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AbstratJuvenile salmonids often begin their lives in seasonally harsh environments, andas suh, have highly ompeting alloation demands for surplus energy. Individ-uals whih alloate their resoures to growing fast minimise the time that theyare suseptible to a large array of size seletive mortality e�ets. By ontrast,individuals who alloate their resoures to storage have an inreased ability towithstand periods of intense food sarity.In this thesis, we investigate the suess of three strategi physiologial growthmodels to desribe the resoure alloation dynamis of juvenile salmonids. Thenet prodution alloation, reserve alloation and assimilation alloation modelsdi�er in their assumptions onerning the way salmonids utilise their resouresfor the physiologial proesses of maintenane, growth and storage. The mainpoints of investigation inlude: the relationship between nutritional status andgrowth rate, what transpires when �sh are starved or fed a maintenane ration,the e�et of diet formulation and the sequene of reovery growth exhibited byweight ompensating �sh.In all senarios, the assimilation alloation model equals or betters the qualata-tive preditions of the net prodution and reserve alloation models. In additionto its qualitative suess, we illustrate the assimilation alloation model's quan-titative apability by suessfully �tting it to a series of tank-based experiments,whih enompass a wide range of di�erent feeding regimes.Using the assimilation alloation model we analyse the resoure alloation strate-gies adopted by juvenile Atlanti salmon parr in a Sottish stream over a fullannual yle. The model highlights a seasonal pattern of resoure alloation.At the onset of spring, juveniles primarily alloate to growth, but over the sum-mer gradually hange to a reserve aumulation strategy in antiipation of theensuing winter period of food sarity. The results are eologially realisti andillustrate how salmonids use dynami resoure alloation in energy limiting en-vironments. iv
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Introdution
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Chapter 1
General Introdution
1.1 The Salmonid Family of FishThe salmonidae are a family of �sh whih omprises the salmons, trouts, white-�shes, graylings, and hars (Nelson 1976). In general usage (and our usage), theterm salmonid refers to salmon, trout and hars. Salmonids are a small familyof �sh haraterised by high morphologial homogeneity (Rankin and Jensen1993). Salmonids are haraterised by an elongate body overed with small y-loid (rounded, with smooth edges) sales and possessing an adipose (eshy) �nbetween the dorsal �n and tail.The amazing life histories of salmonids has aptured the sienti� and publiimagination. Although quite variable in their life histories (within and amongspeies), all salmonids begin their lives in freshwater (Boeuf 1993). Adult �sh(migratory and non-migratory speies) spawn in freshwater streams or lakes,usually in late summer or autumn (Groot and Margolis 1991). Their largeyolky eggs are buried in the substrate, and the embryos develop overwinter.The juveniles emerge from the substrate the following spring as \fry" and aredependent on external food soures upon emerging.Even at this early stage in life, the life history patterns of salmonids begin to2



diverge. Some sub-populations will remain in freshwater for all their lives butnearly all speies of salmonids an adapt to life in salt water. These speiesare referred to as being anadromous, whih is Greek for \running upwards" andalludes to the upstream spawning migrations many salmonids display. Somespeies must migrate or die, most of the others have raes whih deliberatelymigrate. A few speies have not adapted to life in the sea, mainly beause theyinhabit isolated freshwaters (Sedgwik 1988).Salmonids who will eventually migrate to sea an spend as little as a few monthsto many years in freshwater (Northote 1984). The initiation of migration is pre-eded by the parr-smolt transformation (smolti�ation), in whih the juvenilestransform from a stage in their life history adapted to stream inhabitation toa stage adapted to downstream migration and eventually seawater inhabitation(Folmar and Dikho� 1980). The Smolti�ation proess is a series of morpho-logial, physiologial and behavioral hanges (Boeuf 1993).Anadromous salmonids arry out most of their growth at sea. Depending on thespeies and stok, the �sh spend between one and seven years in the oean (Grootand Margolis 1991). The migratory instint of members of the salmonid familyis remarkably spei�, eah generation returning to spawn in almost exatly thesame breeding plaes as the generation before it. Even those speies that do notmigrate from fresh water to salt water spawn in the same freshwater streamsas did their anestors (although some straying is ommon (Quinn 1984)). Thespawning ground of salmonids is usually a rapidly owing, lear stream withgravel and roks on the bottom. Many speies of anadromous salmonids dieshortly after spawning, but some small perentage of other speies may returnto sea and then return to spawn again. By ontrast, non-anadromous salmonidsan spawn repeatedly for many years (e.g. Hayes et al. (2000)).The members of the salmonid family form the most ommerially valuable groupof the world's �sh speies (Sedgwik 1988). Most members of the salmonidfamily are valuable food �sh and exellent game �sh. Salmonids have alwaysbeen an important soure of food, and the last 30 years has seen the growth of3



large sale salmonid aquaulture whih has oinided with a redution in theommerial �shing of wild salmonids (Parrish et al. 1998). Wild salmonids arestill onsidered a deliay, but the ontinuous supply of salmonids to the worldmarket in large quantities has eroded the previous pries paid for wild �sh informer years (Youngson and Hay 1996). As a result, many previously marginal�sheries have been made unpro�table. Pressure on wild stoks for ommerial�shing has been redued (at least temporarily) on the oean feeding grounds.Fish farming is now a major global industry and the salmonids have be-ome a world ommodity. Arguably, however, the industry's most tellingimpat has been on a more loal sale. For instane, in Sotland, the in-dustry now diretly employs over 2000 people and many of these live in re-mote areas where the loal eonomy now depends on the inome generatedby aquaulture. The Sottish salmon industry alone produed over 86,000tonnes of Atlanti salmon in 1998, and these sales were worth over $250 mil-lion to the Highland eonomy, a value that is greater than either lamb or beef(http://www.users.zetnet.o.uk/rihd/Sintro.html). Wild stoks of salmonidsare also an important natural resoure for rural ommunities. Revenues fromsport �shing provide a valuable soure of inome. In 1995, it was estimated thatsalmon angling on the River Dee in Sotland ontributed between $5 millionand $6 million to the loal eonomy of the Grampian region (Anon. 1997).In reent years, wild stoks of salmonids, all around the globe, have been inserious deline. For instane, wild Atlanti salmon populations throughout theNorth Atlanti are at their lowest levels in reorded history (Mills et al. 1999).There seems to be no single fator that an be blamed for falling numbers ofwild stoks. It seems more likely, that falling numbers has resulted from theumulative e�ets of man's di�erent ativities.Although farming may have redued �shing pressure in the open oean, theindustry has had some serious detrimental impats on wild stoks. In mostases, �sh farms are situated in areas frequented by wild salmonids. Within theintensive and on�ned onditions of sea rearing ages, high onentrations of sea4



lie are ommon. Migrating salmonids are very vulnerable to attak by theselie. In some rivers, wild stoks have virtually ollapsed (Mills et al. 1999).Fish farms also spread diseases, suh as Infetious Salmon Anaemia (ISA) andGyrodatylus salaris to wild stoks (Mills et al. 1999). Uneaten food, �sh faees,or mediations used to treat farmed �sh, has been shown to heavily pollute theloal water environment and have a detrimental e�et on the loal eosystem(Mills et al. 1999).Besides the obvious e�ets of �sheries, whih diretly ath salmonids or whihremove the salmonids natural food in the sea, other detrimental fators to wildstoks inlude, pollution of rivers and silting up of spawning grounds, obstalesto migration (e.g. dams) and limati hange.A number of organisations have been established to at as foal points for theidenti�ation and solution of the afore mentioned problems (e.g. The AtlantiSalmon Trust (http://www.atlantisalmontrust.org/), Salmon and Trout Asso-iation (http://www.salmon-trout.org/), Salmon and Trout Conservation Net-work (SATCON) (http://www.saton.org/)). These organisations enourageand give pratial assistane to the onservation of salmonids in order that wildstoks of salmonids are preserved for the good of all.1.2 The Juvenile Stage and the CompetingDemands for Surplus EnergyFor the purposes of this thesis we shall lassify the juvenile stage to begin whenthe young �sh has used up all their nutrients supplied in the egg sak andtherefore are ompletely dependent upon external food for sustenane. Thereis a short phase (3-4 weeks) between hathing and reahing our lassi�ation ofbeing a juvenile in whih the individual is still dependent upon nutrients suppliedin the egg sak. In this this stage, the individuals (alled alevins) remain hiddenfrom sight in the gravelly substrate of the spawning grounds and mortality rates5



