Biology, 32, 223-229. 

Lawton, J. H. (1992) There are not 10 million kinds of population dynamics. Oikos, 
63, 337-338. 

Lawton, J.H. (1999) Are there general laws in ecology? Oikos, 84, 177-192. 

Lee, R.E. & Baust, J.G. (1982a) Absence of metabolic cold adaptation and 
compensatory acclimation in the Antarctic fly, Belgica antarctica. Journal of Insect 
Physiology, 28, 725-729. 

Lee, R.E. & Baust, J. G. ( 1982b) Respiratory metabiolism of the Antarctic tick Ixodes 
uriae. Comparative Biochemistry and Physiology, 72A, 167-171. 

Lefevre, T., Lebarbenchon, C., Gauthier-Clerc, M., Misse, D., Poulin, R. & Thomas, 
F. (2009) The ecological significance of manipulative parasites. Trends in Ecology 
& Evolution, 24, 41-48. 

Levinton, J.S. & Monahan, R.K. (1983). The latitudinal compensation hypothesis: 
growth data and a model of latitudinal growth differentiation based upon energy 
budgets II. Intraspecific comparisons between subspecies of Ophryotrocha puerilis 
(polychaeta; Dorvilleidae ). Biological Bulletin, 165, 699-707. 

147 



References 

Levinton, J.S. 1983. The latitudinal compensation hypothesis; growth data and a 
moldel of latitudinal growth differentiation based upon energy budgets. I. 
Interspecific comparison of Ophryoteoch (polychaeta: Dorvilleidae). Biological 
Bulletin, 165, 686-698. 

Lighton, J.R.B. & Fielden, L.J. (1995) Mass Scaling of Standard Metabolism in Ticks 
- a Valid Case of Low Metabolic Rates in Sit-and-Wait Strategists. Physiological 
Zoology, 68, 43-62. 

Lincoln, R.J. (1979) British Marine Amphipoda: Gammaridea. British Museum, 
Natural History, London. UK. 

Lindsey, C.C. (1966) Body sizes of poikilotherm vertebrates at different latitudes. 
Evolution, 20, 456-465. 

Little, C. (1989) Factors governing patterns of foraging activity in littoral marine 
herbivorous molluscs. Journal of Molluscan Studies, 55, 273-284. 

Litzgus, J.D., DuRant, S.E. & Mousseau, T.A. (2004) Clinal variation in body and 
cell size in a widely distributed vertebrate ectotherm. Oecologia, 140, 551-558. 

Lonsdale, D.J. & Levinton, J.S. (1985) Latitudinal differentiation in copepod growth: 
an adaptation to temperature. Ecology, 66, 1397-1407. 

Lonsdale, D. J. & Levinton, J. S. (1989) Energy budgets oflatitudinally separated 
Scottolana canadensis (Copepoda, Harpacticoida). Limnology and Oceanography, 
34, 324-331. 

Loughna, P.T. & Goldspink, G. (1985) Muscle protein synthesis rates during 
temperature acclimation in a eurythermal ( Cyprinus carpio) and a steno thermal 
(Salmo gairdneri) species ofteleost. Journal of Experimental Biology, 118, 267-276. 

MacNeil, C., Dick, J.T.A., Johnson, M.P., Hatcher, M.J. & Dunn, A.M. (2004) A 
species invasion mediated through habitat structure, intraguild predation, and 
parasitism. Limnology and Oceanography, 49, 1848-1856. 

Lucassen, M., Koschnick, N., Eckerle, L.G. & Portner, H.O. (2006) Mitochondrial 
mechanisms of cold adaptation in cod (Gadus morhua L.) populations from 
different climatic zones. Journal of Experimental Biology, 209, 2462-2471. 

Luxmoore, R.A. (1984) A comparison of the respiration rate of some Antarctic 
isopods with species from lower latitudes. British Antarctic Survey Bulletin, 62, 53-
65. 

Mangum, C.P. (1963) Studies on speciation in Maldanid polychaetes of North 
American Atlantic coast .3. Intraspecific and interspecific divergence in oxygen 
consumption. Comparative Biochemistry and Physiology, 10, 335-349. 

