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Geographic variation in lifc history traits is hquently ohscrved arnong fishes. 

Although much of this variation bas b e n  show11 to be basai on emiromntal variability, 

genttic di&rences amng populations have ban found Atlantic cod (Gadrrs m o r h  L) 

occur thughout mich of the narth Ailanth ûcean. Factors such as growth rates vary 

tmnendousiymng stocks, generanYwithfgsterpwth occurring in wafmer watcr, Thc 

nlatm contributions of temperature and gcnotype towards growth in cod however, is not 

known. Knowledge of this iiifomtion couid be useful in the managcmnt of cod stocks 

and in sekcting populations for aquacuiturc. 

This thesis e x a d  growth and energy ailocation of cod fiom différent 

populations, using cornrion enviromnt expaimnts. In the first experinient, larvai cod 

h m  the Gtand Banks (GB), and the Guif of Maine (GOM) wen r e a d  under identicai 

labontory conditions to & e h  the efftct of two tempcratm on growth. Grand 

Banks larvae grew fimer t h  GOM iarvae at bth temperatuns tcstcd. This supports the 

countcrgradimt variation hypothesis, whkh statcs that higher latitude populations have 

gnater capacitiies for purth rates than those at bwer latitudes. 

The second and third experinmts compared the c-ts of tcmpcratun on growth 

and cncrgy albcation in juveniic cod h m  the GB and GOM, and juveniles ïrom two 

inshore biys on the isIand of Newfoundland. Tmipcranin significantly a&cted growth 

rates, food convasion efficiency, and 96 liver water content, but did not significantly a&ct 



CO-a faEtor, )KpatowrHPtiC index, or 46 musele water content. In contrast to larvae, 

no d i & m ~ ~ ~  in gmwth rates were obsavcd betwan juvenitc GB-GOM cod, or bctwccn 

juveniles h m  the two inshore s k  This njects the counretgradicnt variation hyphe& 

in juvtnile c d  Howcver, population ~~ in otha traits (food conversion 

eff&mh, energy albeathn) wae found, suggehg genetic MC~ECGS betwctn the 

stocks 
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Cbapter One 

Adaptive geographk variation: A ihahxc review of k a 1  adaptation 

and countergradient variation 

1.1 Adrplrtfon 

Adaptations are cheracteristics of o r g a n h  that makc them better suited to th& 

environnent (Brandon, 1990). It is the procas of adaptation, by which evolution by 

natural sclection occurs (Brandon, 1990). Adaptations can occur in m ~ y  traits and can be 

c h i f i c d  as king eit& mrphologicai, behaviorai, or physiological, 

Morphobgical characteristics are perhaps the most visible of alî types of 

tidqtrtiOns (Minicos 1983). niese traits would iikely devebp aftcr anothcr type of 

adaptation has oçcumd (c.g., behaviorai). Behavioral traits arc ohen the most flexiik and 

subecqutntiy an usualiy the 6rst to change under seltctive pressure (Minlroff, 1983). 

Whcrcas m y  mrphological adaptations cari bt casity identihi (cg., wingq fur, fina 

webbed kt, etc.), physiobgicd adaptations an usuaüy mon dif&ult to detect (e.g., 

heavy mtal tolcranee in plants, tmipmiturc toicrance, growth rates, etc.; MinkoE, 1983). 

Tenpeniture adaptation is among the most studicd of aii physiological traits. nie 

importance of tcnperatun adaptation is evident from its broad range in o c c u r r e ~ .  

Environmatal tcmpera~e varies tremendously, and is one of the m s t  important factors 

a&cting physiobgral pnrcesses in organisms (Brett, 1979; Hazcl1993). Changes in 



temperature can occur daily, seasonally, or over a much longer penod (climate change). 

There is also widespread spatial variation in environmental temperature. This may result in 

substantially different pressures on the physiology of organisms. 

1.2 Geographic variation 

Species oflen occur over broad geographic ranges that may encompass large 

differences in environmental conditions. Within a species distribution, subspecies, 

populations, or individuals rnay differ in certain biological characteristics. Geographic 

variation (GV) can occur in many traits, including: morphology (Schmidt, 1930; Rollefsen, 

1934; Barrowclough et al., 1985; Zink and Remsen, 1986; Thorpe, 1989), behavior 

(Thielcke, 1969; Moynihan, 1979; Arnold, 198 1 ), and physiology (Bullock, L 955; Prosser, 

1955; Shirmunsky, 1959; Vernberg, 1962; Meller, 1968; Garland and Adolph, 199 1). 

There are three explanations as to how GV occurs: non-genetic phenotypic 

variation, non-adaptive random genetic drift, and adaptive genetic variation (Cevinton, 

1983; Minkoff, 1983). Early geneticists thought GV to be purely phenotypic (not 

heritable) and of no evolutionary value. lt is now accepted that both genetic drift and 

natural selection results in GV (MinkofT, 1983), the importance of each differing arnong 

cases. 

Throughout a species range, different environmental factors likely affect life histoty 

variation through both phenotypic plasticity, and selection on genotypes (see Nicieza et 

al., 1994b, and references therein). Physiological traits in particular can be influenced by 



many factors, such as: temperature, nutritional status, and acclimatization history (Garland 

and Adolph, 199 1). 

Through its effect at the molecular level, temperature can influence physiology and 

subsequently ecoiogy, and is perhaps one of the most important environmental variables 

influencing GV. Temperature varies greatly with latitude. In certain cases, elevation, 

wind direction. currents, etc., can result in substantial temperature differences occurring 

over a small geographical area. As a result, individuais of the same species can be 

subjected to large temperature differences. Changes in environmental temperatun can 

directly affect the physiology of poikilothermic organisms, which do not regulate interna1 

body temperature. Temperature is in fact, the most important environmental influence on 

the biology of poikilothermic organisms (Brett, 1979; Prosser, 1986; Cossins and Bowler, 

1987; Hazel, 1993). 

Discussed here are two patterns of geographic variation in physioiogicai traits that 

result h m  variation in temperature, local adaptation and countergradient variation. 

1.3 Local adaptation 

Local adaptation likely results tiom fitness benefits in one environment producing 

tradeoffs in another (Levinton, 1983). Where local adaptation to temperature occurs, 

biological tùnctions are optimized at temperatures norrnally encountered in the wild 

(localized physiological adaptation). Studies have showri local adaptation (LA) in 

invertebrates (Ament, 1979; Levinton, 1983; Levinton and Monahan, 1983; Lonsdale and 



Levinton, l985), fish (Mitton and Koehn, 1975), amphibians (Berven and Gill, 1983). and 

reptiles (Niewianowski and Roosenburg, 1993). 

Reciprocal transplant or common environment experiments in the laboratory are 

oflen used to examine this phenomenon. In cases where LA in growth rate occurs, each 

population grows fastest in its own environment (or more closely simulated one). In other 

words, the population is adapted to local conditions. For example, Lonsdale and Levinton 

(1985) compared growth of copepods (Scorfofanu camdensis) from the east Coast of the 

United States under common laboratory conditions. They found that northern populations 

grew best at lower temperatures, while southern populations grew best at higher 

temperatures. This is a classic example ofLA in a physiological trait (growth), where 

performance is best at conditions norrnally encountered in the wild. 

The literature base for this phenamenon is scarce, as detecting it in nature is 

dificult. 1 have found no studies where possible tradeoffs in different environments have 

been adequately investigated to explain how LA occun. I suggest potential' sources of LA 

are temperature sensitive biochemical pathways, in which specific forms of enzymes 

fiinction over narrow temperature ranges. 

1.4 Counttrgradient variation 

Another geographic pattern in physiological variation is countergradlent variation. 

This phenomenon is indirectly a result of temperature, as it is an adaptation to length of the 

growing season (Conover and Present, 1990). Conover (1992) detines CnGV as "genetic 



variation that compensates for environmental influences on phenotype across an 

environmental gradient." This phenornenon is not widely recognized but may be 

widespread in occurrence. 

Any phenotype can be expressed using the following equation (from Conover and 

Schultz, 1995): 

V,= V, + V, +V,,, + 2Cov (G,E) 

Where Vp = phenotypic variance in a trait, V, = genotypic variance in a trait, V, = 

environmental variance in a trait, V,,, = variance in the non additive 

genotypeienvironment interaction, and Cov(G,E) is the covariance between genotypic and 

environmental sources of variation. This covariance term "expresses the degree to which 

genotypes having a measurable effect on phenotype expression are non-randomly 

distributed among environments that influence the same phenotypic traits" (Conover and 

Schultz, 1995). Where CnGV occurs, this covariance is negative, and therefore genetics 

and environment operate in opposite directions on the same trait. 

The difference between local adaptation and countergradient variation can be 

explained using growth rates. If LA occurs, the temperature of maximum growth rate 

changes, but the maximum growth rate itself does not change. However, if CnGV occurs, 

the maximum growth rate is altered (Conover, 1992). Faster growth is usually considered 

to increase fitness. Why al1 populations do not exhibit the maximum growth rate that is 

capable for the species, is not clear. It is possible that tradeoffs of higher growth rates 

(Le., potential fitness disadvantases) are more significant at lower latitudes. 



The first description of countergradient variation was given by Levins (1968; 1969) 

in Drosoyhiln rnelamgmfer. He noticed that what seemed to be similar growth rates at 

high and low altitudes, were actually quite different in the laboratory, "Although flies 

caught at coder, higher latitudes are larger than those taken in the hot lowlands, when 

they are raised under the same conditions in the laboratory the coastal flies are larger" 

(Levins, 1969). Larger flies were thought to be less prone ta dessication in the hot coastal 

areas, whereas other environmental factors produced smaller flies. 

Conover and Present (1990) made the first description of CnGV in a fish, Atlantic 

silverside (M.riiJia mertidio). Growth and reproduction in this species occur only at water 

temperatures of 12 O C  or higher. As a result, dong the eastem seaboard of North Arnerica 

the length of the growing season deciines by a factor of 2.5 with increasing latitude (for 

other examples see Conover, 1990). With al1 else being equal, the northern fish should be 

less than half the size of southern fish at the end of the tirst growing season. However, 

size at the end of the first growing season is the same for northern and southern silversides 

(Conover and Present, 1990). 

When Conover and Present (1 990) placed northern and southern silversides in the 

laboratory at the same temperature, the northern fish grew faster than southern ones. If 

the fish were locally adapted to a specific temperature range, the expected result would be 

increased growth of northern fish at lower temperarures, and increased growth of southern 

fkh at higher temperatures. 

There is evidence for countergradient variation in growth rate in other fish species: 



arctic char, Sufwfitrrts ulyirrtts (DeLabbio t.r al.. 1990); largemout h bass, Microp~ems 

m/moides (Williamson and Carnichael, 1990; Phillipp and Whitt, 1991); Atlantic salmon, 

Salmo .dar (Nicieza cil al., 1994b); mummichog, Ft~tni~rlirs heieroclittrs (Schultz et al., 

1996); and striped bass, M m r e  msafifis (Conover et al., 1997; Brown et al., 1998). 

Studies showing CnGV in a number of other characteristics in both plants and animals 

have been reviewed by Conover and Schultz (1995). 

Although not norrnally recognized as such, metabolic compensation at high 

latitudes is an example of CnGV. Under such circumstances, when animals are taken From 

cold (high latitude) environments and placed in warm (low latitude) environments, they 

have higher metabolic rates than the animals living in the warm environment (Presser, 

199 1). 

Increased growth rates by animals exhibiting CnGV can be achieved in a number of 

ways, including: more energy being consumed (increased fding) ,  more energy being 

assimilated (increased food conversion eficiency), a change in allocation of energy (more 

energy going to yowth, less to reproduction, metabolism, etc.), or some combination of 

these (Present and Conover, 1992). It has generally been assumed that physiological 

efiiciencies have been maximized in nature by natural selection (Priede, 1985). If this is 

true, increased growth rates of animals at higher latitudes cannot be due to increased 

eficiency. However, Present and Conover (1992) showed that although nonhem Menidia 

metriJin ate 1.7 times more food than those fiom the south, they were also 1.8 - 2.2 times 

more efficient at processing it. 



The selective pressure for CnGV is thought to be size at the end of the first 

growing season (Conover, 1992). There are many cases where size-selective winter 

mortality occurs in fish (Adams el d., 1982; Conover and Ross, 1983; Henderson et al., 

1988; Shuter and Post, 1990; Conover, 1992 and references therein). Therefore, small 

size at the end of the tirst growing season is sdected against. However, why al1 

populations do not evolve the maximum growth rate possible for a species, and thus obtain 

the maximum size, is not fully understood (Conover and Schultz, 1995). 

1.5 Sigiiificance of local adaptation and countcrgradient variation 

Local adaptation and CnGV are situations where similar phenotypes may have 

quite different genotypes (Conover and Schultz, 1995). This is important because it is 

virtually undetectable in the field. Therefore, much genetic variation probably goes 

unnoticed, and populations that seem similar may actually be genetically different. Local 

adaptation and CnGV are good examples of the evolutionary adaptivencss of growth. 

They also susgest how a selective pressure can alter a physiological process. 

These phenomena are examples of how populations of organisms can have specific 

adaptations for an environment. If that population is removed fiorn the area, 

reintroductions from anothw population of the same species may not be successful. This 

point is important for the introduction of foreign populations for recreational fisheries (see 

Phillipp and Whitt, 199 1). 

Local adaptation and CnGV may also indicate that clirnate change (Le., global 



waning) may have different etTects on populations of the same species. For example, if 

winters along the eastem seaboard of North Arnerica were shorter, northem Atlantic 

silversides would obtain larger sizes at one year of age than their southern counterparts. 

There is also a signiticance of LNCnGV to aquaculture. Traditionally, fish fanners 

would select a 'strain' of fish that grows best in the wild. By taking broodstock from this 

population the famer would hope to obtain best possible growth rates for hishet animals. 

If the species exhibited CnGV, the fanner would benefit fiom taking a different strain 

(possibly the slowest growing one in the wild). This strain may outperfonn others in terms 

of growth rates, food conversion efliciency. and size at maturity wtien reared at the same 

conditions. The fast-growing strain in the wild may result solely fiom increased 

temperature (or longer growing season). For example, Williamson and Carmichael(1990) 

showed that northern Micropienrs scilmoides grew faster, resisted net stress better. 

tolerated ammonia better, ate pellet food more readily, tolerated low temperatures and low 

oxygen levels better, and had better food conversion efliciency than a southern strain. 

However, locally adapted populations may be the only ones that are capable of surviving in 

certain environments. 

This thesis investigated the effect of different temperatures on growth rates, food 

conversion efficiencies, and energy allocation in different cod stocks. Common 

environment experiments were used to estimate the relative contributions of environmental 

and genetic effects towards observed population differences in wild northwest Atlantic cod 

(GaJlis morhra L.). 



Chapter two 

Growth of larval Atlantic cod (Gurhrs morhtra L.) fiom the Grand Banks 

and Gulf of Maine under common laboratory environments 

2.1 Iiitroduction 

Many species of fishes exhibit geographic variation in growth rates (Boehlen and 

Kappenman, 1980; Shepherd and Grimes, 1983; Conover and Present, 1990; Delabbio cii 

al., 1990; Torrissen et al., 1993). This is oAen caused by variation in environmental 

factors, such as food supply and temperature. Temperature is the primary environmental 

influence on poikilothennic organisms (Prosser, 1986)- and often varies in a geographic 

pattern. Studies involving temperaiure can be particularly usefiil when examining 

geographic variation in growth rates. 

In addition to environmental effects on growth, different populations of a species 

may have different genetic capacities for growth rates. In some species of invertebrates, 

growth rate is adapted to local conditions (Arnent, 1979; Levinton, 1983; Lonsdale and 

Levinton, 1985). Here, the temperature (or presumably any environmental variable) at 

which the maximum growth rate occurs difers among populations. As a result, each 

population grows fastest under conditions most commonly encountered in its naturai 

environment. This is easily illustrated in reciprocal transplant experiments, where one 

population is placed in the environment of another miewianowski and Roosenburg. 1993). 



Where local adaptation (LA) occurs, each population grows best in its own environment. 