are generally low (e.g. Mills et al. (1999)). We shall onsider the individual tobe lassi�ed as a juvenile until it has beome fully sexually mature.From a life-history perspetive, the suess of an individual organism is tra-ditionally assessed by its lifetime reprodutive output (Lika and Nisbet 2000).The exat fators that trigger full sexual maturity will almost ertainly involvegeneti and abioti parameters, but in general are still poorly understood in �sh.Nevertheless, sexual maturity is usually attributed to a satisfatory ombinationof size, nutritional ondition and growth rate (Silverstein et al. (1997); Thorpeet al. (1998)). (The reason why it is hard to isolate one of these fators fromanother will beome lear within this thesis.)Before anadromous salmonids an reprodue they must �rst migrate out to sea(at least in the majority of ases, see later). It is generally agreed upon thatanadromous salmonids must reah a ritial minimum size (Elson 1957) by thetime of the seasonally �xed migration period, to maximise their marine survivalrate (e.g. Bilton et al. (1982); Lundqvist and Eriksson (1985); Lundqvist et al.(1994); Yamamoto et al. (1999)).We an, from the above riteria, establish the main ombined goals of juvenilesalmonids. There are essentially two main goals juveniles must aomplish toreah the neessary (or reprodutively advantageous) size to �rst reprodue orbe able to migrate to sea. In order to be suessful, juveniles must survive andgrow (Wootton 1990).For many speies of animals the juvenile stage is a partiularly prearious phasein its life, and for the salmonids, there is ertainly no exeption. Juveniles faethe threat of mortality from a large variety of di�erent auses. Consequently,mortality rates are at their highest levels in the juvenile phase, espeially whenthe �sh are very young (Mills et al. (1999); Egglishaw (1967); Gardiner andGeddes (1980)).Small juvenile �sh are the prey base on whih pisivorous food webs depend(Mills (1962, 1964, 1965, 1989); Blakwell et al. (1997); Feltham and MaLean6



(1996); Kennedy and Greer (1988)). As juveniles grow they beome suseptibleto a smaller range of predators (Post and Parkinson (2001); Sogard (1997)).A signi�ant body of literature douments the ommon, inverse relationshipbetween body size or growth rate and survival in young �sh (Tonn et al. (1992);Persson et al. (1996); Post et al. (1999)).Wild populations of juvenile salmonids often reside in seasonally harsh energylimited environments whih means that starvation as well as predation is aommon ause of mortality (Gardiner and Geddes 1980). On a spei� size basis,smaller �sh have higher metaboli osts than larger �sh (Post and Parkinson2001). There is substantial literature on metaboli allometry (as reviewed inShuter and Post (1990)) whih imply that larger bodied individuals, and thosewith the greater energy storage in a utilisable form (primarily lipids), have agreater likelihood of surviving intense periods of resoure sarity.Small bodied juvenile salmonids are faed with strong ompeting demands forsurplus energy (Post and Parkinson 2001). The above fators point out thatfor pre-reprodutive organisms there are trade-o�s between energy alloationto growth, predation avoidane, and storage produts for periods of resouresarity. Sine energy availability is frequently limiting then there is a onitbetween the bene�ts of maintaining somati growth or alloating energy to stor-age. This onit has important onsequenes for survival and therefore overalllong-term �tness. Individuals or ohorts whih grow fast minimise the time thatthey are suseptible to gape-limited and size dependent predators. Individuals orohorts whih maximise energy storage redue their suseptibility to starvation.The resoure alloation dynamis of juvenile salmonids is of great pratial im-portane to the aquaulture industry. The most inuential and also ontrollablefator that a�ets growth and alloation is the formulation of the dietary feed.Prudent hoie of diet formulation has been shown to inrease growth eÆienyand also yield the added bene�t of a redution in water pollution (see Ste�enset al. (1998) and referenes therein). Poor hoie of diet formulation an leadto retardations in growth, whih will inrease the time it takes to reah a har-7



vestable size, thus inreasing osts (Lovell 1989). Exessive levels of lipids inthe diet lead to fat �sh, whih redues esh quality (Einen et al. 1998).1.3 Thesis Aims and ObjetivesDue to the rereational and ommerial value of salmonids, and also their in-teresting life history strategies, there has been a huge amount of sienti� re-searh onduted on almost all aspets of their biology. Quite obviously, energyalloation strategies are very important, both to the survival of young wild�sh and for the rearing praties of ultured �sh. However, despite this, therehave been extremely few mathematial modelling investigations into the energyalloation strategies adopted by juvenile salmonids.The main aims and objetives of this thesis are to review the patterns of growthand energy alloation adopted by juvenile salmonids in a range of di�erent en-vironments and investigate whih mathematial rules of energy aquisition, ex-penditure and (most importantly) alloation an best desribe them.There is an abundane of literature soures whih report both morphologialand biohemial observations of growth and alloation in a range of di�erentenvironmental onditions. Therefore, a substantial part of this thesis will ded-iated to reviewing, outlining and summarising the major onsistent observedpatterns of resoure alloation in juveniles.Having identi�ed the major observed harateristis under a number of di�er-ent environmental onditions, we shall, in turn, investigate the suess of arange of di�erent modelling assumptions to desribe experimental observations.These models will di�er in their assumptions onerning the way the organismutilises energy for the physiologial proesses related to maintenane, growthand alloation to storage.Before we an begin ful�lling any of these objetives we must �rst identify asuitable modelling framework whih an be utilised to investigate both growth8



and energy alloation. Therefore, in the next hapter we review the historialgrowth models whih have been applied to salmonids. Having seleted a suitablemodelling framework we then move on to derive funtional relationships whihdesribe how the rate of energy expenditure (maintenane) and the rate of en-ergy assimilation relate to the physial environmental and also the model statevariables haraterising the individual. The �nal setion of the next hapter willbe dediated to introduing the (very few) tried and tested mathematial rulesof energy alloation whih an be applied to our model framework. In this se-tion we also derive a ompletely new alloation sheme based on the nutritionalpriniples of growth.
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Chapter 2
Seleting a Suitable ModellingFramework
2.1 IntrodutionIn reent years there has been a large inrease in the appliation of mathemat-ial growth models in the �eld of �sheries siene. Researhers investigatinggrowth an now hoose from a range of di�erent model frameworks. The di�er-ent modelling approahes have di�erent goals and as a result vary greatly in thelevel of omplexity. Therefore, the �nal hoie of model is dependent upon thepartiular fous of researh. For example, simple empirial models allow growthrates to be quanti�ed, whih is useful for making speies and inter-populationomparisons of growth rates.Within this hapter we will investigate the variety of di�erent modelling frame-works that have been applied to �sh growth. We spei�ally want to identify amodel framework that will allow us to investigate resoure alloation.
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2.2 Historial Fish Growth Models2.2.1 Weight Based Empirial Growth ModelsThese models assume that the spei� growth rate SGR of an organism is de-pendent on wet weight W , as in equation (2.1), and a seletion of these types ofmodels are shown in Table 2.1. SGR = 1W dWdt (2.1)Table 2.1: Growth models based on ahieved size, where spei� growth rate is afuntion of wet weight, W .Model SGRyLogisti k1(1�W=W1)Gompertz k1(logeW1 � logeW )Monomoleular k1((W1=W )� 1)Rihards [1� (W=W1)k2℄k1=k2�Soure: Causton et al. (1978).yW1 asymptoti weight; k1 and k2 are onstants.These models an be �tted to data in order to determine their respetive growthparameters, and an subsequently be used to predit the growth of �sh raised insimilar onditions (Baker et al. (1991); Shnute (1981)). Whilst these modelspoint out there exists an important relationship between size and growth theygive no insight into the auses of growth, or how growth varies with hanges tothe environment of the �sh.2.2.2 The Elliott and Hurley Funtional Model for Max-imum GrowthTheoretially, models of maximum growth are important as they provide anindex of growth performane. They an be used to make useful inter-speies11



omparisons and also be used to assess the quality of environmental onditionsby omparing expeted maximal growth to that of growth observed by wild �shpopulations (Elliott and Hurley 1997).Elliott et al. (1995) have derived a statistial model whih has been used todesribe maximal growth rates of di�erent sized �sh at a range of di�erentonstant temperatures. The model was derived using results from tank basedexperiments in whih the �sh were supplied with exess ration and thereforeassumed to be growing at their maximal rates.The Elliott and Hurley (E&H) model has been suessfully parameterised forimmature stone-loah, (barbatula barbatula L.), brown trout, (Salmo trutta L.),Arti harr, (Salvelinus alpinus) and juvenile Atlanti salmon (Salmo salarL.). Preditions from the model appear to reprodue tank based results in anexellent manner.The model states that live weight spei� growth rate (SGR) sales geometri-ally with live weight and inreases linearly with temperature to a maximumand dereases linearly with temperature thereafter. The model is de�ned math-ematially as follows: SGR = W�b � T � T0TM � T0 � ; (2.2)where, T0 = 8><>: TL if T � TMTU otherwise. (2.3)All the parameters an be de�ned in biologial terms. The temperature foroptimum growth is TM , and TL and TU are the lower and upper temperatures atwhih growth rate is zero. The weight exponent b is the power transformationof weight that produes linear growth with time, and  is the growth rate of a1g �sh at the optimum temperature. Table(2.2) displays the best �t parametervalues for a number of salmonids. 12