148 



References 

MacLean, S.F. (1981) Introduction: invertebrates. In, Tundra Ecosystems: A 
Comparative Analysis (L.C. Bliss, O.W. Heal & J.J. Moore, eds.), pp 509-516. 
Cambridge University Press, Cambridge. 

Marcondes, C.B., Lozovei, A.L., Falqueto, A., Brazil, R.P., Galati, E.A.B., Aguiar, 
G.M. & Souza, N.A. (1999) Influence of altitude, latitude and season of collection 
(Bergmann's rule) on the dimensions of Lutzomyia intermedia (Lutz & Neiva, 1912) 
(Diptera, Psychodidae, Phlebotominae ). Memorias Do Instituto Oswaldo Cruz, 94, 
693-700. 

Marsh, A.G., Maxson, R.E. & Manahan, D.T. (2001) High macromolecular synthesis 
with low metabolic cost in Antarctic sea urchin embryos. Science, 291, 1950-1952. 

Massion, D.D. (1983) An altitudinal comparison of water and metabolic relations in 
two acridid grasshoppers (Orthoptera). Comparative Biochemistry and Physiology, 
74A, 101-105. 

Mayer, A.G. (1914) The effect of temperature upon tropical marine animals. Papers 
of the Tortugas Laboratory 6, 3-24. 

Maynard Smith. J (1963) Temperature and rate of ageing in Poikilotherms. Nature, 
199, 400-402. 

McCarthy, I.D., Carter, C.G. & Houlihan, D.F. (1992) The effect of feeding hierarchy 
on individual variability in daily feeding of rainbow trout, Oncorhynchus mykiss 
(Walbaum). Journal of Fish Biology, 41, 257-263. 

McCarthy, I.D., Houlihan, D.F., Carter, C.G. & Moutou, K. (1993) Variation in 
individual food consumption rates offish and its implications for study of nutrition 
and physiology. Proceeding of the Nutrition Society, 52, 427-436. 

McCarthy, I.D., Houlihan, D.F. & Carter, C.G. (1994) Individual variation in protein 
turnover and growth efficiency in rainbow trout, Oncorhynchus mykiss (Walbaum). 
Proceedings of the Royal Society London, 257B, 141-14 7 

McCarthy, I.D. & Houlihan, D.F. (1996) The effect of temperature on protin 
metabolism in fish: The possible consequences for wild Atlantic salmon (Sa/mo 
salar L.) stocks in Europe as a result of global warming. In, Global Warming: 
Implications for Freshwater and Marine Fish (C.M. Wood & D.G. McDonald, eds), 
51-77. Cambridge University Press, Cambridge. 

McCarthy, I., Moksness, E., & Pavlov, D.A. (1998) The effects of temperature on 
growth rate and growth efficiency of juvenile common wolffish. Aquaculture 
International, 6, 207-218. 

149 



References 

McCarthy, I. D., Moksness, E., Pavlov, D.A. & Houlihan, D.F. (1999) Effects of 
water temperature on protein synthesis and protein growth in juvenile Atlantic 
wolfish (Anarhichas lupus). Canadian Journal of Fisheries and Aquatic Science, 
56, 231-241. 

McClain C.R. & Rex M.A. (2001) The relationship between dissolved oxygen 
concentration and maximum size in deep-sea turrid gastropods: an application of 
quantile regression. Marine Biology, 139, 681-685. 

McMahon, D. (1975) Cycloheximide is not a specific inhibitor of protein synthesis in 
vivo. Plant Physiology, 55, 815-821. 

Mente, E., Houlihan, D.F., & Smith, K. (2001) Growth, feeding frequency, protein 
turnover, and amino acid metabolism in European lobster Homarus gammarus (L.) 
Journal of Experimental Zoology, 289, 419-432. 

Mills, C.A. (1988) The effect of extreme northerly climatic conditions on the life­
history of the minnow, Phoxinus phoxinus (L). Journal of Fish Biology, 33, 545-561. 

Mousseau, T.A. (1997) Ectotherms Follow the converse to Bergmann's rule. 
Evolution, 51, 530-632. 

Morimoto, R.I, Tissieres, A. & Georgopoulos, C. (1990) Stress Proteins in Biology 
and Medicine. Cold Spring harbour Laboratory Press, Cold Spring Harbor, NY. 