Another pattern ofgeogtaphic variation in the genetic capacity for growth rate is 

countergradient variation (CnGV) (Phillipp and Whitt, 199 1; Conover and Schultz. 1995; 

Schultz et al., 1996). Here, the capacity for growth rate varies with latitude in a 

countergradient manner. Whereas the tempefature of maximum growth rate differs in L 4  

in CnGV the maximum growth rate itself is different among populations (Conover and 

Present, 1990). As a result, under common conditions, higher latitude populations always 

have faster growth rates than those at lower latitudes. Countergradient variation is 

believed to be an adaptation to a shorter yrowing season at higher latitudes, unlike LA, 

which is an adaptation to temperature (Conover and Schultz, 1995). 

Atlantic cod ( G a h , ~  mclrhtra L.) are found in the western nonh Atlantic, from 

Baffin Island (- 63" Fi) to Cape Hatteras (- 35" N; Scott and Scott, 1988). A large 

temperature gradient occurs over this area, resulting from a cold current (Labrador 

Cunent) flowing south, and a warm current (Gulf Stream) flowing north (Drinkwater, 

1996). This results in both warmer overall mean temperatures, and a longer growing 

season in the south. A large amount of variation exists in growth of cod throughout this 

area, generally with faster growth occurrin~ in waner water (Brander, 1994; Brander, 

1995; Krohn et al., 199f; Shackell et al., 1997). tn addition to temperature, food 

abundance, population density, and other factors likely play a role in determining growth 

rates of cod. 

As with any species, genetic differences in the capacity for growth rate in cod are 



difncuh, even if possible, to detect âom bld studics. This is because p w t h  tate is a 

nsdt of the intuaction between genorype and environment. Conaion environment and 

nciprocal transphnt experimnîs diminaie enviromntai variabiliry, and and uscd to infer 

a gmetk conmition to obsaved growth rates n#n have been several coninron 

enviromnt experimnu conducteci on di&nnt populations of cod (Gambie and Houde, 

1984, Gode and Moksness, 19a7, Blom et d., 1994, van der M m n  et al., 1994; Svâsand 

et al., 19%; Hunt von Herbing et al., 1% R i v a n c ~  and Brown, 1998). Howcver, to 

my laiowkdge only two studies (Hunt von H&g et al., 1996 Puvancndran and Brown, 

1998) have examinai growth of northwcst Atlantic cod wdct convnon environmnts. 

Hunt von Herbing et d. (1996) compareci lanial cod origkiating h m  the east coast 

of Newfoudand, and the Scotian Shelf (off Nova Scotia). They fowd that 

Newfoundland cod gnw faSm than Nova Scotia c d  at 5 OC and 10 OC. However, their 

study was focusai on physiobgical devebpmcnt, and they did not suggest that thcir 

results w a e  an indication of countergradknt variation in growth rate. In addition, the 

enperimmts wen conducted at diücrcnt thus of the ycar, using wild zooplankton as ptey, 

Thcrefon, the resuhs may have ken con€bufidcd by diaennt diets. Sknilatly, the study by 

Puvatlcndm and Brown (1998), was not desi@ to specifically test for population 

d i i h m s .  Both studies coripared a fail-hier spawning stock to a spring-surrnm 

spawning stock, whrh my c o q c ~ r n i ~ ~  latitudinal comparisons. 

Fish experience m m  clramatic changes in ihe9 biology during the b a i  stage than 

at any otha tim in thtir nfe cyck. Most marinc fish hvae are poorly developed upon 



hatching, after which substantial morphological, physiological, behaviourial, and 

corresponding ecological changes occur. Larvai fish growth is iduenced by many 

variables, including the development of the digestive system, prey type, and feeding 

behavior (Blaxter, 1986; Noakes and Godin, 1988). Selective pressures for LA and CnGV 

are thought to be potential disadvanrages of small sire (Conover, 1992). and therefore 

faster growing fish have increased fitness. SpeciRc growth rates of larval fish are higher 

than in juveniles and adults. Therefore, one wmld expect that evolved differences in 

growth rates would be most pronounced in the larval stage. Thus, intrinsic differences in 

the capacity for growth rate would likely be easiest to detect in this stage. 

This study compared growth rates of larval cod from two populations under 

identical conditions. at two temperatures. The objective was to determine if there are 

intrinsic differences in the capacity for growth rate. If both populations have similar - 
growth rates under identical conditions, it would suggest that no intrinsic differences in 

growth capacity exist. and the variation observeci in the wild would be likely due to 

environmental factors. It is hypothesited that CnGV in growth rate exists in Northwest 

Atlantic cod, and therefore 1 predict that the more nonhern of the two populations will 

have faster growth rates than the southern population at al1 temperatures. 

2.2 Materials and mtthods 

2.2.1 Collection of gamttcl and cgg incubation 

Cod oocytes and spem were stripped fiom spawning adults at sea, Collections 



wcre made b m  the Grand Ba,nks (GB. 45" N, 55' W) in the Northwest Atlantic Fisheriw 

&@&on's (NAFü) division 3Ps, and the Gulf of Maine (GOM, 42" N, 700 W) in 

NAFO division SY ( F ! i i  2.1). two distinct populations (Brande, 1995). nie GB 

smpk was collected on A p d  28198 and consisted of gametes h m  two feniahes and seven 

nralw. Oocytes h m  the 6rst ferriale w m  fcrtilucd with miit h m  four males, and the 

other thne nrales wen used to fertiüze oocytes h m  the second fmiale. FcFtrtüizcd 

«nbryos were pooled a short time later. The GOM sampk was c o k t e d  on June 28198 

and consistai of gametes fiom thnc femalcs and nine maks. Gametes b m  al 12 

individuals w m  mixcd togethet. 

Embryos wen brought to Mernorial University of Newfoudand's Ocean Science 

Centre, near St. John's. Emkyos h m  both populations anived before formation of the 

Mastula. Incubation of embryos was conducted in 300 lia conical tanks at a tmiperature 

of 8 & 1 "C standard dmation. 

2.2.2 Experlmcntal setup 

Tm following pmtocols w m  used for both populations. iarvae w#e placd 

under mpermiental conditions at 100% hatch. Triplicatc 30 litn glas aquaria (black) 

were set up at 7 "C and 12 O C ,  for experimmtal tanks, and temperatme was contmikd 

using Nejlab units. Stockhg density was 40 larvae per litre of wata (1200 per tank). 

Each aquarium (flow through design) was providcù with filtercd seawatcr at a rate of 50 

mi pa nimute. Light intcnsity was lHlO lux at the watu's surhce. Lights wen  on 24 



hom per day. 

Larve wne fed cultmed mtitiers (Brunchionlu plicatilis) at a pny density of 4000 

per lia. Light a u a h n  e n d  prey were cquaüy distributai throughout the tanks. 

Twice M y ,  thne 5 ml aliquots wen taken h m  each tank to determine pny 

concentration. PIcy were then adjusmi to the dcsired density. At day 21, Arienùa 

frunsisco naupüi were added to ail tanks. A mixture of roiifen and Arrmiu (total prey 

&nsity 4000/iiae) wen supplicd ta the lame for one wcek th#eatter. Subsequentiy, only 

Anmuà w m  given and densiries wac adjusted as for rotifèrs, 'This fading ttgimc 

nsulted in food always King prescnt in the tanks. It was based on pnvious growth 

experllnents on larval cod (Puvamndran and Brown, 1999). 

2.2.3 Sampüng 

Ten iarvac wae arbitrarily chosen from tach tank at the stan of the expcriment (3û 

pet mtment), and 6ve (15 pet treatmcnt) wakly rhcna€ter, up to s u  wcck pst-hatfh. 

Each larva was k i k i  using MS-222, placcd on a depression skie, videotapcd unda a 

dissectirtg microscope, and discarded. M a l  images were analyd using an image 

analysk systcm Total kngth (TL), myotom height (MH, at anus), and eye diameter (ED) 

w e n  rccorded to the ncanst 0.1 mm for a h  larva. On week six, total length 0.1 

mm) of iarvac was m d  using a dissecting microscope. These lame w c n  thcn 

placeci on separate pre-weighed picces of duminum foi1 for determination of dry weight 

(DW* desdbed below), MH and ED wete mt recotdcd 



Dr$ weights wen obtaincd by placing larvae (rinsed with distiaed watcr) on pre- 

weighed foils m a 60 "C o v a  for 24 hours. Dried lame and foils wen weighed to the 

ncarest microgram Original foii weight (FW) was then subaacted h m  lame + foii 

weight @FN) to obtain lmal dry weight (Dm, using the fonnuia 

2.2.4 Dala anal* 

Relationships betwe.cn TL / DW. TL / ED, and TL / MH wen fia cornparecl for 

diff;erences arnong tnatrmnts (tach population at each temperature) using anatysis of 

w v d a m  (ANCOVA), and then were anaiyztd using lincar rcgrcssion. Condition factors 

of both populations were calculatecl at each temperatun using the formula: 

K = (DW m3) * 100. 

Population comparisow using condition factors can bc biased if condition factors are 

associated with fish kngth. Thercfon, condition factors wen tint testcd for association 

wiîh hgth using ANCOVA, before king statistically comparecl for population and 

temperame e&cts in a 2-way analysis of variance (ANOVA). 

Cornparisons of p w t h  rates bctween populations and temperatutcs wcre a r M  

out by ANCOVA nie growth mode1 containecl t e m  npresenting the effccts of 

popuhtion, tcmpaatun, age, and al1 interactions, with age as the covariate tcnn An 

alpha of 0.05 was set as the acceptancc kvcl for the test. Each datum in the analysh was 

tht average kngth of the 6ve (un at we& O) f i h  sampkd pcr tank per waL, which gave a 



sarnpk size of N = 60 (12 tanks * 5 sampling daits, sec klow). niis was a conservative 

approach, and elinPnated any codbunding e f k s  of tank Gmss specific growth rates 

wen calculaad f9r each population at bth tcmperatm h m  hatch to four weeks of age 

(see bebw), wing the fomuia 

GSGR = ((Ln &) - Ln (LJ)*? * 100 

where GSGR = gros icngth sptcific growth rate, Ln (u = average of the initial In lengths 

of fish h m  each tank, Ln (Lp) = average of the 6nal in kngths of !%h from each tank. 

2.3 Rcsultri 

The niationship of dry wcight to total kngth was Ln DW = -8.156 + 3.502 Ln TL, 

? = 0.94 (Figure 2.2). Conditions factors did mt significantly diffcr among populations at 

either temperature (ANOVA; F,,,, = 0.09, p = 0.771). Howevet, condition factors w m  

significantiy higher for both populations at 12 T than 7 OC (ANOVA; F,,,, = 15.80, p c 

0.001; Figrirt 2.3). ANOVA conparisons of condition factor and total kngth of krvac 

showed no significant nlationship @ > 0.05 for both populations) at eithcr temperature. 

The siopes of the nlationship of q c  diamter to total kngth wcn not sipiîlcantly 

diffennt betwœn OB and GOM larvac at e i tk  te- (ANCOVA; F,, = 0.81, p = 

0.368), the ngresJion equation Wmg ED = -0.183 + 0.097 TL, 8 = O.% (Figure 2.4a). 

Then was a sipikant intcnrction betwan GB and GOM larvae and tcmpefatun for the 

relationship between MH and TL, tdicating dinant siopes, The tcgnssion analysis was 

then canibd out at each tmipcr;icun. At 12 OC no signifiant diff#encc in dopes of GB 



and GOM larvac was found (ANCOVA; F,,, = 2.29, p < 0.132). and the rcgrcssion 

cquation was MH = -0.507 + 0.152 'IL, ? = 95.9. Then was a significant diactence in 

siopes of MH and TL niaiionships betwan the two populations at 7 OC (ANCOVA; F,,, 

= 21.95, p < 0.001). nie npssion equatian hr GB larvac was MH = -0.392 + 0.129 

TL, ? = 94.9, whik that of GOM lame was MH = -0.128 + 0.0862 Tt, 3 = 81.2 (Figure 

2.4b). nie yolk-sac, reprcsenting the source of endogenous cncrgy, was absorbcd by aii 

fish at one wcck of age. 

Growth rates wm comparai h m  hatch (week O) to week four. Survivai to week 

four was smiilar for al1 trcamnts and averaged 13%. Data fiom week four CO week six 

was not includal in the p w t h  rate analysis because lame had bcgun nietamorphosis at 

this tim. This lhly resulted in incrcased mortaüty, which lui to difftrcnt stoclong 

densities amng ta* In the ANCOVA modei, the interaction tem; population- 

temperatun, and population-temperature-age wen not significant @ > 0.05) and hence 

were subsequentiy m v e d  b m  the analysis. Total kngth increased with age at both 

tcmperatuns (Fiigure 2.9, although 6sh at 12 OC grcw signincantly Eastcr tfian those at 7 

"C (ANCOVA: F,, = 218.60, p < 0.001; Figure 2.6). Grand Banks cod had signifieany 

fasta growth rates than GOM cod at 7 OC and 12 OC (ANCOVA: F,, = 25.83, p < 0.001; 

Figures 2.5 and 2.6). 



Figure 2.1 : Nonhwest Atlantic Ocean. showing approùmate nonhem and southem limits 
of the distribution of Atlantic cod, and location of collection sites Grand Banks (GB) and 
Gulf of Maine (GOM). 
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Figure 2.2: Relation of Ln dry weight to Ln total length of Grand Banks (GB) 
and Guifof Maine (GOM) cod (at six wceks post hatch), nard undcr identical 
laboratory conditions at 7 O C  and 12 OC. Each symbol represents one wd lma. 
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Figure 2.3: Condition fiictor of Grand Banks (GB) and Gulf of Maine (GOM) larval cod 
(at six weeks post hatch). Reared under identical laboratory conditions from hatch at 7 OC 
and 12 O C .  Each bar is the mean of the tank means, (n = 3 per ample), error bars 
= standard error. 
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Figure 2.4: Relation of(a) eye diameter, (b) myotomc height at anus, to total length 
of l a d  cod from the Grand Banks (GB) and Guifof Maine (GOM). Reared under 
identicai laboratory conditions f?om hatch to five weeks ofage at 7 O C  and 12 OC. 
Each symboi represents one fish. 22 
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Figure 2.5: Total length (mm) at age (weelw post-hatch) of Grand Banks (GB) anâ 
ûulf of Maine (GOM) cod, r e a d  under identicai laboratory conditions ai 7 OC 

and 12 OC. N = 3 (tank averages) per sample, vertical bars = standard emr. 



Figure 2.6: &os  length specific p w t h  rate (% length increase per day) from 
hatch to four weeks of age of Gmd Bnks (OB) and Gulf of Maine (GOM) 
cod, reared under identical labontory conditions at 7 t and 12 O C .  N = 3 
(tank averages) per sampie, error bars = standard crror. 



2.4 Discussion 

The significantly higher condition factors of larvae at 12 OC indicate that fish tiom 

both populations were heavier at length at 12 "C than those at 7 O C .  Myotome height was 

used as a means of measunng body depth. Similarity of slopes at 12 O C  indicates that body 

depth increased with length in an isornetric relationship for the two populations. 

However, body depth of GB larvae i n c r d  to a p a t e r  extent with length than GûM 

lawae at 7 O C .  Eyc diameter increase with length was isornetric for both populations. 

Larval cod from both populations grew faster at 12 O C  than 7 OC. Faster growth at 

higher temperatures is well documented for laml and post-larval cod (e.g., Campana and 

Hurley, 1989; Brander, 1994; Brander, 1995; Hunt von Herbing et al., 1996; Krohn et al., 

1997; Shackell et al., 1997). Brander (1994) reported that over the first four years of life 

of cod, each 1 C increase in environmental temperature results in a 29% increase in size. 

In the wild, GOM cod grow faster than those on the GB (Campana et al., 1995). 