Table 2.2: Fitted Elliot and Hurley model parameter values for a number of ju-venile salmonid speies. Taken from Elliott et al. (1995), Larsson and Berglund(1998) and Elliott and Hurley (1995). SpeiesParameter Units Brown trout Atlanti salmon Arti Charrb { 0.31 0.31 0.24 gb day�1 0.028 0.035 0.064TM oC 13.11 15.94 15.09TL oC 3.56 6.0 3.25TU oC 19.48 22.51 28.5The E&H model points out a number of important fators in the growth ofjuvenile salmonids. Firstly, that spei� growth rate (SGR) exhibits a negativeallometri relationship with �sh size but absolute growth rate (g/day) exhibitsa positive allometri relationship with �sh size. In other words, as the size ofthe �sh inreases, growth rate inreases but the spei� growth rate dereases.Seondly, the model points out the fat that temperature is a very importantabioti fator governing the growth rate of salmonids. The optimum temperaturefor maximal growth is reported to range from 13-18oC for salmonids. We antherefore onlude that in an environment with a plentiful supply of food juvenilesalmonids exhibit geometri growth whose rate is heavily dependent upon watertemperature.2.2.3 Anaboli and Cataboli ModelsBertalan�y (1957) developed a physiologially dependent growth model that wasused to predit weight and length. The model was the �rst to reet that growthis an integrated proess to whih the priniples of onservation an be applied.He popularised the balane equation whih states that the rate of hange ofweight equals the rate of anabolism (build-up term) less the rate of atabolism13



(break-down term), suh thatdWdt = h1W n1 � h2W n2 (2.4)where h1 and h2 are the oeÆients for anabolism and atabolism, and n1 andn2 are the allometri weight salings for anabolism and atabolism. Bertalan�y(1957) noted that di�erent ombinations of values for the allometri salings ofanabolism and atabolism results in very di�erent growth harateristis.Exponential GrowthIn the ase where n1 = n2 = 1, that is, anabolism and atabolism both salewith weight, then equation(2.4) redues down todWdt = (h1 � h2)W (2.5)whih an easily be solved to giveW (t) = W0 exp((h1 � h2)t) (2.6)whih is exponential growth if h1 > h2 and exponential deay if h1 < h2.Von Bertalan�y GrowthIn the ase, where, n1 = 2=3 and n2 = 1 then equation(2.4) is now given bydWdt = h1W 2=3 � h2W: (2.7)To illustrate the growth dynamis of this partiular ase it is useful to exhangethe urreny of weight for length. The relationship between the weight and14



length of an organism an usually be represented by an allometri formW = �Lq: (2.8)Therefore, if we assume that the organism grows with a onstant shape anddensity (i.e. q = 3) then equation(2.7) an be rewritten asdWdt = h1�2=3L2 � h2�L3 (2.9)Notie, that the organism will stop growing when its length reahes the valueLmax = h1h2�1=3 : (2.10)By reognising W = �L3 we an writedWdt = 3�L2dLdt (2.11)whih from equation(2.9) impliesdLdt = h23 (Lmax � L): (2.12)From this equation we an solve for L, givingL(t) = Lmax � (Lmax � L0) exp �h23 t! (2.13)Hene, this partiular hoie of allometri salings leads to asymptoti growthin length with the maximum ahieved size being dependent upon the ratio ofanaboli to ataboli oeÆients. This type of growth is most ommonly referredto as Von Bertalan�y growth.Geometri GrowthIn the ase where n1 = n2 < 1 then equation(2.4) redues down to15



dWdt = (h1 � h2)W n1 : (2.14)Notie that the Elliott and Hurley maximal growth model is just a modi�ationof this ase, where, the di�erene in anaboli and ataboli oeÆients has beenreplaed with a temperature response funtion.If we assume h1 and h2 are onstants, (or in terms of the E&H model a onstanttemperature) then weight will hange aording toW (t) = �W 1�n10 + (1� n1)(h1 � h2)t� 11�n1 (2.15)whih is geometri growth (h1 > h2) or deay (h1 < h2). It is interesting to notethat unlike von Bertalan�y style of growth as long as h1 > h2 the organism willontinue to grow inde�nitely.Further AdaptionsIn its urrent format, equation(2.4) laks any environmental input or dependeneon rates of food onsumption and is used more as a desriptive rather than apreditive model (e.g. Ismen (1995); Xiao (1994); Chen et al. (1992); Crispand Beaumont (1995)). However, it is a simple ase to make hanges to theBertalan�y format, suh as making the anaboli and ataboli rates dependentupon temperature, as well as size (e.g. From and Rasmussen (1984); Kooijman(1993); Gurney and Nisbet (1998); Lika and Nisbet (2000)). Other adaptationshave been used to predit density dependent (Lorenzen 1996) and seasonal (Fon-toura and Agostinho 1996) e�ets on growth. The basi onservation priniplesof growth proposed by Bertalan�y have been extended to bioenergeti modelsthat take into aount very detailed aspets of �sh growth.
16
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Maintenance"Figure 2.1: Fish energy budget. Taken from Rogers (1982).2.2.4 Bioenergeti ModelsBioenergeti models are based on the following statement: \all the energy in-gested (Cb) must turn up in one form or another as a result of metabolism (Rb),growth (Gb) and exretion (Eb)". The balane of energy is therefore satis�ed bythe equality Cb = Rb +Gb + Eb (2.16)whih is ommonly referred to as the balaned energy budget.In order to use this model derivation suessfully, it is neessary to have some17



understanding about the ow of energy through an organism. Numerous authors(e.g. see Elliott (1979), Tytler and Calow (1985), Brett and Groves (1979),Rogers (1982)) have proposed shemati diagrams of the passage of ingestedfood energy through a �sh, �gure(2.1) displays a typial sheme. This leads tothe omponents of equation (2.16) being further subdivided.Total metabolism (Rb) is subdivided as followsRb = Rs +Ra +Rd (2.17)where, RS is the energy equivalent to that released in the ourse of metabolismin unfed and resting �sh (standard metabolism), Ra is the energy required forswimming and other ativity, Rd is the energy required for the proess of di-gestion, movement and deposition of food materials (inluding spei� dynamiation).Total Exretion (Eb) is subdivided as followsEb = Ef + Eu (2.18)where Ef is the energy lost in faees and Eu is the energy lost in exretoryproduts (predominantly urea and ammonia).Growth is subdivided into somati growth (Gs) and gamete prodution Gg sothat Gb = Gs +Gg: (2.19)In the ase where the �sh is not alloating any energy to gamete prodution,Gg = 0.If appropriate funtional forms are assigned to these sub-omponents then bioen-ergeti models an be used to estimate the remaining unknown omponent.Kithell et al. (1977), Stewart et al. (1983) and Hayes et al. (2000) usedbioenergeti models to predit growth, Brodeur et al. (1992) and Stokwell andJohnson (1997) used bioenergetis to estimate food onsumption rates, whilstGoyke and Brandt (1993) and Brandt and Kirsh (1993) used bioenergetis topredit foraging behaviour. 18



Due to the number of fators a�eting growth that are inluded in bioenergetimodels, they an be very omplex. Funtions together with parameter values arerequired for eah subomponent of equation (2.16). For this reason bioenergetimodelling an only be used to e�et with extremely well researhed �sh speies.2.3 Modelling with Reserve and StruturalBody ConstituentsThe above model frameworks have enjoyed numerous and widespread applia-tions. However, where all these models have been applied (even the detailedbioenergeti models), invariably, the �sh have been haraterised as being ho-mogeneous using either units of weight or energy. Suh models are inapableof haraterising the nutritional status of the �sh, i.e. they annot di�erentiatebetween two onspei�s of equal weight, one short and fat, one long and thin.Where they interest themselves in length a �xed weight-length relationship isassumed whih is highly questionable when previously well fed �sh have sub-sequently endured a period of nutritional restrition. Furthermore, maximumfood uptake is expressed as a funtion of body weight whih therefore assumesthat onspei�s of equal weight posses the same apability to gather food irre-spetive of their lengths.These models are inadequate beause they haraterise the instantaneous stateof a �sh with one state variable. It is therefore obvious we require a dynamimodelling framework that inludes more than one state variable to inorporatethe di�erent biomass omponents of salmonids.In response to this, Broekhuizen, Gurney, Jones, and Bryant (1994) laid thefoundations of a two state variable �sh growth model. They noted that a �sh isomposed of at least two fundamentally di�erent types of tissue: those whih anand those whih annot be remobilised one laid down. Following the pratieused with onsiderable suess in modelling the growth energetis of mussels19