Mueller, P. & Diamond, J. (2001) Metabolic rate and environmental productivity: 
Well-provisioned animals evolved to run and idle fast. Proceedings of the National 
Academy of Sciences of the United States of America, 98, 12550-12554. 

Nicieza, A.G., Reiriz, L. & Brana, F. (1994) Variation in digestive performance 
between geographically disjunct populations of Atlantic salmon countergradient in 
passage time and digestion rate. Oecologia, 99, 243-251. 

Nover, L & Scharf, K.D. (1997). Heat stress proteins and transcription factors. 
Cellular and Molecular Life Sciences, 53, 80-103. 

Opalinski, K.W. (1974) Standard routine and active metabolism of the Antarctic 
amphipod Paramoera walkeri Stebbing. Polish Archives of Hydrobiology, 21, 423-
429. 

Opalinski, K. W. (1982) Metabolic compensation in Amphipoda. Polish Archives of 
Hydrobiology. 29, 367-373. 

Opalinski, K.W. & W~slawski, J.M. (1989) Ecology, metabolic rate and metabolic 
adaptations in Spitsbergen Norway Amphipods. Polskie Archiwum Hydrobiologii, 
36, 333-350. 

150 



References 

Pace, D.A. & Manahan, D.T. (2001) Differential protein accretion rates and energetic 
efficiency of protein synthesis during sea urchin development. American Zoologist, 
41, 1548-1549. 

Pace, D.A., Maxson, R.E. & Manahan, D.T. (2004) High rates of protein synthesis 
and rapid ribosomal transit times at low energy cost in Antarctic echinoderm 
embryos. Integrative and Comparative Biology, 43, 1078. 

Pace, D.A. & Manahan, D.T. (2006) Fixed metabolic costs for highly variable rates of 
protein synthesis in sea urchin embryos and larvae. Journal of Experimental Biology, 
209, 391-392. 

Pace. D.A. & Manahan. D.T. (2007) Cost of protein synthesis and energy allocation 
during development of Antarctic sea urchin embryos and Larvae. Biological 
Bulletin, 212, 115-129. 

Pannevis, M.C. & Houlihan, D.F. (1992) The energetic cost of protein synthesis in 
isolated hepatocytes ofrainbow trout (Oncorhynchus mykiss). Journal of 
Comparative Physiology, 162B, 393-400. 

Pantin, C.P.A. (1934) On the excitation of crustacean muscle. Journal of 
Experimental Marine Biology. 11, 11-27 

Pataryas, H.A., Papachat.T. & Mylonas, N. (1972) Differential effect of 
chloramphenicol and actinomycin-D on protein synthesis in decapod crustacean 
Upogebia littoralis. Hydrobiologia, 40, 19-34. 

Paul, A.J., Paul, J.M. & Smith, R.L. (1994) Energy and ration requirements of 
juvenile pacific halibut (Hippoglossus stenolepis) based on energy consumption and 
growth rates. Journal of Fish Biology, 44, 1023-1031. 

Peck, L.S. & Chapelle, G. (1999) Reply to "Spicer J.I. & Gaston K.J. -Amphipod 
gigantism dictated by oxygen availability?". Ecology Letters, 2, 401-403. 

Peck, L.S. & Conway, L.Z. (2000) The myth of metabolic cold adaptation: oxygen 
consumption in stenothermal Antarctic bivalves. Evolutionary Biology of the 
Bivalvia (E. M. Harper, J. D. Taylor & J.A Crame, eds.), pp. 441-450. Geological 
Society, London, Special Publications. 

Peck, L.S. (2002) Ecophysiology of Antarctic marine ectotherms: limits to life. Polar 
Biology, 25, 31-40. 

Pearl, R. (1928) The Rate of Living. University of London Press, London. 

Peck, L.S., Brockington, S. & Brey, T.A. (1997) Growth and metabolism in the 
Antarctic brachiopod Liothyrella uva. Philosophical Transactions of the Royal 
Society, 352B, 851-858. 

151 



References 

Pedersen, B.H. (1997) The cost of growth in young fish larvae, a review of new 
hypotheses. Aquaculture, 155, 259-269. 