Brander (1994) reported that the average weight of four year old cod on Georges Bank 

(near the Gulf of Maine) is 3.47 kg, while on the southern Grand Banks it is 0.85 kg. The 

faster growth rate of GB cod in this study may have been due to increased food 

consumption, increased food conversion efficiency, or both. Present and Conover (1992) 

found that the increased growth of northem populations of larval Atlantic silversides 

(Menidia menidia) was due to the fact that they ate more food, and were more efficient at 

processing it. Better food conversion efficiency in nonhern populations was also found by 

Nicieza et 01. (1994a) in Atlantic salmon (Salmu salar). 



It is premature to conclude that the increased growth rate observed in GB cod is 

genetic in origin. Gametes were collected fiom wild adults and parental effects (e.g., 

matemal investment) may have been present. Grand Banks lmae were larger at hatch 

than GOM larvae, which rnay have been a result of different egg sizes. Unfortunately, this 

cornparison was not made as egg diameters were not obtained. Kjesbu (1989) reported 

that a single female cod may have eggs of different sines tiom successive batches, 

throughout a single spawning season. Therefore, one must be careful when relying on 

sizes of eggs to suggest individual variations in maternal investment. Parental effects were 

uniikely to be significant in this study, as growth was compared well beyond the absorption 

of the yolk-sac, a maternal influence. 

Rearing animals for successive generations under laboratory conditions is the best 

method to quantify the genetic origin of growth rates. Any dieerences in parental 

investment due to environmental variation would be "bred out" (Garland and Adolph, 

1981). This is not feasible to do.with cod, due to the relatively long life cycle. However, 

collecting gametes fiom wild caught adults is an acceptable method for conducting 

common environment experiments (Battaglia. 1957; Antonovics et al., 1971; Lonsdale and 

Levinton, 1985; Garland and Adolph. 1991; Conover et al., 1997). In addition, due to the 

srnall sample size of adults in this study, it is not known if the sarnples taken accurately 

represent the whole population. There were however, seven possible crossings in the GB 

sample, and 27 in the GOM sample, which should have provided a reasonable genetic mix. 

The results of this study show that the Ester growth in the wild of the more 



southerly population (GOM) is likely due to environmental variability between the two 

areas. The GOM experiences higher yearly average temperatures (Som, 6.4 O C )  than the 

GB (50m, 1.8 O C ;  deYoung et al., 1994), which likely causes the difference in growth rate. 

In fact, the negative effect that colder temperatures on the GB have on growth of larval 

cod is reduced by their capacity for faster growth rates. Although GB larvae grew faster 

than GOM larvae at both temperatures, this difference was greatest at 7 O C .  This may 

indicate that GB cod are better adapted to cold water temperatures. Other studies also 

suggest greater capacities for growth rate from higher latitudes (or colder environments) in 

adult (Bander, 1995), juvenile (Suthers and Sundby, 1996). and larval cad (Hunt von 

Herbing et al., 1996). 

Faster growth rates in northern populations have been found in other species of 

fish: arctic char, Salvclims aipitnrs (DeLabbio et al., 1990); largemouth bas, Microptms 

salmoides (Williamson and Carmichael, 1990; Phillipp and Whitt, 199 1); Atlantic salmon, 

Salmo snlar (Nicieza er al., 1 994b); mummichog, Ftind~rltcs hetermlilirs (Schultz et al., 

19%); and striped bass, Morot~e saratiliis (Conover et al., 1997). The phenornenon has 

been tenned countergradient variation, and is believed to be an adaptation to a shorter 

growing season (Conover and Present. 1990). 

Countersradient variation results in higher latitude populations growing faster than 

those at lower latitudes, when reared at the same temperature. Although growth rate of 

the more northerly population of Atlantic cod was significantly faster in this study, the 

substantial differences in growth rate reported by Conover and Present (1990) in Atlantic 



sihms&s were mt prcsent. The two populations used m thU study npnsent areas neat 

the southaly ümit of cod disaibution (GOM), and one near the middk (GB). An 

unsucccssful attenpt was mide to colkct gantes h m  cod near the northcm Itiiit of th& 

distribution. Ifcountergradicnt variation is present thughout the âistribution of c d  in 

the northwest Atlantic, the gnatest di&mccs in growth rate would be seen by comparing 

populatiUns firom both extrmies of the dimihion. This is an area open to future 

nsearck 

The resuiîs of this study support the findings of Hunt von Hcrbiig et al. (19%), 

whm larval Newkundland cod gnw fast# than those h m  Nova Scotia. Fastcr growth 

of Ncwhundland cod was correlatecl with a mm dtvclopai intestinal tract than c d  h m  

Nova Scotia cod, and this may have resuited in the fastcr growth rates. In both studies, 

the northan population outgnw the southeni, mggesting that northwcst Atlantic c d  

h a e  lilrely exhibit CnGV in growth rate. This may be an adaptation to the colder annual 

wata tmiperaturcs, and shorter growing scasons in noriheni areas. 

in recent pars, many cod stocks in the nonhwest Atlantic have ben  scvenly 

dcpktcd, with the iargcst decline taking place off nonhcastern Newfoundland. If in k t  

the obsaved growth ratcs in this sndy are genetic Li ongin, and are representativc of the 

whok population, it could have signincant implications for the tccovcry of cod stocks. 

The cap* for fasttr growth rates m c d  h m  nonhem populations nray indicate that 

c d  h m  southun anas would not be abte to n W  stocks to the north. For exanple, 

lame h m  soutban populations might rrach a snialkr size at the end of the first growing 



season in norrheni environmnts. Si zc  - selactive wintcr mortality has ken  reportcd in 

m y  6sh species (Cornva and Ross, 1983; Henderson et d., 1988; Schuter and Post, 

1990, Conover, 1992). If thh occurs in youngsf-the ycar cod, o f f s p ~ g  of cod h m  

southerly aicas niay be lcss kly to survive in areas farthcr nonh, as thcy might be anah 

in *. 
nie capacity for fastcr pwth in the northern population is also signifPe9nt for the 

development of cod aqUBiCUIIUIC. Tradiliondy, one would choose a stock with the Easten 

growth nues to cube .  However, if countergradient variation is pnsent, no- 

populations (possi'bly slowest growing in the wild) m y  be the best suited for 

domestication (Williamson and CamPckl1990). 

If the selective pnssure fot CnûV in gmwth rate of fishes is sizc - sehtm wintcr 

mrtaiity* it is expected thac this would k grcatest in the earlicst life history stages. 

Thertfon, exartiinacion of gmwth of juvenik cad h m  différent populatio+ is necessary 

before thb phcnomenon cm be adeqwteiy adbessed in this species. This is the fbcus of 

QIIIPtcr three in this thesis. 

nie resuits of my sîudy sœm to indiCate that cnvironmntal Edctors in the 

northwcst Atlantic whkh lhly result in slower growth of h a 1  cod in northern ams, 

have also multcd in an aâaptbn for a highcc capacity for growth in northern c d  nitre 

is munting d e n c c  that CnGV in growth rate is a c o m n  phenonmon in larval &h. 

This is sormwhat surprising in species sirch as Atlantic cod, where cggs and larvae drift 

M y  in thE wata colurrni and bits on gene ûow would be expected to bc low. As more 



c o m n  cnvkonmnt experimtnts arc conducted, occurrences of CnGV or otha patterns 

in geogmphk variation could indicate that mre genetic variation amng fish populations 

may exht than what was previously believed. 



Chrpter Three 

Effect of temperature on growth and energy allocation in four populations 

of juvenile Atlantic cod (Gadus morhua L.) 

3.1 Introduction 

Fish fiom different populations often Vary in morphology, growth rates, age and 

size at maturity, and spawning seasons (Colby and Nepszy, 198 1 ; Templeman, 198 1 ; 

Beacham, 1983; Taylor, 199 1; Brander, 1994). Environmental variability is usually 

assumed to be the main factor contributing to these differences. Factors such as 

temperature, food quantity, food quality, inter and intra-specific cornpetition, etc., may 

influence fish life histories. However, in field situations it is difficult to determine which 

factors have the greatest effects. Furthermore, genetic-based differences are virtually 

impossible to detect (Garland and Adolph, 1991; Conover and Schultz, 1995). 

Common environment and reciprocal transplant experiments can be used to 

estimate the relative contribution of environmental and genetic factors towards different 

life history traits (Garland and Adolph, 1991; Conover et al., 1997). These experiments are 

designed to eliminate the variability in environmental influences on phenotypic expression, 

and thus make inferences about gcnotypic differences. However, no experimental design is 

perfect. This is due to past history, parental contributions to observed variance, and 

labontory selection on different genotypes (Garland and Adolph, 1991). Thus, results 



obtained fiom such studies must be interpreted with caution. 

Experiments on amphibians have shown that much of the observed geographic 

variation in these animals may be due to environmental differences (Berven, 1982; Riha 

and Berven, 1991). For example, Berven (1982) showed that lanial development of wood 

frogs (Rarm sylwica) fiom high and low elevations was largely due to temperature. In 

such circumstances, reciprocally transplanted animals develop life history traits sirnilar to 

those of individuals in their transplanted environment. In rnany cases, geographic variation 

in fishes is likely to be primarily due to environmental variability. However, cornmon 

environment studies of fish have demonstrated genetic différences in the capacity for 

growth rate (Conover and Present, 1990; Delabbio el al., 1990; Schultz et al., 1996), food 

conversion eficiency (Williamson and Cannichael, 1990, Present and Conover, 1992; 

Nicieza ri al., 1994a), low oxygen tolerance (Williamson and Cannichael, 1990), and 

morphology (Robinson and Wilson, 1996). 

Atlantic cod (G41rs mwhtia L.) are an ecologically and commercially important 

groundfish in the northwest Atlantic. and have been extensively studied throughout this 

century. Growth rate and age at maturity varies widely among cod stocks. Generally, 

growth rates are higher and age at maturity is lower in wanner water (May et al., 1965; 

Loeng, 1989; Brander, 1995). For exarnple, the average weight of a four year old cod off 

Labrador (average temperature 2 OC) is 0.6 kg, whereas a cod of the same age in the Celtic 

sea (averase temperature I I O C )  is 7.3 kg (Brander, 1994). 

Cod range fiom Baffin Island (- 63" N) to Cape Hatteras (- 35" N) in the 



northwcst Atlantic (Scott and Scott. 1988). Watet tcmpaature~ in this am are idlwnctd 

by two cments. Thc Gulf S m  is a wann cuncnt that flows north h m  the Gulf of 

Mexico befon crosshg the Atlsntic Ocean south of Newfoundland In wntrast, the cold 

Labmdor cumnt fbws south abng the Labrador and Newfaundhnd coast befon moving 

o W o e  to mix with the Gulf S a a m  @rinlrwater, 1996). As a nsult, c d  near the 

southern end of th& distiikition may experience much wanner watcr temperatures, and 

longer growing seasons than those to the north. In adâiîion, theSc currents nmy resuit in 

substantial temperature dinennccs occurring ovcr smaii geographical distances, such as 

the mrtheast and south coast of Newfoundland (Narayanan et al., 1996). 

Most of the lite history variation in cod has btcn attributcd to environmentai 

variability such as temperatures dinennces. In ment  years however, nsearchas have 

found genetic di&rences among cod stocks, and gent flow my be mite limited than 

pteviously believcd (Bentzen et al., lm, Ruzzante et d, 1996). Fow audits have 

addressai the relative conaibution of genotypic and envitonmntal influences on lifc 

history traits in cod. To my howledge, thm have only k e n  two MU& (in ddi tkn  to 

Qiaptcr Two) which have corrpared growth rates of di&rent populations of larvai cod 

h m  tbe northwest Atlantic under c o m n  cnvironmts (Hunt von Hcrbing et al., 19%; 

Riv~tndran and Brown, 1998). 1 am aware of no study that has exanillied juvenile cod 

h m  this arta KMiwbdge of the contribution of enviromnial and genetk infIuences on 

life history traits in cod couid be heipfui in ideniifjing stocks, improvkig ycar c h  

predietion niodels, estimating the effects of climte change, and sckcting superior stocks 



for a q d .  

This study exairiines the contribution of temperatun towards growth rates and 

ewgy allocation (towatds cmrgy tesmes) in young of the year juvenilc cod b m  four 

northwest Atlantic populations. Based on prcvious work with larval cod (Hunt von 

Herbing et d, 1996, Chapter Two), it is hypothesized that the capacity for growth rates 

and food c o n v d n  efiiency increase with incnasing latitudes. 

3.2 Malcricils and Methoda 

Juvenik cod for this study were obtained by two mthods. The k t  group was 

raised âom eggs in the laboratory (LAB). Gamctes w m  obtaimd h m  two di&rent 

popuîathns of c d  by stripping spawning adults at sea. Coltcctions wcn niade on the 

Grand Banks (GB; 46" N, 55' W), in the North Atlantic Fshcrics Organizatians (NAFO) 

division 3Ps, and in the Gulf of Maine (GOM* 42' N, 70" W), in the NAFO division 5Y, as 

described in Chaptcr Two (Figure 3.1). Incubation and carly larval rcaring was conducttd 

in U)(I WC conical tanks using suuidard protocols for the &g of c d  (Puvanendriin and 

Brown, 1999). Young juve&s wcn transferreâ to 3000 h tanks, w k c  they wcre 

weaned onto food pelkg-and kcpt und transfct to the experimental wup. 

Juvciiilt c d  h m  two othcr populations wcre colkctcd h m  two inshore bays on 

the island of Newhundland (WILD), using a beach seine. The k t  sarnpk was coikctai 



in the NAFû division 3L h m  Ne- Sound (48" N, 53" W) in Bonavista Bay (EB). on 

No- 15/98. nit oiher sampk was taken in the NAFû division 3Ps h m  Connaigre 

Bay (47' N, 55' W) in Fomuie Bay (FB), on Novenikt 241198 (Figure 3.1). 

Upon arriva1 at the Oman Scienas Centre facilities in togy Bay. Newfoundland 

(47' 35' 20" N, 52" 40' 55" W, O.S.C.), a subsmpk of tht wifd cud h m  cach collection 

site was taken for dcrcmiinatian of total lcngth (cm), wct wcight (g), Fulton's condition 

factor, and kpatosomtic index. as a mans of cornparhg initiai sizc and nuaitional statu 

(see procedm btlow). Al1 fish wen weaned ont0 pdtet food ( s a m  dict as hatchery 

ttared M) and aoclimated to the txpenmntal setup for more than two wecks. The LAB 

rcared fi& were dm transfcmd to the txpctimntal setup at this the.  

3.2.2 ExptrImcntai actup 

An M wcn kept in two rectangular 2000 litre raceways for the experimnts. 

Each raccway was dividcd hto 10 areas trsing âamtd nctting. These areas scrvcd as 

experinrental "tanks'', a h  of which was supplicd with =ration and încluded 10 6sh h m  

a single population. Thne tanks in each raceway containcd cod 6tom the GOM (n =30) 

and GB (dû), w h k  two îadcs contained cod h m  BB (n=20) and FB (n=20), (N ~200; 

AppendDt One). 

In Expainmt 1, raceway #l received 6ltcred hearcd seawaier w h k  raccway U2 

nccived fiItend unhacd scawatcr (AmbYnt), w k h  was approxirtvately 1 - 2 OC above 

ambitnt tmpmmcs at the O.S.C. In E x p a k n t  II, both raccways rtccived watet of the 



same temperatun (- 6 "C), intemiediate to those in Experimnt L During the tirne 

between the two qerimmts, temperatures were graduaiiy brought togcther ( i i  in 

ambient group, decrtased in heatcd group). Temperatures and dissolved oxygcn were 

monitored bughout both cxpaiments (se F i  3.2 for tcmpcraturc profiles) and did 

not differ among tanks in each raceway. Lighting was pmvidcd by fiourwcent tubes, and 

photopcriad was adjusted fortnightly to a p p r o h t e  day-kngths at 44 ON (iitermEdiate 

latitude for aii populations). Twilight was provided using an incandescent bulb which 

cam on 44 hour before the main lights and remainecl on H hour aftcr the niain lights. 

Light intmsity was measurcd at the water's surface, and was 1500 lux undu fidi lighting, 

and two lux diaing iwilight. 