(Ross and Nisbet 1990) and Daphnia (Gurney et al. 1990) the total (arbon)tissue weight of an individual is partitioned into two omponents, reserve weight,denoted by R, and strutural weight, denoted by S. The reserve weight is de�nedas that part of the body whih an be remobilised and orresponds mostly tolipids and arbohydrates. Strutural weight orresponds to tissues whih, oneformed, annot be remobilised. These inlude skeletal, gut, irulatory andnervous tissues whih mainly orrespond to the majority of the total proteinontent of the �sh.By de�nition strutural weight is non-dereasing and is therefore a useful sur-rogate for length whih also does not signi�antly derease with either short orprolonged periods of starvation. Following Broekhuizen et al. (1994) we shallrelate the length (L) to struture (S) by the allometri relationship given asL = �S�: (2.20)The total arbon weight (W) is by de�nition the sum of both reserve andstrutural omponents, W = R + S, whih must therefore hange aordingto dWdt = dRdt + dSdt : (2.21)We also reognise that the total hange in arbon will be the di�erene (P ) inurrent assimilation (anaboli term) and maintenane (ataboli term) rates, sowe write dWdt = A�M = P (2.22)where, A andM are the urrent assimilation and maintenane rates, respetively.We shall disuss what fators mainly govern the rates of aquisition and lossesof arbon from the body in greater detail within the next setion.20



In this model an individual dies when it an no longer meet its maintenaneosts, whih ours when reserves have been fully depleted. As a meaningfuland tratable measure of nutritional status, the ratio of reserve to struturalweight will be used and is denoted by X � R=S. Thus, the ratio X is a diretmeasure of the �sh's ability to withstand periods of starvation.This approah to modelling initiated by Broekhuizen et al. (1994) is oneptu-ally akin to the Dynami Energy Budget (DEB) model developed by Kooijman(1993). The models di�er mainly in their hoie of state variables with Kooij-man (1993) hoosing strutural biovolume (V , a non dereasing quantity) andreserve density (R=V ) rather than struture (S) and the reserve to struturalratio (X). We have hosen the Broekhuizen et al. (1994) model formulationbeause the state variables lend themselves to a more natural interpretation ofthe major �sh body onstituents (mainly in the form of lipids and proteins) ofwhose study of relative hanges form an integral part of this thesis.2.4 Modelling Anabolism and CatabolismBefore beginning to investigate di�erent alloation shemes it is neessary tomake some initial de�nitions that enapsulate the major terms of the �sh'senergy budget. In order to aomplish this objetive it is neessary state fun-tional forms that desribe the rate at whih arbon is assimilated into the bodytogether with the rate at whih arbon is lost from the body.2.4.1 AssimilationIn an environment with exess food being supplied the maximum rate of foodonsumption of a �sh is prinipally dependent upon water temperature and bodysize (Elliott 1976b). Studies on salmonids (e.g. From and Rasmussen (1984),Elliott and Hurley (1998b), Jobling et al. (1993)) have shown there to be anallometri relationship between body size and maximum uptake. The maximum21



uptake of a healthy (well fed) �sh should be mainly orrelated with the size of gutand mouth parts, whih are learly inluded within the de�nition of struturaltissue. Considering temperature, it is known that maximum uptake inreasesrapidly with temperature to a maximum (15-18oC) and thereafter dereasesrapidly (e.g. From and Rasmussen (1984), Brett et al. (1969), Larsson andBerglund (1998)) with inreasing temperature. Food onsumption by its verynature is variable and there are substantial di�erenes in both inter and intraspeies studies. Consequently, there are a number of di�erent funtional formsthat are in use to model this relationship (e.g. Larsson and Berglund (1998);From and Rasmussen (1984); Elliott and Hurley (1998b)) and at this point weshall simply denote this uptake temperature (T ) relationship as f(T ). From theombination of the above, the maximum uptake UH of a healthy (well fed) �shan be represented as follows UH = UH0Sdf(T ) (2.23)where UH0 is the uptake sale and d is the allometri index.When the daily food supply is supplied at a level below the maximum on-sumption it often onvenient to express this ration as a fration of its maximumuptake. Thus, we an state U = UH� (2.24)where U is the gross ration and 0 � � � 1 is the fration of its max potentialonsumption.The atual realised Assimilation rate (A) is the produt of the assimilationeÆieny (") and the uptake rate (U) whih we an write asA = "UH� = "UHSdf(T )�: (2.25)The assimilation eÆieny (") denotes the proportional loss of ingestate frominomplete absorption (faeal losses) and also metaboli expenditure arising from22



apparent spei� dynami ation (Beamish 1974). Losses inurred by spei�dynami ation will inlude the osts of digestion, storage, deamination of aminoaids and the synthesis of nitrogenous exretory produts (Jobling 1994).2.4.2 MaintenaneMaintenane osts stand for the olletion of proesses neessary to remain alive.The maintenane rate (M) inorporates the daily osts of tissue maintenane,loomotor ativity and maintaining internal homeostati balane (Jobling 1994).These proesses are independent of growth rate and mainly dependent upon sizeand temperature.On a unit weight basis, the expenditure related to maintenane redues as �shsize inreases ( Elliott (1976b); Jobling (1994); Hohahka and Mommsen (1995);Rankin and Jensen (1993) ). Thus, as with maximum uptake maintenane has anegative allometri saling with size (for a detailed disussion see Hohahka andMommsen (1995)). Sedgwik (1988) reports that fat �sh require more oxygenthan lean �sh{signifying that reserves also require maintenane. However, thereis insuÆient data to alibrate the di�erential maintenane osts for struturaland reserve omponents. With no real evidene to the ontrary we shall assumeboth reserves and struture demand equal osts suh that maintenane ostssale with total arbon weight, W = R + S. An alternative assumption wouldhave been to only aost strutural tissues. This did not prove to be suessfulsine this assumption produes linear weight loss in starving �sh (under theassumption of no strutural growth during starvation) whih is in ontrast toliterature reports (Elliott 1975b).Maintenane rates are heavily dependent upon water temperature and in mostases is found to be adequately desribed by an exponential temperature depen-dene (e.g. Elliott (1976b); Brett et al. (1969); Van Winkle et al. (1998) Lantryand Stewart (1993); Rand et al. (1993)).By ombining the above we derive the following term for maintenane (M):23



M = MH0(S +R)� exp(T=TM); (2.26)where, TM is the harateristi temperature for maintenane and MH0 is themaintenane saling onstant. Notie that maintenane is independent of theproesses of growth and solely a funtion of total arbon weight and temperature.2.5 Modelling Resoure AlloationThus far we have presented a suitable modelling framework that uses the twointuitive state variables of reserves and struture. We have also desribed fun-tional forms that ditate how the ombination of these state variables togetherwith water temperature will a�et the proesses of maximum food uptake andenergy losses through metaboli proesses.Ultimately, all the required nutrients to support growth are derived from thefood soure. However, there are a number of di�erent assumptions one anmake in onsidering the ow of nutrients to and between reserve, struturaland maintenane omponents. The one overriding onstraint on the hoie ofalloation shemes is that (irreoverable) maintenane osts, wherever possible,must be met in order that the organism remain alive. Our next step is thereforeto present di�erent lasses of alloation shemes whih are based on di�erentassumptions.2.5.1 Net Prodution AlloationFollowing Broekhuizen et al. (1994) and Lika and Nisbet (2000) we introdueperhaps the most ommonly used alloation sheme whih we shall refer toas the net prodution alloation model. The net prodution alloation shemespriniple assumption is that maintenane always has �rst all on assimilate. Theexess is then partitioned between reserves and struture. In the ase where24
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2.5.2 Reserve AlloationThe following lass of model is based upon an energy alloation sheme developedby Kooijman (1993) whih he inorporated into his DEB model framework.Although we are using di�erent state variables the priniples remain the same.All assimilate is �rst assumed to be direted into the reserve pool. All subsequent(irreoverable) alloation to the ombination of both maintenane and strutureis made from this reserve pool. The main assumption of the reserve alloationmodel is that the rate of release of nutrients from reserves is dependent uponthe individuals nutritional status assessed in our ase in terms of reserve ratio,X � R=S (losely analogous to reserve density (R=V ) used by Kooijman (1993)).If we state that nutrients from reserves are released at a rate of �(X) then for theindividual to remain alive maintenane must have �rst all leaving the exessto be alloated to struture. This balane an be expressed mathematially asfollows �(X) =M + dSdt : (2.29)If the reserves are being debited at a rate �(X) but being aumulated at theassimilation rate (A) then reserves will hange aording todRdt = A� �(R): (2.30)Figure(2.3) is a owhart diagram summarising this sequene of alloation.The major onsequene of assuming this alloation sheme is that the rate ofommitment to struture is not diretly related to the immediate assimilate butmainly only dependent upon reserve status. Thus we shall all this alloationsheme the reserve alloation model.
27