Pedreira, M.E., Dimant, B., Tomsic, D. & Quesadaallue, L.A. (1995) Cycloheximide 
inhibits context memory and long-term habituation in the crab Chasmagnathus. 
Pharmacology Biochemistry and Behavior, 52, 385-395. 

Pedreira, M.E. & Maldonado, H. (2003) Protein synthesis subserves reconsolidation 
or extinction depending on reminder duration. Neuron, 38, 863-869. 

Peterson, G.L. (1977) Simplification of protein assay method of Lowry et al - Which 
is more generally applicable. Analytical Biochemistry, 83, 346-356. 

Peterson, I. & Wroblewski, J.S. (1984) Mortality rate of fishes in the pelagic 
ecosystem. Canadian Journal of Fisheries and Aquatic Sciences, 41, 1117-1120. 

Pickens, P.E. (1965) Heart rate of mussels as a function of latitude intertidal height 
and acclimation temperature. Physiological Zoology, 38, 390-405. 

Place, S. & Hofmann, G. (2005) Constitutive expression of a stress-inducible heat 
shock protein gene, hsp70, in phylogenetically distant Antarctic fish. Polar Biology, 
28, 261-267. 

Place, S.P., Zippay, M.L. & Hofmann, G.E. (2004) Constitutive roles for inducible 
genes: evidence for the alteration in expression of the inducible hsp70 gene in 
Antarctic notothenioid fishes. American Journal of Physiology-Regulatory 
Integrative and Comparative Physiology, 287, R429-R436. 

Portner, H.O. (2001) Climate change and temperature-dependent biogeography: 
oxygen limitation of thermal tolerance in animals. Naturwissenschaften, 88, 137-
146. 

Portner, H.O. (2004) Climate variability and the energetic pathways of evolution: The 
origin of endothermy in mammals and birds. Physiological and Biochemical 
Zoology, 77, 959-981. 

Portner, H.O. (2006) Climate-dependent evolution of Antarctic ectotherms: An 
integrative analysis. Deep-Sea Research Part I -Topical Studies in Oceanography, 
53, 1071-1104. 

Portner, H.O., Storch, D. & Heilmayer, 0. (2005) Constraints and trade-offs in 
climate-dependent adaptation: energy budgets and growth in a latitudinal dine. 
Scientia Marina, 69, 271-285. 

Portner, H. 0., Peck, L. & Somero, G. (2007) Thermal limits and adaptation in marine 
Antarctic ectotherms: an integrative view. Philosophical Transactions of the Royal 
Society B-Biological Sciences, 362, 2233-2258. 

152 



References 

Portner, H. 0., Storch, D. & Heilmayer, 0. (2005) Constraints and trade-offs in 
climate-dependent adaptation: energy budgets and growth in a latitudinal dine. 
Scientia Marina, 69, 271-285. 

Power, M. & McKinley, R.S. (1997) Latitudinal variation in lake sturgeon size as 
related to the thermal opportunity for growth. Transactions of the American 
Fisheries Society, 126, 549-558. 

Powers, D.A., Lauerman, T., Crawford, D. & Dimichele, L. (1991) Genetic 
mechanisms for adapting to a changing environment. Annual Review of Genetics, 25, 
629-659. 

Prato, E., Di Leo, A., Biandolino, F. & Cardellicchio, N. (2006) Sediment toxicity 
tests using two species of marine amphipods: Gammarus aequicauda and 
Corophium insidiosum. Bulletin of Environmental Contamination and Toxicology, 
76, 629-636. 

Preedy, V.R., Paska, L., Sugden, P.H., Schofield, P.S. & Sugden, M.C. (1988) The 
effects of surgical stress and short-term fasting on protein synthesis invivo in 
diverse tissues of the mature rat. Biochemical Journal, 250, 179-188. 

Prosser, C. L (1950) Comparative Animal Physiology. W. B. Saunders, Philadelphia. 

Precht, H. (1958) Concepts of the temperature adaptation of unchanging reaction 
systems of cold blooded animals. In, Physiological Adaptation (C.L. Prosser. ed.), 
pp, 50-78. American Physiological Society Washington DC, USA. 