Aîi 6sh wae fed pellet food to satiation daily, and the amount caten by each tank 

of fi& was recotded The average weight of food eaten by each 6sh per tank was used for 

dct enilination of gros food conversion c&iency, which was cakulated using p s s  food 

conversion ratio (GFCR): 

GFCR = W, W;', 

when Wm is mean weight of food caten, and WG is man wcight gain of 6sh 

3.2.3 Sliapting 

Sampling of c d  was donc at the start of the Experinrtnt 1 @ec. 09/98), at week 5, 

and w& 14. AU 6sh wae anaesthethaî using Zphcnoxy ttharPot (0.125ml/ litre of 

water), and rrrasrind for total kngth &, to the n a r a t  0.1 cm), and wet wcight (W,, 2 



0.01 g). For Expaiment 11, thk was &ne at the start of the experimcnt (March 30/99), at 

week 4, and at week 8. Growth was pbuad as L, and W, incnase over tirne. Gros 

spccific growth rates (Busaclset et al., 1990) were calculateci based on the increase in 

average h h  weight per tank using the formula: 

GSGR = (In W, - in W$- *100, 

whae W, = man finai In 6si1 weigf~t, W, is man initial In fish weight, and T i  is time in 

days. 

In addition to an initial m k ,  at the end of the ExperimEnt 1. a sampk of nsh 

h m  each expmmCntal tank were kiikd using 2-phenoxy ethano1 Condition was 

calculatcd using Fulton's condition ktor (K; Ricker, 1975): 

K = (w, * h3)*100, 

w b  W, is wet weight (granis), and is totai kngth (cm). Tissue water content was 

detmiijned using a standatdized sarnple of epaxiai muscle (striated white musck in dorsal 

musck niass) and the whok liva. n# tissues were first weighed wet (T, 2 0.01 g), and 

then dried to constant weight in a 60 "C ovm, for determination of dry weight RD, 2 

0.001 g). Tissue water content @va = % W, muscle = % W d  and hcpatosomtic index 

(H.S.I.) was calfula#d respectivtly as: 

% Water = 100 - ((TD * Ti1) *lûû), 

and 

H.S.L = ny w,-')*lm, 

whm L, = liva weight. The same procedm was done on aü surviving 6sh at the end of 



Expcrimcat II. Condition factor. H.S.I., % W,, and % W, w m  ail uscd as masures of 

nutritionai  statu^ (sec discussion). 

3.2.4 Dotr mal* 

3.2.4.1 C o m p h a  

Cornparisons w e n  made between fish of LAB-WILD ongin, and between GB- 

COM and FB-BB populations. Although both WILD populations originated &am higher 

Iatitudcs than the LAB fi&, latitudinal camparisons of cod from a WILD population were 

not nade with cod h m  a LAB population, due the possibility of WTLD/LAB origin bcmg 

a confounding factor. An aipha of 0.05 was set as the significanct kvel of aü tests. 

3.2.4.2 Initial srunplu 

Samples of FB and BB cod taken at tirne of collection, and initial masures of K, 

H.S.L. % W,, and % WM at the start of Exptrimcnt 1 were analyscd using t-test. 

MCBSUI~CS of nutritional statu wen testcd for association with Lt of k h  using analysis of 

covariance (ANCOVA; sce below). 

3.2.43 Experimcnt 1 and Experiment II 

Cornparisans of GSGR, GFCR K, H.S.L, 56 W, and % W, wue made bctwetn 

LAB-WLD cad, GB-GOM cod, and FB-BB cod. Gmss SGR and GFCR wcre analyscd 

using 3-way anaipis of variance (ANOVA). The variables in the mode1 wen origin, 



tmpentmt, smpiing period, and al1 interaction ternis. Condition factor, H.S.I., % W ,  

and % W, wen anaiysed in a 2-way hicruchical ANOVA. Tank effects were nested in 

the design, but wen nmoved if found not to be significant. nie variables in these mKieis 

wae origin, tenperatun, and ongin-tempnatun interaction. Transfomtion and 

fendOnPzation were not nquind to meet the assumptions of the tests, as nsiduals w a e  

hund to be homogeneous and nonrial in distribution. Graphical npresenîations of 

nutritional indices an based on the man of the npkate (tank) mans for each treamnt. 

Means, standard errors, and range of the treatmcnt mans arc presented in Appendix B. 

Due to possible bias in population comparisons, if significant relationships (at alpha 

0.05) bctwan masured indices of nutritional status and length of the tish wen founâ, 

data w a e  s t m h k d  using the procedure outlined by Wlddows (1985). Data were first 

log mndbrmd and the ngnssBon equations bctween the mcasurui nutritional index and 

TL for each population, at each temperature was calculated. nie slopes of these regcession 

equations were then used in the folowing standafduation equation: 

log10 Yc = log,, Y0 - @*log,, t, - b*log,o -1, 

when Yc is the conectcd nutritional index value for the mean total length of alliish 

&), b is the dope of the regession linc, and Yo and L, are the individuals masured 

index vahie and total kngth rcspcctively. Correctecl values w m  convcrted back to linear 

scak, and staâistically compared using che analyses describeci above. 



3.3 Rnults 

3.3.1. Initial samples 

The sub-sample of the wild fish collected in November 1998 from FB and BB 

showed no significant differences in L, (t,, = 0.97, p = 0.34), W, (t?, = 0.77, p = 0.45), or 

K (t, = - 1.09, p = 0.29) between the two populations. However, BB cod had significantly 

higher H.S. 1. than FB cod (t,, = 4.84, p < 0.00 1; Figure 3.3). 

Samples were taken of the four populations at the start of Experiment 1 to 

determine initial nutritional status (Figure 3.4). Analysis of K. H.S.I., % Wb and % W, 

showed no significant relationship (p > 0.05) with L, for any of the populations. 

Laboratory reared fish (GB and GOM) had significantly higher K (t, = -3.99, p C 0.001), 

and H.S.I. (t,, = -6.58, p < 0.00 l), and significantly lower % W, (t,, = 7.69, p < 0.00 l), 

and % W,, (t, = 6.83, p < 0.001) than wild caught fish (FB and BB): Bonavista Bay cod 

had significantly higher K (t,, = -2.42, p = 0.034), and % W, (t,, = -2.60, p = 0.026) than 

FB cod, but there were no significant differences in H.S.I. (t,, = - 1  -95, p = 0.073), or % 

W, (t,, = -0.45, p = 0.66) between the two populations. Gulf of Maine cod did not have 

significantly different K (t, = 2.28, p = 0.26), or H.S.I. (t, = 0.28, p = 0.83) than GB cod 

(Figure 3.4). Due to limited samples sites. % W, and % W, could not be statistically 

cornpared for GB and GOM cod at the start of the experiment. 



3.3.2 Experimtnt 1 

Gross spcryc growfh ru& gossfrHxl coriversiorr ratio 

In Experiment 1, different populations of cad were kept at heated and ambient 

water temperatures for 14 weeks. Mortality was low in ail groups (< 5 % total) and 

populations were not statistically compareci. Total length and W, increased in al1 

treatrnents (each population at each temperature) during the experiment (Figure 3.5). 

Gross SGR of LAB and WILD cod was significantly higher, and GFCR signiticantly 

lower, at heated temperatures than ambient temperatures (GSGR; ANOVA, F,,4, = 729.95, 

p c0.001; Figure 3.6; GFCR, ANOVA, F ,,,, = 227.67, p 0.001; Figure 3.7). The 

interaction terms, sampling period'origin and sampling periodmtemperature were 

significant for LAB-WLD compansons. Therefore the models were broken down by 

temperature and sampling period, and comparisons were analysed using 1-way ANOVA. 

Juvenile cod of WlLD ori~in grew significantly faster than those of LAB origin during the 

period between weeks 5 to 14, and O to 14 under heated water, but there was no 

significant difference ftom week O to 5, or during any t h e  penod under ambient water 

temperatures (Table 3.1). In contrast, GFCR of WED cod was significantly higher than 

LAB cod from week O to 5 under heated temperatures, and al1 sampling periods under 

ambient water temperatures (Table 3.2). 

Gross specific growth rates were not significantly diffcrent for GB-GOM cod at 

either temperature (ANOVA; F,,?, = 1.72, p = 0.202), but GOM cod had significantly 

higher GFCR than GB cod at both temperatures (ANOVA; F,,, = 12.54, p = 0.002; 



Figure 3.6). There was a significant intrraction effect on GSGR and GFCR between FB- 

BB origin and sampling period. The models were subsequently broken down and 

comparisons were analysed usiny 2-Way M O V A  at each sampling period. Bonavista Bay 

cod grew significantly faster than those from FB from week O to 5, but there was no 

significant difference from week 5 to 14, or week O to 14, or for GFCR at either 

temperature (Table 3 3). 

The variables K, H.S.I., % Wb and % W, at the end of Experiment 1 (Figure 3.8) 

were significantly (p < 0.05) associated with total length, and the data were standardized 

as described in the Material and Methods section. Slopes used in the standardization 

equations are presented in Appendix C. Condition factor was not significantly different for 

juvenile cod held under heated and ambient water temperatures. There was a significant 

interaction on K between the variables LAB-WILD origin and temperature, and the model 

was therefore broken dom. No signiticant difference between LAB-WnD cod was 

found at heated temperatures, but LAB cod had significantly higher K than WILD cod at 

ambient temperatures. Although plots of the mean of tank means suggest similar K for 

GB-GûM cod (Figure 3.9a), hierarchical ANOVA showed that Gulf of Maine cod had 

significantly higher K than GB cod at both temperatures (Table 3.4). A significant 

interaction between FB-BE tish comparisons and temperature was found, and the two 

populations were compared at each temperature. No significant difference in K of FB-BS 



fish was present at heated temperatures, but BB cod had significantly higher K than FB 

cod at ambient temperatures (Table 3.4). 

Hepatosomaric irr&x 

Hepatosomatic index was not significantly different for juvenile cod reared under 

heated and ambient water temperatures. Lab reared fish however had significantly higher 

H.S.I. than WILD fish at both temperatures (Table 3.5). There was a signiticant 

interaction effect on H.S.I. for both population comparisons and temperature, and the 

populations were subsequently compared at each temperature. Gulf of Maine cod had 

significantly higher H.S.I. than GB cod at heated temperatures, but there was no 

significant difference at ambient temperatures. In contrast, H.S.I. of FB-BB cod was not 

significantly different at heated temperatures, but BB cod had significantly higher H.S.I. 

than FB cod at ambient temperatures (Figure 3,9b, Table 3.5). 

% liver walw Ç O I I I ~ I I ~  

Juvenile cod reared under ambient water temperatures had signiticantly higher % 

W, than those at heated temperatures. A signiticant interaction between % W, 

comparisons of LAB-WlLD origin and temperature was present (Figure 3.9c, Table 3.6). 

When tested at each temperature, WiLD cod had significantly higher % W, than LAB cod 

at heated temperatures, and significantly lower % W, at ambient water temperatures. 

There was no significant difference in % W, of GB-ûûM cod, or FB-BB cod at either 



temperature. 

% m t m k  wuter cotrtcrtil 

Muscle water content was not significantly different for cod reared under heated 

and ambient water temperatures, or of LAB-WILD origin. A significant interaction efkt 

on % W,, was present between GB-GOM cod and temperature (Figure 3.9d. Table 3.7). 

Cod from the GOM had significantly higher % W, than those fiom the GB at heated 

temperatures, but there was no significant difference under ambient temperatures. There 

was no significant difference in % W,, of FB-BB cod at either temperature. 



Table 3.1: ANOVA results for cornparisons of gross specific growth rates ofjuvenile cod 
of LAB-WLD origin. Fish were reared at heated and ambient water temperatures for 14 
weeks, Where a significant difference was present (p < O.OS), the treatment with higher 
values is indicated. 
v 

Tank temperature 

I 
Heated 

Arnbient 

Week 0-5 

F,,, = 0.23, 
p = 0.645 

Week 5-14 

F,,, = 20.2 1, 
p<O.OOl,WaD 

1 

Week 0- 14 

F,,, = 40.00, 
pCO.001,WUD 

F,,, = 3.50, 
p = 0.098 

F,,, = 0.02, 
p = 0.901 

F,,, = 0.35, 
p = 0.572 



Table 3.2: ANOVA results for comparisons of gross food conversion ratios for juvenile 
cod of LAB-WILD origin. Fish were reared at heated and ambient water temperatures for 
14 weeks. Where a signifiant difference was present (p c 0.05). the treatment with higher 
values is indicated. 

Tank temperature Week 0-5 Week 5-14 1 Week 0- 14 

Heated 

Ambient 

I 
FI,, = 8.35, 

p = 0.020, WiLD 

FI,, = 34.54, 
p < 0.001, WILD 

FI,# = 1.23, 
p = 0.300 

F,, = 8.97, 
p = 0.017, W D  

FI,, = 0.32, 
p = 0.590 

FI,, = 19.72, 
p = 0.002, WILD 



Table 3.3: ANOVA results for cornparisons ofgross specific growth rates (GSGR) and 
gros food conversion ratios (GFCR) for juvenile cod from Fortune and Bonavista Bays. 
Fish were reared at heated and ambient water temperatures for 14 weeks. Where a 
significant difference was present (p < 0.05), the cornpanson with higher values is 
indicated. 

Response variable 
! 

GSGR 

GFCR 

Week 0-5 

F,,, = 15.00, 
p<O.ûOI, BB 

FI,, = 1.71, 
p = 0.261 

Week 5-14 Week 0- 14 

FI,, = 0.1 1, 
p = 0.756 

FI,, = 0.00, 
p = 0.973 

FI,, = 1.60, 
p = 0.275 

FI,, = 0.30, 
p = 0.612 



Table 3.4: Results of ANOVA cornparisons for condition factor of LAB-WlLD, GB- 
GOM, and FB-BB juvenile cod, reared for 14 weeks at heated and ambient water 
temperatura. ~ h e n  a significant interaction (p < 0.05) with temperature was prexnt, 
comparisons were made at each temperature. Where a significant difference was present 
(p < 0.05), the treatment with higher values is indicated. 

1 Camparison 1 Both Heated 1 Ambient 

L A B - W D  

l Temperature 1 F ,,,, =2.64, p =0.107 I 

GB-GOM 

FB-BB 

temperatures 

F ,,,,, = 13.96, p < 
0.001, GOM 

temperature 

F,,, = 3.59, p = 
0.062 

temperature 

= 18.27, p < 
0.001, LAB 

= 1.40, p = 
0.244 

F,,, = 12.71, p < 
0.00 1. BB 



Table 3.5: Results of ANOVA comparisons for hepatosomatic index of LAB-WILD, GB- 
GOM, and FB-BB juvenile cod, reared for 14 weeks at heated and ambient water 
temperatures. When a significant interaction (p < 0.05) with temperature was present. 
comparisons were made at each temperature. Where a significant difference was present 
(p < 0.05), the treatment with higher values is indicated. 

Comparison 

LAB-WUD F,,,, = 4.60, p = 
0.035, LAB 1 GB-GOM 

temperature 

___I 

FB-BB = O. 14, p = F,,,, = 14.58, p = 
0.71 1 0.001, BB 

I Temperature I F,,,3 = 1.83, p = 0.180 



Table 3.6: Results of ANOVA cornparisons for % liver water content of LAB-WiLD, GB- 
GOM, and FB-BB juvenile cod, reared for 14 weeks ac heated and ambient water 
temperatures. When a signiticant interaction (p < 0.05) with temperature was present, 
comparisons were made at each temperature. Where a significant difference was present 
(p < 0.05), the treatment with higher values is indic3ted. 

1 Temperature 1 F,,, = 14.19, p c 0.001, Ambient 1 

Cornparison 

LAB-WTLD 

GB-GOM 

FB-BB 

Heated 
temperature 

F,,,, = 8.36, p = 
0.006, WILD 

Both 
temperatures 

F ,.,, = 1.50. p 0.228 

= 0.09, p = 
0.77 1 

Ambient 
temperature . 