Structure

Food

Uptake

Losses in Faeces,
incomplete Absorption and

Specific Dynamic ActionA

Maintenance
     Costs

Reserves

Assimilate (A=A +A )

Lipids and 
Carbohydrates

Amino Acids
and Minerals

A AAL

L A

AAδ

(1−δ)AA

Figure 2.4: Flowhart desribing the possible routes of alloation for di�erentnutritional omponents of the assimilate.2.5.3 Assimilation AlloationThe above net prodution and reserve alloation model frameworks have enjoyednumerous and widespread use. Their main assumptions, however, are basedpurely on energeti assumptions. They do not onsider in any shape or form thephysiologial onstraints imposed by the possible alloation of nutrients. Armedwith a basi understanding of the nutrient ows within �sh we shall derive anew model with the express aim of enapsulating these important nutritionalpriniples. 28



Uptake
Food

Realised
Assimilate

Specific Dynamic Action
incomplete Absorption and

Losses in Faeces,

A

Reserves Structure

Maintenance
Costs

M

kA(1-k)A

Figure 2.5: Flowhart desribing the ow of arbon in a �sh where, alloationto struture is made from the immediate assimilate. Funtion de�nitions aregiven in the text.We shall �rst partition the realised assimilate A into two omponents suh thatA = AL + AA (2.31)where AL is the omponent that annot possibly be onverted into strutureand AA is the omponent of the assimilate that an possibly be onverted intostruture. AL is mostly omposed of lipids but also a relatively small amount ofarbohydrate, whereas, AA is mostly omposed of amino aids but also a smallomponent of inorgani elements (e.g. alium and phosphorus) neessary to29



build the skelature.The omponent AL of the assimilate an only be used to meet maintenaneexpenditure and also be stored in reserves. On the other hand, the omponentAA an be used to build struture but also be used to meet maintenane ostsand also be stored as reserves in the form of lipid.We an express these two terms as a funtion of the total assimilate A as followsAA = A (2.32)AL = (1� )A (2.33)where 0 �  � 1 signi�es the proportion of total assimilate A whih an possiblybe used to build strutural tissues.If we now state that a proportion Æ of AA is ommitted to struture then we anwrite dSdt = ÆAA = ÆA (2.34)The remaining (1�Æ) is then used to meet maintenane osts and also be storedas reserves. This together with AL an then be used to meet maintenane ostsand if there is an exess an be stored as reserves. The owhart diagram(2.4) graphially displays this struture of resoure alloation. This means thatreserves will hange aording todRdt = AL + (1� Æ)AA �M = (1� Æ)A�M: (2.35)If we know introdue a new variable k � Æ then the full system dynamisredue down to dSdt = kA (2.36)dRdt = (1� k)A�M: (2.37)We shall all this model the assimilation alloation model for obvious reasons.Figure(2.5) is a owhart summarising the assimilation alloation sequene ofalloation. 30



2.6 Thesis StrutureThe remainder of this thesis is split up into four parts. In the next threeparts (parts II-IV) of this thesis we will investigate and model the growth andalloation patterns adopted by juvenile salmonids in three broad ategories ofenvironments. The �rst of the three parts is dediated to investigating and mod-elling growth and alloation in a near onstant environment whih we de�ne asenvironmental onditions where the food supply of a onstant dietary formula-tion is supplied at a �xed ration level at a range of di�erent onstant temper-atures. We �rst onsult a large body of literature soures reporting the resultsof tank based experiments in order to identify the major onsistent observedpatterns of resoure alloation and growth. We then move on to investigate therelative suess of eah of the above alloation shemes to model these growthand alloation harateristis.In part III we investigate the growth and alloation dynamis of individualsreared in variable environments. This part is dediated to investigating thephenomenon of ompensatory growth: the ability of individuals to ompensatefor lost periods of growth by exhibiting higher rates of growth than ontinuouslywell fed onspei�s. As in part II we �rst onsult a large body of literatureto identify the major observational patterns of growth and alloation. We thenmove on to investigate an historial ompensatory growth model whih is aspeial ase of the net prodution lass of model. We identify several asesin whih this model will not predit any growth ompensation in ontrast tothe literature reports and so move on to the proess of deriving a new model.Eah lass of the above growth models is assessed in its ability to reprodue thequalitative properties of ompensatory growth as reported by the literature. Inthe �nal hapter within this part we �t the most suessful model to publisheddata sets in order to asses its quantitative apability to model ompensatorygrowth.In part IV we investigate the prodution dynamis and alloation patterns of31



juvenile salmonids in their natural habitat. This is a�orded by aess to high res-olution individually tagged juvenile Atlanti salmon parr data from the GirnokBurn, a tributary of the River Dee in Sotland. In the �rst hapter of this partwe arry out an exploratory data analysis in order to identify the major tem-poral patterns of growth and its relation to the parr's physial environment. Inthe seond hapter of this part we investigate the patterns of energy alloationadopted by the parr by �tting a simple model to the individual growth datawhih is based on the modelling results of the parts II and III.In the �nal part of this thesis we take the opportunity to disuss the eologialimpliations of resoure alloation and attempt to explain why salmonids partakein energy partitioning strategies that at �rst appear to be ounter-intuitive.Following this, we disuss the suess of our three di�erent alloation shemesto emulate these energy alloation strategies. To omplete the thesis we makesuggestions for future researh.
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Part II
Growth and Alloation in aConstant Environment
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Chapter 3
A Review of Growth andAlloation in a ConstantEnvironment
3.1 IntrodutionThe aim of this hapter is to investigate the growth and resoure alloation pat-terns of juvenile salmonids subjeted to a near onstant environment. The mainpoints of investigation will be the e�ets of temperature, ration level, growthrate, age and diet formulation. The term \onstant environment" refers to indi-viduals reared at a onstant temperature on a single diet formulation suppliedat a onstant ration level. Thus all the literature is drawn from arti�ial tank-based experiments whih were neessarily devised to try and exlude seasonale�ets.

34



3.2 Body Composition AnalysisBefore reviewing the literature in further detail it is useful to point out whatresearhers use to assess salmonid nutritional status. There are essentially twotypes of analysis, namely, non-destrutive and destrutive measures.Non-destrutive orrelates of �sh ondition are morphologial measures whihmainly use the relationship between the wet weight and length of the �sh. It isoften assumed that the relationship between a healthy well-fed organism's liveweight and length is well desribed by the allometri relationshipW = �Lq (3.1)with q = 3, whih implies isometri growth at a onstant density.Sine length is a non-dereasing quantity then any redution in weight for agiven length will ause a orresponding deviation away from this relationship.Therefore, as a useful non-destrutive measure of a �sh's nutritional onditionthe following measure has been suggestedK = 100WL3 (3.2)whih is ommonly referred to as the ondition fator. It has enjoyed muhuse for workers who require a non-destrutive indiator of nutritional onditionand has been espeially useful in indiating lipid ontent (for disussion seeWeatherley and Gill (1987)). For salmonids the ondition fator an range byas muh as 0.8 to 2. The greatest virtue of the ondition fator as a measure ofnutritional ondition is that it does not require the �sh to be killed but is notas aurate as a fully destrutive analysis.Growth is the sum of a series of biohemial, physiologial and behaviouralproesses whih involve the assimilation of onsumed food into the deposition ofbody material (Brett 1979). The major material onstituents of �sh are similarto those of other animals: water (whih greatly predominates), lipid, proteinand to a lesser extent arbohydrate, plus minerals (the latter frequently termed35



ash, whih inludes skeletal bone) as signifying what remains after the bodyhas been burned in oxygen during alorimetry. The live weight of �sh usuallyonsists roughly of water, 65-85%; protein, 10-20%; lipid, 1-12%; ash, 1-3%; andarbohydrate, 0.5-2%. There may be substantial variation of these values.A full biohemial analysis allows the amounts of these di�erent body on-stituents to be estimated. The relative proportions of eah biohemial on-stituent an then be found. The obvious disadvantage of biohemial tests isthat the �sh require to be destroyed.3.3 Growth and Alloation in Relation to Tem-perature and Ration LevelNiieza and Metalfe (1997) subjeted juvenile Atlanti salmon (Salmo salar L.)to two di�erent types of growth restrition. The �rst group was subjeted torestrited ration (app. 1% of body mass) at ambient temperature (mean � 1SD: 13.7 � 0.9oC) whilst the seond group were held at a depressed temperature(5.6 � 1.7oC) with plentiful food. For omparisons to be made between growthtreatments a ontrol group were fed in exess at ambient temperature. Themanipulation period lasted for 37 days. The initial and �nal, weights and lengthsfor eah treatment group is given in table(3.1).Niieza and Metalfe (1997) reported that while all growth manipulated �sh (i.e.depressed temperature or restrited ration) grew during the growth manipulationperiod both groups maintained skeletal growth at the expense of labile tissue,resulting in a low body mass for a given length as ompared to ontrol �sh.Controls exhibited the most rapid growth and maintained the highest ratios ofmass-to-length growth rates, whereas the low temperature treatment exhibitingthe lowest growth rates also had the lowest ratio of mass-to-length growth rates.The restrited feed group had both intermediate growth rates in terms of massand mass-to-length ratio growth rates. These di�ering mass-to-length growth36