Rauschert, M. (1991) Ergebnisse der faunistischen arbeiten im benthal von King 
George Island (Sudshetlnndinseln, Antarctis). Berichte zur Polarforschung. 16, 1-75 

Ray, C. (1960) The application ofBergmann's and Allen's rules to the poikilotherms. 
Journal of Morphology, 106, 85-108. 

Reeds,P.J., Fuller, M.F. & Nicholson, B.A. (1985) Metabolic basis of energy 
expenditure with particular reference to protein. In. Substrate and energy 
metabolism (J.S. Garrow & D. Halliday, eds), pp, 46-57. Libbey, London. 

Reid, S. D., Linton, T. K., Dockray, J.J., McDonald, D.G. & Wood, C.M. (1998) 
Effects of chronic sublethal ammonia and simulated summer global warming 
scenario: protein synthesis in juvenile rainbow trout (Oncorhynchus mykiss). 
Canadian Journal of Fisheries and Aquatic Science, 55, 1534-1544 

Rock, J., Ironside, J., Potter, T., Whiteley, N. M. & Lunt, D. H. (2007) 
Phylogeography and environmental diversification of a highly adaptable marine 
amphipod, Gammarus duebeni. Heredity, 99, 102-111. 

153 



References 

Rock, J., Magnay, J. L., Beech, S., El Haj, A. J., Goldspink, G., Lunt, D. H. & 
Whiteley, N. M. (2009) Linking functional molecular variation with environmental 
gradients: Myosin gene diversity in a crustacean broadly distributed across variable 
thermal environments. Gene, 437, 60-70. 

Robertson, R.F., El Haj, A.J., Clark, A. & Taylor, E.W. (2001a) Effects of 
temperature on specific dynamic action and protein synthesis rates in Baltic isopod 
crustacean, Saduria entomon. Journal of Experimental Marine Biology and Ecology 
262, 113-129 

Robertson, R.F., El-Haj, A.J., Clarke, A., Peck, L.S. & Taylor, E.W. (2001b) The 
effects of temperature on metabolic rate and protein synthesis following a meal in 
the isopod Glyptonotus antarcticus Eights (1852). Polar Biology, 24, 677-686. 

Rolbiecki, L. & Normant, M. (2005) The first record of parasites in Gammarus 
tigrinus Sexton, 1939 - a recent newcomer to the Gulf of Gdansk. Oceanologia, 47, 
283-287. 

Schofield, P .J. (2004) Influence of salinity, competition and food supply on the 
growth of Gobiosoma robustum and Microgobius gulosus from Florida Bay, U. S. 
A. Journal of Fish Biology, 64, 820-832. 

Scholander, P. F., Flagg, W., Hock, R. J. & Irving, L. (1953) Studies on the 
physiology of frozen plants and animals in the arctic. Journal of Cell and 
Comparative Physiology, 42, 1-56. 

Schroer, M., Wittmann, A.C., Gruner, N., Steeger, H.U., Bock, C., Paul, R., & Portner, 
H.O. (2009) Oxygen limited thermal tolerance and performance in the lugworm 
Arenicola marina: A latitudinal comparison. Journal of Experimental Marine 
Biology and Ecology, 372, 22-30. 

Schultz, T.D., Quinlan, M.C. & Hadley, N.F. (1992) Preferred body temperature, 
metabolic physiology, and water balance of adult Cicindela longilabris: a 
comparison of populations from boreal habitats and climatic refugia. Physiological 
Zoology, 65, 226-242. 

Schultz, E.T., Reynolds, K.E., & Conover, D.O. (1996) Countergradient variation in 
growth among newly hatched Fundulus heteroclitus: Geographic differences 
revealed by common-environment experiments. Functional Ecology, 10, 366-374. 

Schuntne.C & Thompson, P.G. (1966) Detection and estimation of [14C] Diazoxon in 
vivo by countercurrent distribution and inhibition assay. Biochimica Et Biophysica 
Acta, 115, 225-227. 

Schuster, 0. (1950) Die klimaparallele ausbildung der koperproportionen bei 
poikilothermen. Abhandlungen der Senckenbergischen Naturforschenden 
Gesellschaft. 482, 1-89. 