5.31, p = 
0.026, LAB 



Table 3.7: Results of ANOVA comparisons for % muscle water content of LAB-WiLD, 
GB-GOM, and FB-BB juvenile cod, reared for 14 weeks at heated and ambient water 
temperatures. When a significant interaction (p < 0.05) with temperature was present, 
comparisons were made at each temperature. Where a significant difference was present 
(p <-0.05), the treatment with higher values is indicated. - 

Cornparison Heated 

0.334 

GB-GOM l 
FB-BB 

Ambient 
temperature 

Temperature 1 = 0.94, p = 0.334 



Figure 3.1: Nonhwest Atlantic Ocean, showing approximate nonhem and routhem limits 
of the distribution of Atlantic cod (Gachrs morhua L.), and location of collection sites 
Grand Banks (GB), Gulf of Maine (GOM), Fortune Bay (FB), and Bonavista Bay (BB). 
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Week 

Figure 3.2: Daily temperatures (OC) of heated and ambient raceways used in juvenile 
cod mdy fiom the start of Experiment 1 (Week O; Dec 9) to the end of Experirnent 
II (Week 24; May 25). Experiment 1 ended on Week 14, Experiment II began 
on Week 16. 



Figure 3.3: (a) Total length, (b) wet weight, (c) Conditon factor, and (d) hepatosomatic 
index of O-group juvenile cod callected fiom Fortune Bay (FB) and Bonavista Bay 
(BB) in November 1998. N = 14 for FB, 40 for BB, shown are rnedian (solid line), 
mean (dotted line), 25 and 75 * pcrceiailer (box), 10 ' and 90 ' picentiles 
(verticai bars), and 5 a and 95 ' percentiles (circles). 
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Figure 3.4: (a) Fulton's condition factor, (b) hepatosornatic index, (c) % iiver water 
content, and (d) % muscle water content of Grand Banks (GB), Gulf of Maine (GOM), 
Fortune Bay (FB), and Bonavista Bay (BB) juvcniie cod at the start of Experiment 1. 
Error bars = standard error, sample iize shown above error bars. 



Figure 3.5: (a) Total length, and @) wet weight ofjuvede cod fiom the Grand Banks (GB), 
Gulf of Maine (GOM), Fortune Bay (FB), and Bonavista Bay (BB), reared at heated (H) 
and ambient (A) water temperatuns for 14 weeks. Each symbol is the mean of the tank 
means for each treatment (n = 3 for GB and GOM, 2 for FB and BB), vertical bars = 
standard error. 
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Figure 3.6: Gross weight specitic growth rate (% increasc per day) of juvcnile Atlantic cod 
fiom the Grand Banks (GB), Guifof Maine (GOM), Fortune Bay (FB), and Bonavista Bay 
(BB), reared at (a) hateci and (b) ambient watw temperatures for 14 weeks. Each bar is 
the mean of the tank means (n = 3 for GB and GOM, 2 for FB and BB), enor bars = 
standard error. 



Tirne period (weeks) 

Figure 3.7: Gross food conversion ratio (faod eaten / weight gained) of juveniîe Atlantic 
cod h m  the Grand Banks (GB), Guif of Maine {GOM), Fortune Bay (FB), and 
Bonavista Bay (BB), r c d  at (a) heated and (b) ambient water temperatures for 14 weeks. 
Each bar is the mean ofthe tank means (n = 3 for GB and GOM, 2 for FB and BB), error 
bars = standard error. 
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Figure 3.8: (a) Fulton's condition factor, (b) hepatosomatic index, (c) % iiver water content, 
and (d) % muscle water content of Grand Banks (GB), Guifof Maine (GOM), Fortune Bay 
(FB), and Bonavista Bay (BB) juvenile cod, reared at heated and ambient water tempertures 
for 14 weeks. Samples were taken at the end ofExperirnent L Each bar is the mean of the 
tank means (n = 3 for GB and GûM, 2 for FB and BB), enor bars = standard error. 
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Figure 3.9: Standardized (a) Fulton's condition factor, (b) hcpatosomatic index, (c) % liver 
water content, and (d) % muscle water content of Grand Banks (GB), Guifof Maine 
@O, Fortune Bay (FB), and Bonavista Bay (BB) juvenile cod, reared at heated and 
ambient water tempertures for14 weeks. Samples taken at the end of Experiment 1. 
Each bar is the mean of the tank means (n = 3 for GB and GOM, 2 for FE and BB), 
error bars = standard error. 



3.3.3 Expcrimcnt XI 

GWS s,ptc@c growth mte, grm fd conversion ratio 

Mottality was bw in ali trcatnmts (3 96 total) and populations wm not 

s W h h ü y  c o m p d  Cod kcpt unda heated and arnbicnt temperature in Experimtnt 1 

were kept at conmon tmperatum (- 6 aC) in bpaimcnt ïX (Figun 3.2; WC& 16 - 
Week 24). Total kngth and W, Urneascd for aü tnatments during the expcrimEnt (Figurc 

3.10). Gross SGR of LAB and WILD c d  was signüicantly higher for fish that wen hcld 

at arnbient temperatures in Experiment 1, than those kcpt at heated tempcraturts 

(ANOVA; FI, = 421.96, p < 0.001; F i p  3.1 1). nie interaction tcrm 

origin*t«ipeninire was sipikant for the LAB-WILD comparisons, and the mode1 was 

broken down by trmpcranrrt. Juvenile cod of WILD ongin, which had been heid under 

ambient tcmpctatuns in Experimnt 1, grew signükantly fastcr than those of LAB origîn 

(ANOVA; F,, = 147.34 p < 0.001) in Exqtrinmt II. However, there was no signincant 

dithncc between LAB-WILD cod kcpt under heatcd temperatures in Experiment i, 

during Expcrimcnt II (ANOVA; F,, = 1.41, p = 0.246). Gross FCR was not significantly 

a&cted by tmpmüm history (ANOVA; F , ,  = 0.01, p = 0.938), or LM-WILD origin 

(ANOVA; F,, = 2.74, p = O. 1W. Figure 3.12). 

Thae was a significant intaaction e&ct on GSGR b e m n  GB-GOM ongin and 

satrpling period ( F i  3.11). The midel was suùscquently brolrca down and the 

cornparison was analyscd using 2-Way M A  at each sampling period. Grand Banks 

cod h m  both tenpcranire tnatments grew significantly fastet than those h m  the OOM 



h m  week O to 4 (ANOVA; F,, = 13.00, p = 0.W). while G O M  cod gnw significantly 

&ter than GB cod h m  w a k  4 to 8 (ANOVA; F,, = 7.26, p = 0.027). However, th- 

was no signiacant diibcnce in growth rates of the two populations &om week O to 8 

(ANOVA; F,, = 0.10, p = 0.760). The interaction terni for GSGR of FB-BB cod and 

tmprratun was significant, end the anaiysis was mbscqucntly canicû out at each 

tmiperatitte. nien was no signiticant di&renx in GSGR of FB-BB cod imm heated 

temperatures (ANOVA; F,, = 1.98, p = 0.209), but BB cod under arnb.int temperatures in 

Expuinnt 1 gnw h t c t  than FB cod (ANOVA; F,, = 40.09, p < 0.001). Gross FCR was 

not signiiicantly di&rent for GB-GOM cod (ANOVA; F,, = 2.04, p = 0.166). Howeva, 

f%h h m  BB had higher GFCR Lhan thosc h m  FB, although this was only slightly 

significant (ANOVA; F ,,,, = 4.84, p =0.048; Figure 3.12). 

Condifion factor 

The variables K, H.S.I., % W,, and 96 W, at the c d  of Expriment II (F5pc 

3.13) weic signifieantiy @ < 0.05) m i a t c d  with b, and wcrc standardized as dcscribed 

in the Materials and Methods sectian, Exposure ta dinfuent temperatuns in Experiment 1 

did not significantly afficct K of LAB or WILD c d  in ExperVncnt ii. Plots of the tank 

means suggcst that WILO cod pnviously kcpt at -nt telriperaturcs had higher K than 

LAB cd subjccted to the same tmiperatun regime ( F i i  3.14). However, hierarchicai 

ANOVA showed that LAB ood had hi@ K at both temperature trcatmtnts. Gulf of 

Maine c d  h m  both tcnpcsatrin regtincs had significantly highcr K than GB cod, 



H ~ o s b ~ ~ n è  indrx 

nie hepatosomatic index was nat signifieantiy affectcd by previow lc~lprratult 

ngime. Compadsons of LAB-WïiQ cd and FB-BB cod also showed no sigdkant 

dinaences in &S.L (Figun 3. Mb, Table 3.9). T k c  was a sigdkant intaaction in the 

of GB-GOM ongin with temperature and the midel was b k e n  d o m  After tight 

waks at a conmon umpcratun, the H.S.1. of juvenib cod kept under hca~ed 

tenpaatuns in Experimnt 1 was signiticantly highcr for GOM than GB üsh. Howcver, 

the H.S.I. of juvenik cod kcpt under ambicnt temperatures in Experirnent 1, was 

sienificantly higher for GB than GOM cod in Expcrimtnt II. 

% liver wuter content 

Afta eight weeks of cornnon tcmperatws in Experinitnt II, the 96 Iivcr watu 

content of c d  kept under ambient tmpmtms was significantly higher than those kept 

Pnder heated tenpctams in Experimnt 1. Howeva, % WL was not signiaeantly 

diflerent for !AB-WILD, GB-GOM, or FB-BB cornparisons ( F m  3 . 1 4 ~  Tabk 3.10). 



content in Expaimnt IL niett was also no s i m a n t  dinerenee in 96 W, of LAB- 

WILD, or GB-GOM cod. A significant intcracthn t&ct bctwœn the FB-BB population 

coniparison and past tequmre r e g h  was prisent, and the anaiysis wss subtqutntly 

condPcted at a h  tenpcraturc trramrnt, No sipifkant di&mice in % W, of FB-BB 

cod h m  either tmpmmc -nt was found (F~gan 3.146, Tabb 3.11). 



Table 3.8: Results of ANOVA cornparisons for condition factor of LAB-WILD. GB- 
GOM, and FB-BB juveniie cod, reared at a common temperature for eight weeks. Where 
a significant difference was present (p < 0.05), the treatment with higher values is 
indicated. 

Comparison 

LAB-WLD 

GB-GOM 

FB-BB 

Temperature 

Both temperature treatments from Experiment 1 

Fleg, = 17.53, p < 0.001, LAB 

F ,,,, = 14.17, p < 0.001, GOM 

F ,,,, = 4.12, p = 0.050 

F ,,,, = 0.05, p = 0.827 



Table 3.9: Results of ANOVA comparisons for hepatosamatic index of LAB-WD, GB- 
GOM, and FB-BB juvenile cod, reared at a common temperature for eight weeks. Heated 
refers to fish initially exposed to heated temperatutes, and ambient refers ta fish init ially 
exposed to ambient temperatures for 14 weeks. When a significant interaction (p < 0.05) 
with temperature was present, comparisons wcre made at each temperature. Where a 
significant difference was present (p < 0.05), the treatment with higher values is indicated. 

1 GB-GOM I 

Cornparison 

L A B - W D  

Temperature 1 F,,, = 0.3 1, p = 0.545 I 

Both 
temperatures 

FI,, = 0.0, p = 
0.955 

FB-BB F,,3s = 0.58, p = 
0.450 

Heated 
temperature 

1 

Arnbient 
temperature 



Table 3.10: Results of ANOVA cornparisons for % liver water content of L M - W D ,  
GB-GOM, and FB-BB juvenile cod, reared at a common temperature for eight weeks. 
Where a significant difference was present (p < O.OS), the treatment with higher values is 
indicated. 

1 cornparison 1 Both temperature treatments in Experiment 1 1 
LAB-W[LD 

GR-GOM 

FB-BB 

Temperature 

F,,, = 1.08, p = 0.302 

FI,,, = 2.87, p = 0.962 

FI.,, = 1.63, p = 0.2 10 

F,., =6.93, p = 0.010, Ambient 



Table 3.1 1 : Results of ANûVA comparisons for % muscle water content of LAB-WILD, 
GB-GOM, and FB-BB juvenile cod, reared at a common temperature for eight weeks. 
Heated refers to fish initially exposed to heated temperatures, and ambient refers to fish 
initially exposed to ambient temperatures for 14 weeks. When a significant interaction (p 
c 0.05) with temperature was present, comparisons were made at each temperature. 

Corn parison 

GB-GOM 

Temperature FI,, = 3.43, p = 0.067 1 

Both 
temperatures 

= 1.79, p = 
O. 187 

FB-BB 

Heated 
temperature 

L 

Ambient 
temperature 

F,,la = 2.99, p = 
0.101 

FI,,, = 3.35, p = 
0.085 



O 4 8 

Week 

F i p e  3.10: (a) Tot4 laigth, and @) %et weight of juvenüe cod h m  the Grand Banks 
(OB), Gulf of Maine (MM), Fortune Bay (FB), urd Bonavista Bay (BB), reared at a 
comrnon temperature for eight weeks. CH) reférs to fish initialiy kcpt at heated 
tempcratures. and (A) refers to fish intiaüy kept nt ambient temperatures for 14 waks. 
Each symbol is the mean of the tank meam (n = 3 Fn GB and GOM, 2 for FB and 
BB), vertical bars = standard error. 



Time period (weeks) 

Figure 3.1 1: Gross spccific growth rate (% increasc per day) ofjuvenile Atlantic cod 
fiom the Grand Banks (GB), Gulf of Maine (GOM), Fortune Bay (FB), and Bonavista 
Bay (BB), reared at a common temperature for eight weeks. (a) refers to fish initially 
kept at heated temperatures and (b) rcfers to fish initially kept at ambient temperatures 
for 14 weeks. Each bar is the mean of the tank mcans (n = 3 for GB and GOM, 2 for 
FB and BB), error bars = standard error. 
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Figure 3.12: Gross food conversion ratio (food eaten / weight gained) of juvenile Atlantic 
cod from the Grand Banks (GB), Gulf of Maine (GOM), Fortune Bay (FB), and 
Bonavista Bay (BB), reared at a common temperature for eight weeks. (a) refen to fish 
initiaiiy kept at heated temperatures, and (b) refers to fish initially kept at ambient 
temperatures for 14 weeks. Each bar is the mean of the tank means (n = 3 for GB and 
GOW 2 for FB and BB), error bars = standard m r .  
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Figure 3.13: (a) Fulton's condition factor, (b) hepatosomatic index, (c) % liver water 
content, and (d) % muscle water content of Grand Banks (GB), Gulf of Maine (GOM), 
FO- Bay @), and Bonavista Bay (BB) juvcnile cod, rcarcd at a c o m o n  temperature 
for eight weeks. Heatrd refers for bsh initially kept at heated temperatures, and ambient 
refers to fish intially kept at ambient temperatures for 14 weeks. Each bar is the mean of 
the tank means, error ban = standard error. 
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Figure 3.14: Standardizcd (a) Fulton's condition factor, (b) hcpatosomatic index, (c) % 
liver water content, and (d) % muscle water content of Grand Banks (GB), Gulf of Maine 
(GOM), Fortune Bay (FB), and Bonavista Bay PB) juvenile cod, reared at a common 
temperature for eight weeks. Heated rcfers to fish intially kept at heated temperatures, 
and ambient refers to fish initially kept at ambient temperatures for 14 weeks. Each bar is 
the mean of the tank means, error bars = standard mor. 



3.4 lnaamh 

'This study examinui the cffects of diffmnt temperatuns on p w t h  and energy 

a i i d o n  in diffc~tnt populations of juveniie c d  The results show that physiological 

~spon9es to temperanin may bc dincrent among populations. 

J u v d e  c d  h m  all populations ww fwîm under heated than ambient water 

tmiperatiaes in Expubnent L nie slow p w t h  of a l i  populations undcr ambient watcr 

remperatures suggesg thai wiid 0-pup cod in nonhm arcas would p w  little over the 

winm mondia Ambicnt kmpmtms during the experiment were achiitlly w m r  than 

thow ocamhg around Newfoundland at this timc of ycar. in addition, the expcrimentai 

6sh wert fed ta satiaîion daiîy, wliich is likely more food than is consumed in the wild. 

Fastet p w i h  of cod at hi@= tempcrawts is weil dbcumented (Campana and HwIey. 