Table 3.1: Data from Niieza and Metalfe (1997).Control Restrited Feed Low TemperatureInitial SampleWet weight (g) 4.0 4.1 4.2Length (mm) 71.50 72.1 72.85Condition Fator (K) 1.0975 1.092 1.086Final SampleWet weight (g) 8.2 6.0 4.8Length (mm) 89.29 82.14 77.5Condition Fator (K) 1.152 1.082 1.031SGR-Weight/SGR-Length 1.85 1.525 1.180rates resulted in the faster growing �sh (ontrols) having the greatest mass fora given length and the slowest growing �sh (depressed temperature) having thelowest mass for a given length. The intermediate growth rate of the restritedration �sh resulted in an intermediate mass for a given length.These results imply di�ering alloation patterns with varying opportunity forgrowth, and in general, the greater the growth rate the greater the mass for agiven length. Similar patterns of alloation have been noted by Weatherley andGill (1981), Weatherley and Gill (1983), MDonald et al. (1998), Johanssonet al. (2000), Einen et al. (1998), Rondsholt (1998) and Weatherley and Gill(1983) who all observed that restrited ration or low temperatures result in slowgrowth with a signi�antly lower mass-to-length relationship ompared to fullyfed ontrols.The relationship between weight and length for salmonids is regarded as a goodindiator of fat reserve ontent (Elliott (1976a); Weatherley and Gill (1987);37
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Figure 3.1: The spei� growth rate (SGR) of juvenile oho salmon at di�erentration levels and temperatures. The bars denote 95% on�dene limits. Takenfrom Edsall et al. (1999).Simpson et al. (1992); Thorpe et al. (1998)). With this in mind, the aboveexperiments imply that under redued opportunity for growth there is a prefer-ential alloation to strutural body masses resulting in a leaner individual. Thisobservation is further orroborated by biohemial body omposition analysisarried out on �sh held on di�ering restrited growth regimes.Edsall et al. (1999) investigated the ombined e�ets of temperature and rationsize on the growth and body omposition of juvenile Coho salmon (Onorhynhuskitsuh). At four di�erent onstant temperatures (5, 10, 15 and 18oC) yearlingjuveniles (initial weight approx 170g) were fed freshly thawed juvenile alewives(Alosa pseudoharen) at three di�erent ration levels (1% and 2% wet body weightper day and ad libitum) for a period of 53 days.The spei� growth rate (SGR) for eah feeding regime is shown in �gure(3.1).At all temperatures the e�et of inreasing ration size was to (perhaps, notsurprisingly) inrease growth rate. The highest growth rate ourred at all38



temperatures when �sh were given an ad libitum supply of food (�g(3.1)). Withad libitum food supply the optimal temperature for growth was 15oC. However,on the redued ration levels the optimum temperature for growth redued to10oC. In addition to alulating growth rate Edsall et al. (1999) arried out abiohemial analysis. The results of the hemial analysis are given in table(3.2).Water ontent was found to be more variable (68.6-76.4%) than other body on-stituents; lipid also varied widely (3.5-10.4%), whereas ash (1.8-3.1%), arbohy-Table 3.2: Final body onstituents and energy ontent of yearling Coho salmonfollowing di�erent feeding regimes. Values are means based on a sample of �ve�sh. No measure of variability was published. Taken from Edsall et al. (1999).Temp Ration Body Constituents Energy ontent(oC) % WW/day Water Lipid Ash Prot. KJ/g DW� KJ/g WWy5 1% 76.4 3.5 2.2 17.8 26.53 5.682% 74.2 5.0 2.2 17.3 26.93 6.1110 1% 74.5 4.8 2.3 18.4 27.24 6.322% 71.9 6.8 2.4 18.5 28.05 7.21ad-lib 71.0 8.2 2.3 18.1 28.39 8.1515 1% 73.8 5.9 3.1 18.1 27.86 6.692% 72.7 7.4 2.1 18.0 28.59 7.86ad-lib 70.1 10.2 2.0 18.1 29.70 8.4118 1% 73.2 4.8 2.3 18.7 26.78 6.562% 71.1 7.7 2.2 18.0 28.27 7.89ad-lib 68.6 10.4 1.8 18.0 29.26 8.66� Kj/g ash free dry weight.y Kj/g wet weight. 39
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Figure 3.2: The relationship between lipid and protein proportions (% wetweight) to water ontent (% wet weight) for juvenile Coho salmon. Calulatedfrom Edsall et al. (1999).drate (0.1-1.9%), and protein (17.3-18.7%) did not vary greatly. Water ontent(% body weight) was negatively orrelated with lipid, energy ontent, SGR, ra-tion and water temperature. Energy ontent (Kj/g ash free dry weight) waspositively orrelated with ration and SGR but negatively orrelated with waterontent. From table(3.2) it an be seen that the major hanges in energy statuswere due to the relative hanges in lipid and water ontent. Figure(3.2) displaysthe relationship between body water ontent (% body weight) and the propor-tion of lipid and protein onstituents present. It an be seen there is a strongnegative linear relationship between water ontent and lipid (P < 0:01) but nosuh relationship exists between water ontent and protein ontent (P > 0:05).This relationship has resulted in the energy ontent on a wet weight basis (Kj/gwet weight) being more variable than energy ontent on a dry weight basis (seetable(3.2)).A similar set of experiments has been onduted by Brett et al. (1969) but using40



70 75 80 85 90
Water Content (% Total Weight)

0

10

20

%
 L

ip
id

 o
r 

%
 P

ro
te

in

Lipid Proportion
Protein Proportion

Figure 3.3: The relationship between lipid and protein proportions (% wetweight) to water ontent for juvenile sokeye salmon (Onorhynhus nerka).Taken from Brett et al. (1969).smaller �sh (initial weight app. 6g) and also a longer experimental time period.Brett et al. (1969) investigated the growth rate and hanges in body omposi-tion of young sokeye salmon (Onorhynhus nerka) in relation to temperaturesranging from 1 to 24oC and rations that ranged from 0 to 6% of dry body weightper day and also exess rations. The experiments lasted between 83-99 days.Brett et al. (1969) reported that maintenane requirements exponentially in-reased with temperature being 7 times greater at 20oC than at 1oC. The strongtemperature dependene of maintenane requirements resulted in the temper-ature for optimum growth reduing as the ration supply was redued, movingfrom 15oC on exess ration to approximately 5oC for a ration of 1.5%/day. Inontrast to the experimental �ndings of Edsall et al. (1999) ration level andtemperature had a onsiderable e�et on all body onstituents. They rangedfrom 86.9% water, 9.4% protein, and 1.0% fat at 20oC for �sh starved for 83days, to 71.3% water, 19.7% protein, and 7.6% fat for �sh fed on an exess ration41
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Figure 3.4: The relationship between body energy ontent (Kal/g wet weight)and spei� growth rate for juvenile sokeye salmon (Onorhynhus nerka).Calulated from Brett et al. (1969).for 99 days at 15oC - the optimum temperature for growth.There was found to be a strong negative relationship between lipid and waterontent. However, in ontrast to the �ndings of Edsall et al. (1999) there wasalso found to be a strong negative linear relationship between protein ontent andwater ontent. Figure(3.3) displays the relationship between water ontent andlipid and protein proportions. Although protein ontent varied over a relativelylarge range (9.4-19.7%) it was in the starved individuals where the greatestredution in protein ontent was found, being partiularly notieable at 20oC.In ontrast to the greatest majority of other studies (see setion(3.5)), Brettet al. (1969) found a strong linear relationship between water and protein on-tent. This signi�es that a signi�ant portion of body protein in the starved �shhad been burnt to meet maintenane osts. The primary reason for this is thelength (83-99 days) and severity (i.e. high temperatures) of the imposed foodrestrition. Furthermore, this study used �sh of very small size, whih, on a unit42