154 



References 

Schwartz, J.H., Castellu.Vf, & Kandel, E.R. (1971) Functioning of identified neurons 
and synapes in abdominal ganglion of Aplysia in absence of protein synthesis. 
Journal of Neurophysiology, 34, 939-953. 

Segerstrale, S.G. (1949) The brackish-water fauna of Finland. Oikos, 1, 127-141. 

Seibel, B.A., Chausson, F., Lallier, F.H, Zal, F. & Childress, J.J. (1999) Vampire 
blood: respiratory physiology of the vampire squid (Cephalopoda: 
Vampyromorpha) in relation to the oxygen minimum layer. Experimental Biology 
Online 4, 1-10. 

Smith, R.W. & Houlihan, D.F. (1995) Protein synthesis and oxygen consumption in 
fish cells. Journal of Comparative Physiology 165B, 93-101. 

Skadsheim, A. (1984) Life-cycles of Gammarus oceanicus and Gammarus salinus 
(Amphipoda) in the Oslofjord, Norway. Ho/arctic Ecology, 7, 262-270. 

Skadsheim, A. (1989) Regional variation in amphipod life-history: effects of 
temperature and salinity on breeding. Journal of Experimental Marine Biology and 
Ecology, 127, 25-42. 

Sohal, R.S. & Weindruch, R. (1996) Oxidative stress, caloric restriction, and aging. 
Science, 273, 59-63. 

Sokolova, J.M. & Portner, H.O. (2003) Metabolic plasticity and critical temperatures 
for aerobic scope in a eurythermal marine invertebrate (Littorina saxatilis, 
Gastropoda: Littorinidae) from different latitudes. Journal of Experimental Biology, 
206, 195-207. 

Somero, G.N. (2002) Thermal physiology and vertical zonation of intertidal animals: 
Optima, Limits, and costs ofliving. Integrative and Comparative Biology, 42, 780-
789. 

Somme, L. & Block, W. (1991) Adaptations to alpine and polar environments. Insects 
at Low Temperature (R.E. Lee & D.L. Denlinger, eds.), pp. 318-359. Chapman & 
Hall, London. 

Sommer, A.M. & Portner, H.O. (2002) Metabolic cold adaptation in the lugworm 
Arenicola marina: comparison of a North Sea and a White Sea population. Marine 
Ecology Progress Series, 240, 171-182. 

Sommer, A.M. & Portner, H.O. (2004) Mitochondrial function in seasonal 
acclimatization versus latitudinal adaptation to cold in the lugworm Arenicola 
marina (L.). Physiological and Biochemical Zoology, 77, 174-186. 

Spicer, J.I. & Gaston, K.J. (1999) Amphipod gigantism dictated by oxygen 
availability? Ecology Letters, 2, 397-401. 

155 

. / 
iJi .. 
,. )c • 



References 

Steele, D.H. & Steele, V.J. (1969) Biology of Gammarus (Crustacea Amphipoda) in 
Northwestern Atlantic .I. Gammarus Duebeni Lillj. Canadian Journal of Zoology, 
47, 235-244. 

Steele, D.H. & Steele, V.J. (1973) Biology of Gammarus (Crustacea, Amphipoda) in 
Northwestern Atlantic .7. Duration of embryonic development in 5 species at 
various temperatures. Canadian Journal of Zoology, 51, 995-999. 

Steele, V.J. & Steele, D.H. (1970) Biology of Gammarus (Crustacea, Amphipoda) in 
Northwestern Atlantic .2. Gammarus setosus Dementieva. Canadian Journal of 
Zoology, 48, 659-671. 

Steele, V.J. & Steele, D.H. (1972) Biology of Gammarus (Crustacea, Amphipoda) in 
Northwestern Atlantic .5. Gammarus-Oceanicus Segerstrale. Canadian Journal of 
Zoology,50,801-813. 

Steigen, A.L. (1976) Energy metabolism in the wolf spider Pardosa palustris (L.) 
(araneae, Lycosidae) from Hardangervidda, southern Norway. Norwegian Journal 
of Entomology, 23, 51-60. 

Stillman, J.H. & Somero, G.N. (2000) A comparative analysis of the upper thermal 
tolerance limits of eastern Pacific porcelain crabs, genus Petrolisthes: Influences of 
latitude, vertical zonation, acclimation, and phylogeny. Physiological and 
Biochemical Zoology, 73, 200-208. 