1989; Brander, 1994; Brand#, 1995; Hunt von Herbing et al,, 19% Krohn et al., 1997; 

Shackeii et al., 1997). Bm& (1994) found that over the fust four yem of lifc, cach 1 

OC b a s e  in waw hmpmaùnc results in a 29% increasc in size. 

Although common environment cxpcriments are an accepted method for 

estimating geneîic diffaences among populations, it is pmnature to conclude that 

population diffmnccs found in this study arc cornpletely genetic in origin. Non-genctic 

parental infiucms, such as siw of the yok-sac in newly hatched larvae, can affcct 

progeny. Howcvtr, tbese types of ifluences are uniikcly to have ptrsistcd in the GB and 

GOM sunples, as they wcn ktpt for a fuil year under identical conditions. This shouid 

have ban cnough time to mitigatc non-genetic parental effecrs, and thucfo~c diffuences 



m n g  h c  gmups an iikcly to be genetk in ongin. Non-gtnctic infuwmca rnay be 

m ~ r e  important for the two wild caiight populations (FB and BB), as they may have beui 

cxpased to substantially diffant environmental factors befm capm. Ttietefon, 

observai diffc~tncts in phcmtyps may or may not have a genetic basis. 

Although the W D  caught cod in my study would W y  have origuiatbd h m  

m y  diffennt parents, the LAB nand fish were obtained fiom a rcsuicted gent pool. 

As the samp1td fish may mt have adequatd y repfescntcd the whole population, the 

nsults have to be viewed with some caution, in addition. laboramy selcction on 

different genotypcs can mur (Garland and Adolph, 1991). Howevcr, simiiar selcctive 

pressures would iikcly occur for al1 groups, thus cornparisons can be made. 

Although cod h m  muthern ( w m ; )  areas p w  fasur than those h m  northem 

(colder) cnvironments in ihe wild (Bmâer, 1 t994; Campana et al., 1999, ovetall ihm 

was no siginincant ciifference (under common conditions) in weight specifc p w t h  ratcs 

ktween jrivenile c d  from the GB and GOM, or FB and BB in this study. This suggcst 

that environmentai variability is likcly nsponsibte for most of the abservcd diffmllccs in 

grawthratesbetwanthesesoocLsinthewild 

The capacity for p w t h  rate ha been found CO be higher in lamal cod from 

northem a m s  (Hunt von Herbing et uf., 19%; Chapm Two). Fastcr p w t h  rates of 

higher latinide popdations is tamed countcrgdcnt variation (CnGV), and is bclieved 

to be an gdaption to shortcr growing scasons (Canovu and Resent, 1990; Canover, 

1992). Due to sclcccivc p n s s ~ s  against small sizc, highcr latitude populations must 



grow f a s e  than those in lowcr latitudes when conditions d o w  fm growth. b exame 

cases of CnGV, the phenornenon may result in similar phenotypes occuTiing over broad 

cnWonmcntaI conditions (Conover, 1990). Howevtr, if k prevalent, one wouiâ expect 

that CnGV may only "Mer" latitimdinal diffcttnces. It is gcnaatly assumai that s h -  

seleetive moriality is higbest durüig the earliest pciiods of life, and dienfore it has b e n  

predicted that CnGV wrruld be most simcant in the larval stage (Conovcr, 1992). This 

hypothcsis has bccn supportcd in chis thcsis, as larval GB cd had higher capacitics for 

p w t h  rate than those h m  the GOM (Chapter Two), but juvenilcs (same sibling group 

as larve] had similPt gmwîh rates. 

Tn Experiment I, the tw wild populations (FB and BB) gnw fastu than the lab 

c d  (GB and GûM) at heatcd tempctaNCs, but then was no differcnct at ambicnt 

ternperanues. This âiffcrtnce in growth rates may have bccn a nsult of compensatory 

growth. This occw when animals arc able to compensate for pcriods of poor grawing 

conditions, such as depnssed food rations (Kim and Loveil, 1995; Nicieza and Mctcalfe, 

1997) or Iow ternperaains (Niae~a and Mttcalft, 1997), by UicnaSig growth m e s  

w h  conditions become favorable. WILD a h  may have expMcnccd colder water 

tcmpemum or poot fecding conditions than LAB cod ptior to capm. When p l a d  

under h e u  tempcrrrtures with unlimited food, compensatory growth may have 

occumd At ambient tcmpetatures membolic rates may have ken too low for rhis to 

cake place. This was supportcd in Expenmnt II, as WLD c d  held at amb'icnt 

t«nperatures in Experim«it 1 gnw signiticantly fastcr than LAB cod in Expctimcnt II. 



W h u w  compeiwatory growth would have o c c d  undu heated temperatures in 

Experiment i, it was not until the temperature was incnased in Experimcnt ï& that those 

fish that had ben pieviously kcpt at ambient temperatures w t n  able to "catch up." 

In a similar manner, cod held at ambient temperatuns in Expairnent 1 had faster 

giowth rates than those kept undm hcatcd tcmpcnuurr~, when both were placed at an 

intumediaot tcmpmtuce in Experiment ff. These rcsultp howeva do not provt 

compensatory growdi occumd, as then was no separate conml mup. Cod kcpt at 

ambient tcmperacurej in Experiment 1 gnw faster at an intemiediate tempcram (in 

Expcriment ïï) than those prcviously held at heated tempcra~ires. However, one wouiâ 

need to know growdi rates of cod at intermediate omiperaturts for both cxperimenu (a 

third group in Experllnent I) in order to confïnn compensatory growth. Nevertheles, the 

fish kcpt unda ambient temperatuns in Experimcnt 1, had similar growth rates at the 

intenncdiaic tcmperaûue in Experiment II (- 6 OC), as rhe fisb under heated tmipemhires 

had in Experimcnt 1 (- 13 OC). 

In Experiment I, food conversion cfficicncy was W a r  be-n LAB reared and 

WILD caught cod unda hcated temperahins, but WILD cod had pwrcr food conversion 

efficiencies tban LAB cod at ambient temperanins. Howcvet, thtn was no significant 

diffaencc in GFCR for LA.-WILD cod of cithcr temptranire ucatmcnt in Expcrimcnt 

II. 1 cannot specuiaie on a possible nason for this ditference. 

Although p w t h  rates wcn not significantly dinmnt betwcen GB and GOM cod 

in Expairnent 1, GOM c d  wen less efficient at converting food eaten to body rnass than 



GB cod. There was however no significant difference in food conversion eficiency 

between the two populations in Experiment 11. Northem populations have been shown to 

have increased fmd conversion eficiency compared southern populations in Atlantic 

silversides, (Present and Conover, 1992), and Atlantic salmon, Salmo salar (Nicieza et al., 

1994a). Higher latitude populations may evolve improved food conversion eficiencies in 

order to better exploit those limited periods when temperatures allow for rapid growth 

(Nicieza rr al., 1994a). 

Nutritional status of fish can be assessed by numerous means. In cod, 

measurements such as Fulton's condition factor, hepatosomatic indices, and percent water 

content of liver and muscle tissue have been shown to be good predictors of energy 

reserves {Lambert and Dutil, 1997; Grant and Brown, 19%). Condition factors are a 

means of comparing body weight at length. Higher K means that tish are heavier at length. 

and are assumed to be "healthier." Similarly, the hepatosomatic index is usefbl in 

comparing liver size at weight. Much of the energy storage in cod is lipid in the liver 

(Lamben and Dutil, 1997). Therefore, fish with higher H.S.I. likely have more lipid 

reserves. The water content of the liver can also be used to measure lipid storage (Love, 

1970). As lipids are metabolized, they are replaced by water. Therefore, higher liver 

water content is associated with lower lipid reserves. For example, liver energy content 

can range From 30 to 5 kJ/g, for 20% to 80% liver water content respectively (Lamben 

and Dutil, 1997). The other nutritional measurement used in this study was % water 

content in contractile muscle. In many species of fish, protein in the muscle is used as an 



energy source (Love, 1970; Lambe~ and Dutil, 1997). In a manner similar to lipids in the 

iiver, as proteins are metabolized fiom the muscle, are replaced by water. Muscle energy 

content in cod ranges from 5 kJ/g for muscle of 78% water, to 1.5 kJ/g for muscle of 90% 

water (Lambert and Dutil, 1997). Therefore, calculation of muscle water content can be a 

usehl means of measuing protein reserves. 

Upon collection, O-group juveniie cod h m  Bonavista Bay had higher 

hepatosomatic indices than similar sized fish fiom Fortune Bay, indicating that BB fish had 

larger livers relative to body weight. Higher H.S.I. is associated with increased energy 

storage (see above), and hepatosomatic index is known to be affected by diet. Grant and 

Brown (1999) found that O-group cod in Trinity Bay, Newfoundland deveiop higher 

H.S.I. when consuming Cdmnrsfir~m~rchicrrs. Due to the fact that sampies were only 

collected once in my study, and stomach content was not recorded, clear conclusions of 

population differences in H.S.I. of wild O-group juvenile cod from these areas cannot be 

made. 

Although al1 cod were kept under identical conditions for 14 weeks in Experiment 

1, and a tùrther eight weeks in Experiment il, differences in indices of nutritional status 

were present at the end of the experiments. LAB cod had higher K than WlLD cod at the 

stan of Experiment 1. After 14 weeks of common conditions this was still evident under 

arnbient temperatures, but under heated conditions there was no significant differenca 

This indicates that the WlLD cod "caught up" to LAB cod in a similar way to GSGR, and 

this increase in K may be another example of compensatory growth, Gulf of Maine cod 



had higher condition factors than GB cod throughout the study, and are heavier at length 

than GB cod. Cod from BB had higher K than those from FB at collection, and this was 

still evident afler the 14 week period under ambient temperatures in Experiment 1. 

However, under heated water, and for both temperature treatments (from Experiment 1) in 

Experiment II, there was no significant difference in H.S.I. bctween the two populations, 

again supponing compensatory growth of FB cod. 

Although H.S.I. was not significantly different for GB-GOM cod at ambient 

temperatures, GOM fish had higher H.S.I. at heated water temperatures in Experiment 1. 

Unexpectedly, in Experiment II, GOM cod kept under heated temperatures in Experiment 

1 had significantly higher H.S.I. than GB cod, but the opposite was tnie for the ambient 

temperature group. Since GOM cod are found in warmer water than GB cod, this 

suggests that GOM fish are better adapted for lipid storage in warmer water, and the 

opposite is true for GB cod. Comparisons of H.S.I. for FB-BB fish were similar to those 

of K for both experiments. It is likely that FB "caught up" to BB fish under heated 

temperatures, but metabolic rates were too low for this to occur under ambient 

temperatures in Experiment 1. Funhermore, the observed H.S.I. values likely caused the 

observed differences in K. 

Cod often develop corpulent livers in captivity (Grant and Brown, 1998). This was 

prevalent in this study as LAB cod had higher H.S.I. than WlLD cod in Experiment 1. 

Presumably, by the end of Experiment 11, WILD cod had been kept under "good growth 

conditions*' long enough to also develop corpulent livers. In the wild, H.S.I. often changes 



throughout the year (Lambert and Dutil, 1997; Grant and Brown, 1999). Water 

temperature did not significantly affect H.S.I. during either expriment, suggesting that 

some factor other than temperature (e.g,, diet) is  Iikely responsible for the variations 

observed in the wild. 

The only index that was significantly affectad by watet temperature was % water 

content of the Iiver. Fish reared under heated tempcratures had lower % W, than those 

under ambient temperatures. This difference was still significant after eight weeks at a 

cornmon temperature in Experiment II. Increase in water content is  associatecl with 

decrease in stowd lipids in the iivers of cud (Lambert and Dutil, 1997). Therefore, these 

results indicate that although H.S.I. was not signiticantly différent, c d  reared under 

heated conditions had mure lipid reserves than those kept at ambient temperatures. 

In Experiment 1, LAB reared cod had lower % W, than WlLD fish at heated 

temperatures, but the opposite was ttue under ambient water. Since lower water content 

and increased liver size are associated with increased lipid storage, the % W, and H.S.I. 

results at heated tempetatutes show that LAB cod stared more lipids. However, 1 do not 

know why LAB fish would have latger livers than WlLD fish at ambient temperatures, but 

higher % W,. The similarity between % W, of GB-GOM and FB-BB cod indicates that 

the populations had similar lipid reserves per gram of liver. These results indicate that 

where larger Iivers (higher H.S.I.) were present (e.g., BB at ambient temperature), the 

increase in liver weiçht was not due to increased water content, and therefore more Iipid 

storage had occurred. 



In cod, contractile muscle protein is thought to be used as an energy source only 

&er liver lipid resentes are exhausted (Lambert and Dutil, 1997). A "jelfied" muscle 

condition can occur in cod when water content in the muscle is high, and is  often 

associated with aduits during spawning. It is believed that the fish take muscle protein and 

use it as energy for reproduction, and therefore the muscle water content increases (RofF, 

1982). Exact causes and mechanisms behind the formation afjellied musde are not 
' 

known. The results o f  this study suggest that temperature (at least over the observed 

range) does not likdy play a direct role in deterrnining % W,of young cod, as fish under 

the two temperature resimes had similar levels. Unlike [ipid storage, where estimates 

using H.S.I. and % WL showed LA0 fish storing more lipids than WlLD fish, there was no 

signiticant difference in % W,, in LAB-WTLD cod. GB cod had lower % W ,  (higher 

protein levels) than GOM cod at heated temperatures, but there w&no significant 

difference under ambient temperatures in Experiment 1, or for either group in Experiment 

II. Thus, in terms o f  energy storase, GB-GOM cod did sirnilar things at ambient 

temperatures, but at heated temperatures GB cod stored more energy than GOM cod as 

muscle protein, while GOM cod stored more energy than those for the GB as lipids in the 

liver. 

Reaction noms are often used to compare environmental effects on different 

populations. Schmaulhausen (1949) defines the norrn of reaction as "phenotypic 

expression o f  a genotype in direrent environments." Variation in plasticity between 

genotypes in relation to a range of specified environments can be analyzed by testing for a 



significant genotype-environment interaction in an ANOVA (ïlornpson, 199 1). A 

significant interaction may result from differences in the direction, or slope of the reaction 

norm. 

Reaction noms are presented for nutritional indices of GB-GOM , and FB-BB cod 

in Experiment I (Figures 3.15; 3.16) and Experiment U (Figures 3.17; 3.18). The 

interaction term population-temperature was not significantly different for K, or % W, of 

GB-GOM cod in either experiment, or for % W,, in Experiment ii. However, H.S.I. 

population comparisons of GB-GOM cod in both experiments, and % W,, in Experiment 1 

were significantly associated with temperaiure. The FB-BB population comparisons also 

showed significant interaction effects between population and temperature for K, HM., 

and % W,, in Experiment 1. and % W, in Experiment 11. However there was no 

significant interaction effect with temperature for % W, in Experiment 1, or K, H.S.I., 

and % W, in Experiment n. Due to possible past influences on observed phenotypes of 

FB and BB cod (see above), conclusions based on differences in reaction noms of these 

populations are limited. However, results for GB and GOM cod indicate genotypic 

differences in response to temperature for H.S.I., and % W, . 

Population differences in growth rates were not found to differ significantly in this 

study. Therefore, the hypothesis chat the capacity for growth rate increases with latitude 

was rejected for juvenile cod. However, GB cod did have better food conversion 

efficiency than GOM cod, supportinç the CnGV model. Nutritional indices did not clearly 

fit either the LA or CnGV models. 