weight basis have higher maintenane rates. Therefore we an onlude that thisstrong protein-water relationship has been provoked by the length and severityof the imposed nutritional restrition, resulting from body protein being usedas an energy soure after the more labile reserves have been almost exhausted.Figure(3.4) displays the relationship between the �nal spei� energy ontentand spei� growth rate for all treatment groups of �sh. It an be seen that thereexists a strong positive orrelation between growth rate and energy ontent. Thisorrelation not only exists for individuals losing weight but also for individualswho have managed to maintain growth. This signi�es that under a reduedopportunity for growth, preedene is given to maintaining leaner struturalbody masses with a orresponding redution in the rate of reserve aumulation.Elliott (1976a) studied the hanges in body omposition of brown trout Salmotrutta growing for 14-42 days at nine temperature levels between 3.8 and 21.7oC,�ve ration sizes between zero and maximum for �sh of initial weights of 11, 50,80 and 250g. Maintenane requirements were found to inrease exponentiallywith water temperature (Elliott 1975b). The optimal temperature for growthdereased progressively from about 13oC (Elliott 1975a) at maximum ration toabout 4oC at a ration size just above the maintenane ration (Elliott 1975b).Elliott found that whole body water (%) dereased linearly and whole bodyprotein (%) and lipid (%) inreased linearly with ration size. Body onstitutionwas markedly e�eted by temperature. At intermediate temperatures rangingfrom 7-15oC, de�nite hanges in the body onstituents ourred between dif-fering ration levels. When the trout were fed at maximum ration and bodyonstituents expressed in terms of wet weight the water ontent dereased andboth protein and lipid ontent inreased. This relationship was reversed whenthe trout were kept on zero rations. At the lowest temperatures of 3.8 and 5.6oC,the body onstituents remained fairly onstant over the whole range of rationlevel. However, Elliott states, that if the experiment had been arried out formore than 42-days it is possible that signi�ant hanges in body onstituentswould have ourred. In any ase, the low temperature experiments serve to43



show that rates of hange in body onstituents are slower than at intermediatetemperatures. At the higher temperatures of 17.8 and 19.5oC rates of hange inbody onstituents were high for trout kept on zero rations whilst the trout fedon maximum ration showed little hange in body onstituent proportions. Atthe highest temperature of 21.7oC rates of hange were typial of those on zeroration irrespetive of ration level, i.e. water ontent inreased whilst protein andlipid proportions dereased.Lipid ontent (2-7% wet body weight) and water ontent (72-80% wet bodyweight) was found to vary more than protein ontent (14-17% wet body weight).This in agreement with Edsall et al. (1999) and Brett et al. (1969) aused thewet weight energy ontent (1100-1700 al g�1 wet weight) to vary more than dryweight energy ontent (5400-6400 al g�1 dry weight). Elliott also noted therewas a tendeny for larger trout to posses higher proportions of lipid and proteinwith a orresponding redution in water ontent.The relationship between body onstituents and perent water ontent was foundto be well desribed by the simple regression equation:Y = a� bX (3.3)where a and b are onstants, X is the perent water ontent, Y is the perentTable 3.3: Values of the onstants a and b in equation(3.3) and the vari-ane due to regression (P %) for the relationship between the body on-stituents (% lipid, % protein, energy values) and the % water ontent forbrown trout. % Lipid % Protein Energy value (al g�1)Dry weight Wet weighta 51.63 42.92 12100 7303b 0.613 0.353 83.5 77.9P (%) 96.1 85.2 85.2 98.844



lipid, perent protein or energy value (al g�1 dry weight or wet weight). Thevalue of the parameters for equation(3.3) are given in table(3.3). It an beseen that this simple expression explained a large amount of the variability inbody onstituents. Thus, Elliott onluded that if the water ontent is knownthen the remaining proportions of body onstituents an be estimated relativelyaurately.In some situations it may not be possible to estimate water ontent. For example,it may be neessary to keep the �sh alive. Elliott reognised the need for a non-destrutive estimate of body omposition and noted that an estimate of thebody onstituents ould be made from the ombination of weight and onditionfator (K).The following statistial representation was found to work wellY = aKb1W b2 (3.4)where, Y is either % water % fat, % protein of whole body weight and alsoenergy value per gramme wet and dry weight. The value of the parameters forequation(3.4) are given in table(3.4). Elliott (1976a) found this representationvery satisfatory in prediting body omposition results and also in estimatingTable 3.4: Values of the onstants a, b1 and b2 in equation(3.4) and thevariane due to regression (P %) for the relationship between the bodyonstituents (% lipid, % protein, energy values) and the wet weight andondition fator for brown trout.% Water % Lipid % Protein Energy value (al g�1)Dry weight Wet weighta 81.11 2.732 14.56 5374 1053b1 -0.0705 0.771 0.138 0.0907 0.317b2 -0.0174 0.157 0.0259 0.0178 0.0711P (%) 74.7 74.0 52.0 63.0 72.045



Table 3.5: Changes in body omposition of juvenile Arti harr held on arestrited ration (0.2% wet body weight day�1) for 8 weeks at a onstanttemperature of 8oC. Taken from Miglavs and Jobling (1989a,b).Week WW Total Energy Lipid energy:Protein energy(g) Kj0 8.65 38.0 1.168 9.6 37.1 0.80body onstituents of di�erent sized trout fed a variety of di�erent diets.Miglavs and Jobling (1989b) investigated the pattern of energy deposition withjuvenile Arti harr (Salvelinus alpinus) fed a restrited ration for eight weeksat a temperature of 80C. Restrited feeding for 8 weeks resulted in slow growthwith (wet) weight gain appearing to result from an inrease in eviserated ar-ass tissue. By ontrast, lipid ontent of both visera and liver fell during theexperiment, with the derease in viseral lipid being partiularly notieable.Growth in arass tissue was maintained during the period of restrited ration,even though metaboli demands resulted in some depletion of both viseral andliver reserves. The hanges in biohemial omposition whih ourred duringrestrited feeding led to a marked derease in the proportion of body energypresent as lipid, with the lipid energy: protein energy ratio dereasing from1.16 in the initial sample to a value of 0.80 after the period of restrited feed(table(3.5)). Although wet weight had inreased slightly over the experimentalperiod the total energy ontent of the �sh had remained the same (if not de-reased slightly). Thus, even though there was no net gain in energy the juvenileharr were still able to maintain protein growth resulting in a leaner individual.
46
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Figure 3.5: Body energy ontents and ontribution of lipid energy (open setionsof the bars (KJ)) to the energy ontent in rainbow trout fed diets with di�eringfat ontents. Taken from Jobling et al. (1998).3.4 The E�et of Feed FormulationJobling et al. (1998) investigated the inuene of dietary fat level on the growthand body omposition of rainbow trout, Onorhynhus mykiss (Walbaum). Twogroups of �sh (initial weight app. 90g) were fed diets di�ering in fat ontentfor 11 weeks at a onstant temperature of 14:5oC. Eah feed formulation wassupplied to both experimental groups in exess for a period of 4 hours (0800to 1200h) eah day. The high fat diet onsisted of: protein, 50.3%; fat, 27.5%;energy 24.4KJ g�1 and the low fat diet onsisted of: protein, 59.1%; fat, 12.6%;energy 21.2KJ g�1. At the end of the experiment there was no signi�ant dif-ferene in wet weight of eah diet treatment (treatment means�SD, 360.7� 7.7versus 348.7� 18.7 g for the �sh on the high and low fat diets, respetively).Although the two groups of �sh grew at similar rates, dietary treatment had amarked inuene on the hemial omposition of the body tissues (table(3.6)).47