Storch, D., Heilmayer, 0., Hardewig, I. & Portner, H.O. (2003) In vitro protein 
synthesis capacities in a cold stenothermal and a temperate eurythermal pectinid. 
Journal of Comparative Physiology, 173B, 611-620. 

Storch, D., Lannig, G. & Portner, H.O. (2005) Temperature-dependent protein 
synthesis capacities in Antarctic and temperate (North Sea) fish (Zoarcidae). 
Journal of Experimental Biology, 208, 2409-2420. 

Storch, D. & Portner, H.O. (2003) The protein synthesis machinery operates at the 
same expense in eurythermal and cold stenothermal pectinids. Physiological and 
Biochemical Zoology, 76, 28-40. 

Strnmme, J.A., Ngari, T.W. & Zachariassen, K.E. (1986) Physiological adaptations in 
Coleoptera in Spitsbergen. Polar Research, 4, 199-204. 

Tanaka, K. (1996) Seasonal and latitudinal variation in supercooling ability of the 
house spider, Achaearanea tepidariorum (Araneae: Theridiidae). Functional 
Ecology, 10, 185-192. 

Taylor, E.W. & Butler, P.J. (1978) Aquatic and aerial respiration in shore crab, 
Carcinus maenas (L), acclimated to 15°C. Journal of Comparative Physiology, 127, 
315-323. 

156 



References 

Timofeev, S.F. (2001) Bergmann's principle and deep-water gigantism in marine 
crustaceans. Izvestiya Akademii Nauk Seriya Biologicheskaya, 7,64-8. 

Tomos, D., Hinde, P., Richardson, P., Pritchard, & Fricke, W. (1994) Microsampling 
and measurements of solutes in single cells. In, Plant Cell Biology a Practical 
Approach (N. Harnis & K. Oparka, eds.), pp, 297-314. IRL Press. Oxford, UK. 

Treberg, J.R., Hall, J.R. & Driedzic, W.R. (2005) Enhanced protein synthetic capacity 
in Atlantic cod (Gadus morhua) is associated with temperature-induced 
compensatory growth. American Journal of Physiology-Regulatory Integrative and 
Comparative Physiology, 288, R205-R21 l. 

Trussell, G.C. (2000) Phenotypic dines, plasticity, and morphological trade-offs in an 
intertidal snail. Evolution, 54, 151-166. 

Ultsch, G.R. & Cochran, B.M. (1994) Physiology of northern and southern musk 
turtles (Sternotherus odoratus) during simulated hibernation. Physiological Zoology, 
67, 263-281. 

Vainola, R., Witt, J.D.S., Grabowski, M., Bradbury, J.H., Jazdzewski, K. & Sket, B. 
(2008) Global diversity of amphipods (Amphipoda; Crustacea) in freshwater. 
Hydrobiologia, 595, 241-255. 

Vernberg, F.J. (1962) Comparative physiology - Latitudinal effects on physiological 
properties of animal populations. Annual Review of Physiology, 24, 517-544. 

Vernberg, F.J. & Costlow, J.D. (1966) Studies on physiological variation between 
tropical and temperate zone fiddler crabs of Genus Uca .4. Oxygen consumption of 
larvae and young crabs reared in laboratory. Physiological Zoology, 39, 36-52. 

Vernberg, F.J. & Vernberg, W.B. 1966. Studies on the physiological variation 
between tropical and temperate zone fiddler crabs of the genus Uca-VII. Metabolic­
temperature acclimation responses in southern hemisphere crabs. Comparative 
Biochemistry Physiology. 19,489-524 

Voorhies, W.A.V. 2002. Metabolism and aging in the nematode Caenorhabditis 
elegans. Free Radical Biology and Medicine. 33, 587-596. 

Waterlow, J.C., Garlick, P.J. & Millward D.J. (1978a) Basic concepts. In, Protein 
Turnover in Mammalian Tissues and in the Whole Body. (J.C. Waterlow, P.J. 
Garlick, & D.J. Millward, eds.), pp, 179-225. North-Holland, Amsterdam. 