This study has identified effects of temperature on growth and energy allocation 

towards energy reserves in young of the year juvenile cod. In addition, differences in 

growth rates of the populations in the wild, were show not to be due to higher genetic 

capacities for growth rates in the southem populations. Apparent population differences in 

nutritional indices were present, but should be interpreted with caution until a more 

intensive study can be completed. These resuhs may be usehl in better managing cod 

stocks, as temperatures affect different stocks differently. Cornparisons made between 

juvenile cod reared under laboratory conditions fiom egg, to those of newly settled 

juveniles caught in the wild, may give insights into effects of captivity on young cod, and 

may be usefiil for aquaculture of the species. 
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Figure 3.15: Reaction noms of standardueci (a) Fulton's condition fkctor, (b) hepatosomatic 
index, (c) % liver water content, and (d) % muscle water content of Grand Banks (GB), 
and Gulf of Maine (GOM) juvenile cod, reared at heated and ambient temperatures for 
14 weeks. Each symboi is the rnean of the tank means (n = 3), vertical bars = standard mor. 
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Figure 3.16: Rcmion noms of  standard'ied (a) Fulton's condition factor, @) hepatosomatic 
index, (c) % fiver water content, and (d) % muscle wata content of  Fortune Bay (FB), 
and Bonavista Bay PB) juvenile c d  reared at heated and arnbient temperatures for 14 
weeks. Each symbol is the mean of the tank means (n = 2), vertical bars = standard error. 
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Figure 3.17: Reaction n o m  of standardid (a) Fulton's condition factor, (b) hepatosomatic 
index, (c) % tiver water content, and (d) % muscle water content of Grand Banks (GB), and 
Gulf of Maine (GOM) cod, reared at a common temperature for eight wceks. Heated refers 
to fish initially kept at heated temperatures, and ambient refers to fish initiaiiy kept at ambient 
temperatures for 14 weeks. Each symbol is the mean of the tank means (n = 3), vertical bars 
= standard error. 
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Figure 3.18: Reaction n o m  of standard& (a) Fulton's condition factor, (b) hepatosomatic 
index, (c) % liver water content, and (d) % muscle water content of Fortune Bay (FB), and 
Bonavista Bay (BB) cod, rcared at a common temperature for eight weeks. Heated refers 
to fish initiaily kept at heated temperatures, and ambient refers to fish initially kept at arnbient 
temperatures for 14 weeks. Each symbol is the mean of the tank means (n =2), vertical bars 
= standard enor. 



Chapter Four 

Summary and suggestions for ftture research 

4.1 Summary 

Geographic variation in life history traits is weli documented in many organisms. 

These differences are often considered to be purely environmental based, but genetic 

differences have been found (Conover and Present, 1990; Williamson and Carmichael, 

1990; Robinson and Wilson, 1996). Through common environment experiments, the 

capacity for growth rate in many organisms has been shown to Vary in a geographic 

pattern. Growth rates may be adapted to local conditions @minton, 1983), or Vary with 

latitude in a countergradient manner (Conover and Present, 1990). 

Cod in the northwest Atlantic exhibit marked differences in life history traits, 

including growth rates and size at maturity (May et al., 1965; Brander 1994). These 

diierences have been repeatedly cited as occumng as a result of differences in 

environmental variables (mainly water temperatures) among the stocks. However, 

investigations into the effects of water temperature on different stocks of cod under 

comrnon environments are rare. 

Common environment experiments are otlen used to address the relative 

contribution of different environmental factors and genetics to observed phenotypes. This 

approach was used in this study, to make latitudinal cornparisons between groups of cod. 



In the first experiment, growth of larval cod fiom the Grand Banks (GB) was compared to 

that of those from the Gulf of Maine (GOM). Whereas GOM cod grow faster than those 

from the GB in the wild (Brander, 1994; Campana et al., 1995), under common conditions 

the GB larvae grew faster. This result supported a well studied hypothesis, termed 

countergradient variation. This hypothesis States that higher latitude populations have 

higher capacities for growth rates, due to adaptation to shorter growing seasons. 

To tùrther investigate temperature effects on different cod stocks, two other 

experiments were conducted using juvenile cod. One group (GB and GOM) was collected 

as eggs in the wild and reared under identical laboratory conditions until the start of the 

experiments. These were sibling fish to those used in the latval experhent. Two other 

populations (FB and BB) of "wild cod comprised the second group. These fish were 

collected as juveniles from two inshore bays on the island of Newfoundland. Latitudinal 

cornparisons werc not made between the populations reared in the laboratoq ta those 

collected from the wild as juveniles, due to the possibility of LAB/WILD ongin being a 

confounding factor. Due to recent interest in cod aquaculture, LAB reared Bsh were 

compared to WILD fish. 

The results from the juvenile experiments suggest that much of the observed 

variation in life history traits (particularly growth rates) among these stocks is baseci on 

environmental differences. However, substantial population differences in energy 

allocation were found. Different reaction noms for several nutntional indices between GB 

and GOM cod may indicate adaptation to different environments. 



Nthough sibling animals were used, differences in the capacity for ~rowth rates 

were present for Grand Banks and Gulf of Maine larvae, but not juveniles. This suggests 

that pressures selecting for faster growth of northern populations are more important for 

larval than juvenile fish. 

4.2 Suggestions for future iuscarch 

A more intensive study is required to ftlly investigate the contribution of 

environmental and genetic factors towards life history variation in cod stocks. To 

determine prominent trends, comparisons of representative stocks throughout the entire 

distribution of cod should be made. In addition, a wide range of temperatures (and 

possibly other environmental variables) should be used. Finaily, in order to ensure results 

are representative of the whole stock, garnetes should be taken from as many adults as 

possible, and the genetic variability among progeny identified. 



REFERENCES 

Adams, S.M., R.B. McLean, and M.M. Huhan,  1982. Structuring of a predator 
population through temperature-mediated e k t s  on prey availability. Can. J. Fish. 
Aquat. Sci. 39: 1 175- 1 184. 

Ament, AS., 1979. Geographic variation in relation to life history in three species of the 
manne gastropod genus Cr~piBtla: growth rates of newly hatched larvae and 
juveniles. In: Reproductive Ecology of Manne Invertebrates (S.E. Stancyk cd.). 
University of South Carolina Press, Columbia, South Carolina: pp. 61-76. 

Antonovics, J., Bradshaw, A.D., and RG. Turner, 1971. Heavy metal toletance in plants. 
Adv. Ecol. Res. 7: 1-85. 

Arnold, S.J., 198 1. Behavioral variation in natural populations. II. The inheritance of 
feeding response in crosses between geographical races of the garter snake, 
Thmrophis elegans. Evolution 3 5:  5 10-5 1 5. 

Barrowclough, G.F., Johnson, N.K., and R.M. Zink, 1985. On the nature of genic 
variation in birds, In: Current Ornithology. Vol 2 (R.F. Johnston ed.). Plenum, 
New York: pp. 135-154. 

Battaglia, B., 1957. Ecological differentiation and incipient intraspecific isolation of 
marine copepods. Année Biologique 33: 259-268. 

Beacham, T.D., 1983. Variability in sire and age at maturity of American plaice and 
yellowtail flounder in the Canadian maritimes region of the Northwest Atlantic 
Ocean. Can. Tech. Rep. Fish. Aquat. Sei. No. 1196: 75 pp. 

Bentzen, P., Taggan, C.T., Ruzzante, D.E., and D. Cook, 1996. Microsatellite 
polymorphism and the population structure of Atlantic cod ( G h s  morhtm) in the 
northwest Atlantic. Can. I. Fish. Aquat. Sci. 53: 2706-2721. 

Berven, K.A., 1982. The genetic basis of altitudinal variation in the wood fiog, Rama 
sylvatica I I .  An experirnental analysis of larval development. Oecologia 52: 360- 
369. 

Berven, KA., and D.E. Gill. 1983. lnterpreting geographic variation in life-history traits. 
Amer. 2001.23: 85-97. 

Blaxter, J.H.S., 1986. Development,of sensc organs and behavior of teleost larvae with 



special reference to feeding and predator avoidance. Trans. Amer. Fish. Soc. 1 15: 
98-1 14. 

Blom, G., Svisand, T., Jerstad, K.E., Otter5, H., Paulsen, O.L., and J.C. Holm, 1994. 
Comparative survival and growth of two strains of Atlantic cod (Gadirs morha) 
through the early life stages in a marine pond. Can. J. Fish. Aquat. Sci. 5 1 : 101 2- 
1 023. 

Boehlen. G.W., and R.F. Kappenman. 1980. Variation of growth with latitude in two 
species of rocktish (SL.~SIL.S piritrip and S. diploproa) fiom the Nonheast Pacific 
Ocean. Mar. Ecol. Prog. Ser. 3: 1-10. 

Brander, KM, 1994. Patterns of distribution, spawning, and growth in North Atlantic . 

cod: the utility of inter-regional comparisons. ICES Mar. Sci. Symp. 198: 406- 
413. 

Brander, KM, 1995. The effect of temperature on growth of Atlantic cod (Gadrrs 
morhtrn L.). J .  Mar. Sci. 52: 1-10. 

Brandon, R.B., 1990. Adaptation and Environment. Princeton University Press. 214 pp, 

Brett, J.R, 1979. Environmental factors and growth. In: Fish physiology, Vol VIII. 
Bioenergetics and growth (W.S. Hoar, D.J. Randall, and J.R. Brett eds.). 
Academic Press, San Diego: pp 599-667. 

Brown, J.J., Ehtisham, A.. and D.O. Conover, 1998. Variation in l a d  growth rate 
among striped bass stocks from different latitudes. Trans. Amer. Fish. Soc. 127: 
598-6 10. 

Bullock, T.H., 1955. Compensation for temperature in the metabolism and activity of 
poikilotherms. Biol. Rev. 30: 3 1 1-342. 

Busacker, G.P., Adelman, I.R., and E.M. Goolish, 1990. Growth. In: Methods for fish 
biology (C.B. Schreck and P.B. Moyle eds.). American Fisheries Society, 
Bethesala, Maryland. pp. 363-386. 

Campana, S.E., Mohn, R.K., Smith, S.J., and G. A. Chouinard, 1995. Spatial implications 
of a temperature-based growth model for Atlantic cod ( G h s  m o r h )  off the 
eastem Coast of Canada. Can. J. Fish. Aquat. Sci. 52: 2445-2456. 

Campana, S.E.. and P.C.F. Hurley, 1989. An age - and temperature- mediated growth 
model for cod ( G d ~ i s  nrr~rhtio) and haddock (Mdam~arnmrs aeglrfi~nts) larvae 



in the GulfofMaine. Can. J. Fish. Aquat, Sci. 46: 603-613. 

Colby, P.J., and S.J. Nepy, 198 1. Variation among stocks of walleye (S~izostediort 
vifrctrm): management implications. Can. J. Fish. Aquat. Sci. 38: 18 14- 183 1. 

Conover, D.O., 1990. The relationship between the capacity for growth and length of the 
growing season: Evidence for and implications of countergradient variation. 
Trans. Amer. Fish. Soc. 1 19: 416-430. 

Conover, D.O., 1992. Seasonality and the scheduling of life history at different latitudes. 
J. Fish. Biol. 4 I (Suppl. B): 16 1 - 178. 

Conover, D.O., Brown, J.J., and A. Ehtisham, 1997. Countergradient variation in growth 
of young striped bass (Morotrr? .wofilis) fiom different latitudes. Can J. Fish. 
Aquat. Sci. 54: 2401-2409. 

Conover, D.O., and E.T. Schultz, 1995. Phenotypic similarity and the evolutionary 
significance of countergradient variation. Trends Ecol. Evol. 10: 248-25 1. 

Conover, DO., and M.R. Ross, 1983. Patterns in seasonal abundance, growth, and 
biomass of the Atlantic silverside. Mc~ridia meiridia, in a New England estuary. 
Estuaries 5: 275-286. 

Conover, D.O., and T.M.C. Present, 1990. Countergradient variation in growth rate: 
compensation for length of the growing season among Atlantic silversides fiom 
different latitudes. Oecologia 83: 3 16-324. 

Cossins, A.R. and K. Bowler, 1987. Temperature biology of animals. Chapman and Hall, 
London: 339 pp. 

Delabbio, J.L., Glebe, B.D., and A. Sreedharan, 1990. Variation in growth and survival 
betwecn two anadromous strains of Canadian arctic char (Salvelinus alpiinrs) 
during long-term saltwater reanng. Aquaculture 85: 259-270. 

deYoung B., Perry, F., and R. Greatbatch. 1994. Objective analysis of hydrographie data 
in the Northwest Atlantic. Can. Data Rept. Hydrogr. Ocean Sci. no. 130: 93 pp. 

Drinkwater, K.W., 1996. Atmospheric and oceanic variability in the Northwest Atlantic 
during the 1980s and early 1990s. J. Northwest Atl. Fish. Sci. 18: 77-97. 

Gamble, J.C., and E.D. Houde, 1984. Growth, mortality and feeding of cod (Gadis 
rnc~rhrtci L.) larvae in enclosed water columns and in laboratory tanks. In: The 



propagation of cod Gndtr.~ mnrha L. (E. Dahl, D.S. Danielssen, E. Moksness, and 
P. Solemdal eds.). Flodevigen Rapportset 1: pp. 123-143. 

Garland, T. Jr., and S.C. Adolph, 199 1. Physiological differentiation of vertebrate 
populations. Annu. Rev. Ecol. Sys. 22: 193-228. 

Goda, O.R., and E. Moksness, 1987. Growth and maturation of Norwegian coastal cod 
and North-east Arctic cod under different conditions. Fish. Res. 5: 235-242. 

Grant, S.M. and J.A. Brown, 1998. Enlarged fatty livers of small juvenile cod: a 
cornparison of laboratory-cultured and wild juveniles. J. Fish Biol. 52: 1105-1 114. 

Grant, S.M., and J.A. Brown, 1999. Variation in condition of coastal Newfoundland O- 
group Atlantic cod (Gnrl,~.~ morhm): field and laboratory studies using simple 
condition indices. Mar. Biol. 133: 61 1-620. 

Hazel, J.R., 1993. Thermal biology. In: The physiology of fishes (D.H. Evans ed.). 
CRC, Boca Raton. Florida: pp. 427-467. 

Henderson, P.A., Holmes, R.H.A., and R.N. Bamber, 1988. Size-selective overwintering 
monality in the sand srnelt, A I ~ L ' I ' ~ I L I  hoyeri R~SSO, and its role in population 
regulation. J. Fish Biol. 33: 22 1-235. 

Hunt von Herbing, I., Boutilier, R.G., Miyake, T., and B.K. Hall, 1996. Effects of 
temperature on morphological landmarks critical to growth and survival in larval 
Atlantic cod (Gahs morha). Mar, Biol. 124: 593-606. 

Kim, M.K, and R.T. Lovell, 1995. Effect of restricted feeding regimes on compensatory 
weight gain and body tissue changes in channel catfish Ictalunspt~nctat~~s in 
ponds. Aquaculture 135: 285-293. 

Kjesbu, O.S., 1989. The spawnins activicy of cod, G ~ I S  ntorhra L. J. Fish Biol. 34: 
195-206. 

Krohn, M., Reidy, S., and S. Kerr, 1997. Bioenergetic analysis of the effects of 
temperature and prey availability on growth and condition on nonhern cod (Gadus 
morh~a). Can. J .  Fish. Aquat. Sci. 54(Suppl. 1): 113-121. 

Lambert. Y, and J:D. Dutil, 1997. Can simple condition indices be used to monitor and 
quanti@ seasonal changes in the energy teserves of Atlantic cod (Ga& morhua)? 
Cam J. Fish. Aquat. Sci. 54(Suppl. 1): 104-1 12. 



Levins, R.. 1968. Evolution in changing environments; some theoretical explorations. 
Princeton University Press: 110 pp. 

Levins, R., 1969. Thermal acclimation and heat resistance in Dra~ophiIa species. Amer. 
Nat. 103: 483-499. 

Levinton, J.S., 1983. The latitudinal compensation hypothesis: Growth data and a model 
of latitudinal growth differentiation based upon energy budgets. 1. Interspecific 
comparison of Ophryorrocha (Polychaeta: Dorvilleidae). Biol. Bull. 165: 686- ' 
698. 

Levinton, J.S., and R.K. Monahan, 1983. The latitudinal compensation hypothesis: 
Growth data and a model of latitudinal growth differentiation based upon energy 
budgets. II. Intraspecific comparison between subspecies of Ophryoirtlcha pirtirilis 
(Polychaeta: Dorvilleidae). Biol. Bull. 165: 699-707. 