Waterlow, J.C., Garlick, P.J. & Millward D.J. (1978b) Protein turnover in the whole 
body and in the whole tissue. In, Protein Turnover in Mammalian Tissues and in the 
Whole Body (J.C. Waterlow, P.J. Garlick, & D.J. Millward, eds.), pp, 44-476. 
North-Holland, Amsterdam. 

157 

,#" 
', ·i 

.... ,. . 



References 

Waterlow, J.C. & Millward, D.J. (1989) Energy cost of turnover of protein and other 
cellular constituents. In, Energy Transformations in Cells and Organisms (W. 
Wieser & E. Gnaiger, eds.), pp, 277-282. Thieme Stuttgart. 

Weymouth, F.W., McMillin, H.C., Rich, W.H. (1931) Latitude and relative growth in 
the razor clam, Siliqua patula. Journal of Experimental Biology. 8,228-249. 

W~slawski, J.M. & Legezynska, J. (2002) Life cycles of some Arctic amphipods. 
Polish Polar Research, 23, 253-264. 

Whiteley, N. M., Taylor, E.W. & El Haj, A. J. (1996) A comparison of the metabolic 
cost of protein synthesis in stenothermal and eurythermal isopod crustaceans. 
American Journal of Physiology, 271, R1295-R1303. 

Whiteley, N.M., Robertson, R.F., Meagor, J., El Haj, A.J. & Taylor, E.W. (2001) 
Protein synthesis and specific dynamic action in crustaceans: effects of temperature. 
Comparative Biochemistry and Physiology, 128A, 595-606. 

Whiteley, N. M. & Faulkner, L. S. (2005) Temperature influences whole-animal rates 
of metabolism but not protein synthesis in a temperate intertidal isopod. 
Physiological and Biochemical Zoology, 78, 227-238. 

Whiteley, N.M. & Fraser, K.P.P (2009) The Effects of temperature on ectotherm 
protein metabolism. In, Protein Biosynthesis (T.E. Esterhouse & L.B. Petrinos 
eds.) Nova Science Publishers, Inc, USA. 

Wieser, W. (1994) Cost of growth in cells and organisms - General rules and 
comparative aspects. Biological Reviews, 69, 1-33. 

Wieser, W. & Krumschnabel, G. (2001) Hierarchies of ATP-consuming processes: 
direct compared with indirect measurements, and comparative aspects. Biochemical 
Journal, 355, 389-395. 

Willis, K., Cottier, F., Kwasniewski, S., Wold, A. & Falk-Petersen, S. (2006) The 
influence of advection on zooplankton community composition in an Arctic fjord 
(Kongsfjorden, Svalbard). Journal of Marine Systems, 61, 39-54. 

Wohlschlag, D.E. (1960) Metabolism of an Antarctic fish and the phenomenon of 
cold adaptation. Ecology, 41, 287-292. 

Woods, H.A. & Moran, A.L. (2008) Temperature-oxygen interactions in Antarctic 
nudibranch egg masses. Journal of Experimental Biology, 211, 798-804. 

Woods, H.A., Moran, A.L., Arango, C.P., Mullen, L. & Shields, C. (2009) Oxygen 
hypothesis of polar gigantism not supported by performance of Antarctic 
pycnogonids in hypoxia. Proceedings of the Royal Society, 276B, 1069-1075. 

158 



References 

Yamahira, K. & Conover, D.O. (2002) Intra- vs. interspecific latitudinal variation in 
growth: Adaptation to temperature or seasonality? Ecology, 83, 1252-1262. 

Y amahira, K. & Takeshi, K. (2008) Variation in juvenile growth rates among and 
within latitudinal populations of the medaka. Population Ecology, 50, 3-8. 

Yarmolinsky, M.B. & Delahaba, G.L. (1959) Inhibition bypuromycin of amino acid 
incorporation into protein. Proceedings of the National Academy of Sciences of the 
United States of America, 45, 1721-1 729. 

Young, S .R. (1979) Respiratory metabolism of Alaskozetes antarcticus. Journal of 
Insect Physiology. 25, 361-369. 

Young, S.R. & Block, W. (1980) Some factors affecting metabolic rate in an 
Antarctic mite. Oikos, 34, 178-185. 

159 