Loeng, H., 1989. The influence of temperature on some tish population parameters in the 
Barents Sea. J. Northwest Atl. Fish. Sci. 9: 103-1 13. 

Lonsdale, D.J., and J.S. Levinton, 1985. Latitudinai differentation in copepod growth: an 
adaptation to temperature. Ecology 6: 1397- 140'7. 

Love, R.M., IWO. The chemical biology of fishes. Academic Press, New York. 

May, A.W., Pinhom, A.T,, Wells, R,, and A.M. Fleming, 1965. Cod growth and 
temperature in the Newfoundland area. ICNAF Spec. Publ. 6: 545-555. 

MinkofF, E.C., 1983. Evolutionary Biology. Addison-Wesley Publishing Company, Don 
Mills, Ontario: 627 pp. 

Mitton, J.B., and R.K. Koehn. 1975. Genetic organization and adaptive response of 
allozymes to ecological variables in I;irtKirrlrrs hc.teruclitrts. Genetics 79: 97- t 1 1. 

MBller, D., 1968. Genetic diversity in spawning cod along the Norwegian Coast. 
Hereditas 60: 1-32. 

Moynihan, M., 1979. Geographic variation in social behavior and in adaptions to 
cornpetition among Andean birds. Nuttall Ornithological Club. Cambridge: 162 
PP- 

Narayanan, S., Colbourne, E.B., and P. Stead, 1996. Temperature climate atlas for the 
inshore reyions of Newfoundland and Labrador. Can. Tech. Rep. Hydrogr. Ocean 



Sci. 174: 181 p. 

Nicieza, A.G., and N.B. Metcalfe, 1997. Growth compensation in juvenile Atlantic 
salmon: responses to depressed temperature and food availability. Ecology 78: 
2385-2400. 

Nicieza, A.G., Reiriz, L-, and F. Braiia, 1994a. Variation in digestive performance 
between geographically disjunct populations of Atlantic salmon: countergradient in 
passage time and digestive rate. Oecologia 99: 243-25 1. 

Nicieza, A.G., Reyes-Gavilh, F.G., and F. Braila, 1994b. Differentiation in juvenile 
growth and biomodiality patterns between northern and southern populations of 
Atlantic salmon (Snlnro scllar L.). Can. J. 2001.72: 1603-1610. 

Niewianowski, P. H., and W. Roosenburg, 1993. Reciprocal transplant reveals sources of 
variation in growth rates of the lizard Sce1opm.v trrrddatw Ecology 74: 1992- 
2002. 

Noakes, D.L., and J-G. L. Godin, 1988. Ontogeny o f  behaviout and concurrent 
development changes in sensory systems in teleost fish. In: Fish physiology, Vol. 
XIB (W.S. Hoar, and D.J. Randall eds.) Academic press, London: pp. 345.395. 

Phillipp, D.P., and G.S. Whitt, 1991. Survival and growth of northern, Florida, and 
reciprocal F, hybrid largemouth bass in central Illinois. Trans. h e r .  Fish. Soc. 
120: 58-64. 

Present, T.M.C., and D.O. Conover, 1992. Physiological basis of latitudinal growth 
differences in Mmjdia merridja: variation in consumption or efficiency? Funct. 
Ecol. 6: 23-3 1. 

Priede, 1.G.. 1985. Metabolic scope in fishes. In: Fish energetics: New perspectives (P. 
Tytler and P. Calow eds.). The Johns Hopkins University Press, Baltimore: pp. 
33-64. 

Prosser. C.L.. 1955. Physiological variation in animals. Biol. Rev. 30: 229-262. 

Prosser, C.L., 1986. Temperature. In: Adaptational biology, molecules to organisms 
(C.L. Prosser ed.), John Wiley and sons Inc, New York: pp, 260-32 1. 

Prosser, C.L., 199 1. Definition of comparative physiology: Theory o f  adaptation. In: 
Environmental and metabolic animal physiology (C.L. Prosser ed.). Willey-Liss, 
New York: pp. 1-1 I .  



Puvanendran, V., and I.A. Brown. 1998. Efféct of iight intensity on the foraging and 
growth of Atlantic cod larvae: interpopulation difference? Mar. Ecol. Prog. Ser. 
167: 207-2 14. 

Puvanendran, V., and J.A. Brown, 1999. Foraging, growth and suMval of Atlantic cod 
larvae reared in diflerent prey concentrations. Aquaculture 175: 77-92. 

Ricker, W.E., 1975. Computation and interpretation of biological statistics of fish 
populations. Bull. Fish. Res. Board Can, 191. 

Riha, V.F., and K. A. Berven, 199 1. Analysis of latitudinal variation in the lawal 
development of the wood frog (Rma sylva~ica). Copeia 199 1 : 209-22 1. 

Robinson, B.W., and D.S. Wilson, 1996. Genetic variation and phenotypic plasticity in a 
trophically polymorphic population of pumpkinseed sunfish (Lepmis gibbosirs). 
Evol. Ecol, 10: 63 1-652. 

RoK D.A., 1982. Reproductive sirategies in flatfish: a first synthesis. Can. J. Fish. Aquat. 
Sci. 39: 1686-1698. 

Rollefsen, G., 1934. The cod otoliths as a guide to race, sexual development and 
mortality. Rapp. P.-V. Réun. cons. lnt. Explor. Mer. 88: 1-15. 

Ruzzante, D.E., Taggan, C.T., Cook, D., and S. Goddard, 1996. Genetic differentiation 
between inshore and offshore Atlantic cod ( G ~ I I . ~  morha) off Newfoundland: 
microsatellite DNA variation and antifteeze level. Can. J. Fish. Aquat. Sci. 53: 
634-645. 

Schmaulhausen, LI., 1949. Factors of evolution. Blakeston, Philadelphia, PA. 

Schmidt, 1.. 1930. Racial investigations. The Atlantic cod (Gabrrs callnris L.) and local 
races of the same. C.R. Trav. Lab. Carlsberg 18: 1-88. 

Schultz, E.T., Reynolds, KE., and 0.0. Conover, 1996. Countergradient variation in 
growth among newly hatched Frrtihhrs hrterocli~irs: geographical differences 
revealed by common-environment expenments. Func. Ecol. 10: 366-374. 

Schuter, B.J., and J.R. Post, 1990. Climate, populations viability, and the zoogeography 
of temperature tishes. Trans. Amer. Fish. Soc. 1 19: 3 14-336. 

Scott, W.B, and M.G. Scott, 1988, Atlantic Fishes of Canada. Can. Bull. Fish. Aquat. 
Sci. 219: 731 p. 



Shackell, N.L., Stobo, W.T.. Frank, KT., and D. 8rickman, 1997. Growth of cod ( G k  
morhrra) estimated from mark-recapture programs on the Scotian Shelf and 
adjacent areas. ICES J. Mar. Sci. 54: 383-398. 

Shepherd, G, and C.B. Grimes, 1983. Geographic and historic variations in growth of 
weakfish, (tyrro.sciorr rcguliis, in the middle Atlantic bight. Fish. Bull. 8 1 : 803-813. 

Suthers, 1.M., and S. Sundby, 1996. Role of the midnight Sun: comparative growth of 
pelagic juvenile cod (Gad~s m o r h a )  fiom the Arcto - Norwegian and a Nova 
Scotian stock. ICES J. Mar. Sci. 53: 827-836. 

Svàsand, T., Jerstad, K.E., Otteri, H., and O.S. Kjesbu, 1996. Differences in growth 
performance between Arcto -Nonvegian and coastal cod reared under identical 
conditions. J. Fish Biol. 49: 108-1 19, 

Taylor, E.B., 199 1.  A review of local adaptation in Salmonidae. with particular rcference 
to Pacific and Atlantic salmon. Aquaculture 98: 185-207, 

Templeman, W., 198 1. Vertebral numbers in Atlantic cod, GaJlrs morhuu, of the 
Newfoundland shelf and adjacent areas, 1947-7 1, and their use for delineating cod 
stocks. J. Northwest Atl. Fish. Sci. 2: 21-45. 

Thielcke, G., 1969. Geographic variation in bird vocalizations. In: Bird vocalizaiions: 
their relations to current problems in biology and psychology (R.A. Hinde ed.). 
Cambridge University Press: pp. 3 1 1-339. 

Thompson. J.D., 1991. Phenotypic plasticity as a component of evolutionary change. 
Trends Ecol. Evol. 6: 246-249. 

Thorpe, R.S., 1989. Geographic variation: multivariate analysis of six character systerns in 
snakes in relation to character number. Copeia 1989: 63-70. 

Torrissen, K.R., Male, R.. and G. Naevdal, 1993. Trypsin isozymes in Atlantic salmon, 
.'alma xdar L.: studies of heredity, egg quality and effect on growth of three 
different populations. Aquacult, Fish. Manage. 24: 407-4 15. 

van der Meeren, T., Jsrstad, K.E., Solemdal, P., and O.S. Kjesbu. 1994. Growth and 
survival of cod Iarvae ( (hdt~s nrot.htm L.): comparative enclosure studies of 
Northeast Arctic cod and coastal cod from western Norway. [CES mar. Sci. 
Syrnp. 198: 633-645. 

Vernberg, F.J., 1962. Comparative physiology: latitudinal effects on physiological 



properties of animal populations. Annu. Rev. Physiol. 24: 5 17-546. 

Widdows, J., 1985. Physiological procedures. In: The effects of stress and pollution on 
marine animals (B.L. Dixon, A. Ivanovici, D.R. Livingstone, D.M. Lowe, M.N. 
Moore, A.R.D. Stebbing. and J. Widdows eds.). Praeger Publishers, New York: 
pp. 101-178. 

Williamson, J.H., and G.J. Carmichael, 1990. An aquacultural evaluation of Florida, 
northern, and hybrid largemouth bas, Microphms salmoirirs. Aquaculture 85: 
247-257. 

Zhinnunsky, A.V., 1959. The thennostabiiity of actinias and their ciliated epithelium in 
natural conditions and in experimentally changed environmental temperatures. 
Tsitologiya 1 : 270-276. 

Zink, R.M. and J.V. Remsen, 1986. Evolutionary processes and patterns of geographical 
variation in birds. In: Current Ornithology Vol 4. (R.F. Johnston ed.). Plenum, 
New York: pp. 1-69. 



Appendix A 

Heated 
temperatures 

Ambient 
temperatures 

* raceways were 62.5 cm deep 

Experimental tank setup for Capture Three. Two 2000 litre raceways each had 10 "tanks" which were 
separated by fty screen. Each tank contained 10 fish, from either the Grand Banks (GB), Gulf of Maine 
(GOM), Fortune Bay (FE), or Bonavis@ Bay (BB). One raceway received heated filtered seawater and 
one raceway received ambient filter seawater. 



Appendix B-1: Total length (cm), wet weight (g), and standardized Fultons condition 
hctor (K), hepatosamatic index (H.S.I.), liver water content (% WJ, and muscle water 
content (% W d  for Grand Banks (GB), Gulf of Maine (GOM), Fortune Bay (FB), and 
Bonavista Bay (BB) cod reared under identical conditions for 14 weeks at heated (H) and 
ambient (A) temperatures. Each value is mean i S.E. (range) of the treatment, N = total 
length, wet weight, and K sampie size, n = H.S.I., % W,, and %W, sarnple size. 

Treaiment 
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n t 8  

FB (A) 
N = l 9  
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N = 18 
n = 8  . 
BB (A) 
N=20 
n =  10 
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Wer weiglit 

46.8952.57 
(15.20-75.90) 

18.332 1.57 
(5.38-10.36) 

23.13+2.06 
(7.!!8 - 58.19) 

9.O820.58 
(3.51 - 17.12) 

35.0222.58 
(1 1.83 - 59.83) 

7.8J+0.54 
(4.69-i3.05) 

27.37 22.97 
(6.42 - 50.56) 

6.96~0.91 
(2.08-18.46) 

Toul length 

17.5 20.3 
(13.0-20.6) 

13.220.3 
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15.820.4 
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14-720.3 
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Appendix B-2: Total length (cm), wet weight (g), and standardiied Fultons condition 
factor (K), hepatosomatic index (H.S.I.), liver water content (% Wb, and muscle water 
content (% Wd for Grand Banks (GB), Gulf of Maine (GOM), Fortune Bay (FB), and 
Bonavista Bay (BB) cod, at a common temperature for eight weeks. (H) refers to fish 
initially kept at heated temperatures and (A) refers to fish initially kept at ambient . . . . 

temperatures for 14 weeksl Each value is mean i S.E. (range) of the treatment, N = 

3 

sample size. 
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Appendix C-1 : Regression parameters describing the relationships between log 
transformed condition factors and total lengths (cm) of Grand Banks (GB), Gulf of Maine 
(GOM), Fortune Bay (FB), and Bonavista Bay (BB) cod kept under heated and ambiem 
water temperatures for 14 weeks. The regression equation is y = a + bx, with y = log,, K, 
a = intercept, b = slope, and x = lop,, b. 

Temp 1 Heated 1 Arnbient 1 

Appendix C-2: Regression parameters describing the relationships between log 
transformed heptosomatic indices and total lengths (cm) of Grand Banks (GB), Gulf of 
Maine (GOM), Fortune Bay (FB), and Bonavista Bay (BB) cod kept under heated and 
ambient water temperatures for 14 weeks. The regression equation is y = a + bx, with y = 

Pop 

a 

b 

login H.S.I., a = intercePt, b = slope. and x =  IO^,^-^. 
I 1 ! 

Heated 1 Ambient 1 

Appendix C-3: Regression parameters describing the relationships between log 
transforrned % water contents and total lengths (cm) of Grand Banks (GB), Gulf of Maine 
(GûM). Fortune Bay (FB), and Bonavista Bay (BB) cod kept under heated and ambient 
water temperatures for 14 weeks. The regression equation is y = a + bx, with y = log,, 
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Appendix C-4: Regression parameters describing the relationships between log 
transformed % muscle water content and total lengths (cm) of Grand Banks (GB), Gulf of 
Maine (GOM), Fortune Bay (FB). and Bonavista Bay (BB) cod kept under heated and 
arnbient water temperatures for 14 weeks. The regression equation is y = a + bx, with y = 

Appendix C-6: Regression parameters describing the relationships between log 
transformed heptosomatic indices and total lengths (cm) of Grand Banks (GB), Gulf of 
Maine (GOM), Fortune Bay (FE), and Bonavista Bay {BB) cod kept under heated and 
ambient water temperatures for 14 weeks, and then at a common intermediate temperature 
for eight weeks (data analysed here). The regression equation is y = a + bx, with y = log,, 

Temp 
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a 

b 

Appendix C-5: Regression parameters describing the relationships between log 
transformed condition factorsand total lengths (cm) of Grand Banks (GB), Gulf of Maine 
(GOM), Fortune Bay (FB), and Bonavista Bay (BB) cod kept under heated and arnbient 
water temperatures for 14 weeks, and then at a common intermediate temperature for 
eight weeks (data analysed here). The rgression equation is y = a + bx, with y = log,, K, 
a = intercept, b = slope, and x = loq,, b. 

H.S.I., a = intercept. b = slope, and x = logrn Lt. 
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Appcndix C-7: Regression parameters describing the rtlationships bctwecn log 
trançfonned % water contents and total lengths (cm) of Grand Banks (GB), Gulf of Maine 
(GOM), Fonune Bay (FB), and Bonavista Bay (BB) cod kept under heated and ambient 
water temperatures for 14 weeks, and then at a common intermediate temperature for 
eight weeks (data analysed here). The regression equation i s  y = a + bx, with y = log,, 
%W,, a = intercept. b = slope. and x = log,, L. 

Appendix C-8: Regression parameters describing the rclationships between log 
transformed % muscle water content and total lengths (cm) of Grand Banks (GB), Gulf of 
Maine (GOM), Fonune Bay (FB), and Bonavista Bay (88) cod kept under heated and 
ambient water temperatures for 14 weeks, and then at a common intemediate temperature 
for eight weeks (data analysed here). The regression equation is y = a + bx, with y = log,, 
%W,, a = intercept. b = slope, and x = log,, b. 
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