Table 3.6: The initial and �nal % fat and % moisture and energy ontent of twogroup of �sh fed a high fat diet or low fat diet. Data are presented as means�SD.Taken from Jobling et al. (1998). Initial High Fat Low FatFat(%) 8:9� 1:5 15:4� 1:6 10:5� 0:7Moisture (%) 75:3� 4:4 64:5� 2:0 69:4� 1:2Gross energy(Kj g�1) 6:6� 1:2 10:1� 0:6 8:3� 0:4The high fat diet treatment group had a signi�antly greater proportion of fatpresent than the low fat diet treatment group. Figure(3.5) displays the initialand �nal total body energy ontents and ontribution of fat energy for bothdietary treatments. The inrease in non lipid energy (predominantly protein)ontent is pratially equal for both dietary treatments. However, the highfat diet fed �sh have a greater �nal energy ontent by virtue of an inreasedaumulation of fat reserves.Similar results have been found by Boujard et al. (2000) who reports on thee�ets of diet omposition and ration level on body omposition in juvenilerainbow trout (Onorhunhus mykiss). Two experimental diets (high energy(HE) and low energy (LE)), were formulated to ontain a onstant protein leveland di�erent proportions of lipid and indigestible starh (table(3.7)). GroupsTable 3.7: Chemial omposition of HE (High Energy) and LE (Low Energy)experimental diet formulations used by Boujard et al. (2000).HE LEDry matter(DM)(%) 95.0 93.8Protein(% DM) 40.6 40.5Lipid(% DM) 22.9 6.6Gross energy(Kj g DM�1) 22.6 18.9
48
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sustained from an inrease in lipid deposition.Figure(3.6) displays the ontribution of lipid and protein energy to the total �naltotal energy ontent of eah group of �sh. It an be seen that inreasing the lipidfed to the �sh has had little e�et on the rate at whih protein is areted. Theinreased levels of lipids has only really served to inrease the body adiposity.There have been numerous experimental investigations into the e�ets of in-reasing dietary lipid ontent. The greatest majority of investigations reportthat inreasing lipid levels in the diet always serves to inrease adiposity (e.g.Silverstein et al. (1999); Shearer et al. (1997); Shearer (1994); Reinitz (1983);Weatherup et al. (1997)).We now move our attention to disussing the e�ets of hanging the proportion ofprotein in the diet. We have already shown that inreasing the lipid proportionin the diet serves to always inrease the rate of lipid aumulation. However, thesame annot be said about the deposition of body proteins. When the dietaryfeed has a �xed proportion of protein then it is ration level that has the greateste�et on the rate of protein growth (e.g. see �g.(3.6)). Obviously as the rationsupply is inreased the dietary supply of protein inreases, however, one needsto ask what relationship there exists between these two variables.Using a onstant diet formulation a number of investigators have found a linearrelationship between protein onsumption and protein growth rate (e.g. Rankinand Jensen (1993); Hohahka and Mommsen (1995); Tytler and Calow (1985)).For example, Marthy at al. (see hapter 2, Rankin and Jensen (1993)) inves-tigated the relationship between protein onsumption (% day�1) and proteingrowth rate (% day�1) in rainbow trout (Onorhuhus mykiss) of initial weight40g at a onstant temperature of 8oC supplied a range of di�erent ration lev-els. A signi�ant linear relationship between protein onsumption and proteingrowth rate was exhibited with the linear regression equation beingy = 0:276 � x� 0:0110 (n = 37; r2 = 0:691; P < 0:001): (3.5)50
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Figure 3.7: Relationship between feeding rate and the dietary protein levelneeded to satisfy the protein requirements of ommon arp and rainbow trout(12-13 g protein per kilogram body wet weight per day). Eah vertial linerepresents the ombined limits of protein requirement for both speies at eahfeeding level. Taken from Ogino (1980).where y is protein growth (% day�1) and x is protein onsumption (% day�1).The interept does not signi�antly di�er from zero and even �sh given a verylow ration of protein managed to exhibit positive protein growth.An interesting alternative question is what may transpire when the proportionof protein in the diet is altered whilst feed is supplied in exess. Perhaps, notsurprisingly, protein growth rate has been reported to initially inreases as theproportion of protein in the diet is inreased (as you would expet from the aboverelationship). However, this pattern does not ontinue inde�nitely and abovea ertain protein proportion in the diet no further inrease in protein growthis found (Anderson et al. (1981); Jauney (1982); Ogino (1980); Austreng andRefstie (1979); Cai et al. (1996)).Ogino (1980) investigated the dietary optimum requirement of protein for rain-bow trout and ommon arp at a range of di�erent ration levels whilst alsovarying the proportion of protein in the diet. Figure(3.7) displays the relation-51



ship between the optimal perentage protein requirement (the point at whihno further protein growth is found with inreasing protein ontent) with rationlevel. It an be seen that as the ration supply is redued the perentage re-quirement of protein in the diet to maximise protein growth redues so that thegross optimal protein requirement remains the same (app. 12-13 g protein perkilogram body wet weight per day).This study, in agreement with many other studies (for review, see hapter 6,Tytler and Calow (1985)), shows that �sh have a well de�ned maximum rate atwhih they an arete body proteins. This study also shows that in healthy�sh, whether this maximum rate is ahieved or not is governed solely by thegross intake of protein and not any other onstituent of the diet.3.5 General ConlusionsChanges in the Relative Proportions of Body ConstituentsStudies that have investigated salmonid body omposition in relation to tem-perature, ration and body size are in general agreement about a number ofobservations (Elliott (1976a); Parker and Vanstone (1966) Brett, Shelbourn,and Shoop (1969); Gardiner and Geddes (1980); Weatherley and Gill (1983);Weatherley and Gill (1981); Berg and Bremset (1998)). The major hanges inbody omposition and energy status brought about by nutritional imbalaneare hiey due to variations in the relative proportions of fat and water ontent.When lipids levels are being depleted there is a onomitant inrease in wateruptake and when lipids levels are being repleted there is a onomitant dereasein water ontent.Protein ontent, whih is so vital a onstituent of the living ell tends to varyrelatively little in healthy �sh, unless drawn upon during partiular demandsof reprodution or during prolonged periods of extreme nutritional restrition(Weatherley and Gill 1987). Lipid stores are far more labile than proteins and52
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Growth RestritionIf the above biometri and biohemial observations are ombined, then it anbe seen that redued opportunity for growth leads to a disproportionate inreasein length together with a ontinuation of protein deposition and a redution inthe rate of lipid aumulation. Sine length onstitutes a measure of struturethen it is lear that salmonids under redued opportunity for growth are seekingto maintain somati growth at the ost of reduing levels of somati energyreserves. This leads to a longer, leaner organism with a signi�ant derease inthe more labile lipid reserves.Growth is restrited when water temperature is redued and also when the rationsupply is redued. Studies of energy alloation most ommonly point out therelationship between ration level and nutritional ondition, i.e. when the rationlevel is redued growth ontinues but with a orresponding redution in lipidaumulation. Our review has also pointed out the fat that this relationshipalso ours when growth is restrited through lower temperatures.The observation by Miglavs and Jobling (1989a,b) that urrent lipid reserves anatually be depleted to make way for somati growth is important beause itmeans that the proportion of lipid present need not only derease beause bodyweight is still inreasing whilst lipid deposition has eased. It is therefore learthat salmonids give a high degree of priority to maintaining somati growth,even at the ost of reduing lipid levels, whih, will almost ertainly dereasethe time the individual an survive for when faed with a starvation hallenge.We shall disuss possible eologial reasons for this in hapter 11.StarvationWhen �sh are starved, there is an immediate derease in lipid ontent whilst thewater ontent inreases (e.g. Swift (1955); Idler and Clemems (1959); Philipset al. (1966); Hohahka and Mommsen (1995)). Salmonids amongst other �share very relutant to use body proteins proteins for energy purposes and it is54



the last body onstituent to begin being mobilised (Hohahka and Mommsen1995). At the beginning of the fast protein reserves are spared. As the starvationperiod is prolonged and when lipid reserves have been signi�antly depleted onlythen do protein reserves begin to be utilised. The time period in whih proteinsare spared will likely depend upon the maintenane requirements of the �sh (sizeand temperature) and also its initial lipid ontent (Hohahka and Mommsen1995). In a similar manner to lipids, when proteins are mobilised water movesin to partially take its plae. The fat that mobilised body onstituents arepartially replaed by water means that body wet weight loss is partially o�setby the uptake of water. Thus, under starvation onditions, weight loss on itsown is a poor representation of the atual energy losses inurred.The results of the Brett et al. (1969) study with the small oho salmon (On-orhynhus nerka) are a good illustrative example of the above sequential modeof remobilisation. The greatest depletion of protein was found for the �sh endur-ing the starvation at the highest temperatures whih also had by far the greatestdepletion of lipid reserves (see �gure(3.3)).Body Composition and AgeA number of studies report that there is a tendeny for well fed fast growing �shto exhibit a slight inrease in lipid ontent and also sometimes protein ontentwith inreasing weight (e.g. Weatherley and Gill (1987); Elliott (1976a); Pfe�er(1982)). Amongst initially equally sized groups of �sh the e�et of �sh size maybe partially onfounded by other fators, beause as we know from this review,faster growing �sh maintain a higher nutritional status. Also, if �sh were notadequately fed before the growth experiments then a return to better growingonditions would also eliit an inrease in lipid levels.Groves (1970) studied the hanges in the body omposition during growth ofyoung sokeye salmon ranging from 0.5 to 2500g. Groves reported that protein,water, and ash{the major omponents of the lipid-free mass{were losely related55



to eah other and to fork length. Groves derived the following expressions toaount for the relationship between protein, water and ash ontentWa = 0:00571L3:118 (3.6)P = 0:204W 1:038a (3.7)FFDM = 1:113P (3.8)where Wa is total water, L is fork length, P is protein, FFDM is lipid-free drymaterial (protein and ash).Groves stated that F = W � (Wa + FFDM) (3.9)where body lipid (F ) is the di�erene in body wet weight (W ) and the lean mass(Wa +FFDM). Groves reported that body omposition ould be estimated byuse of the above equations and that (for non-starving �sh) the protein value de-rived from fork length was as aurate as that derived from body water, typiallyR2 > 80%. As for lipid, Groves (1970) noted that body lipid tended to inreasewith body size but was not losely related to the body's other omponents be-ause lipid is more a funtion of nutritional history of the �sh. A orollary ofthis is that sine lipid is the main determinant of ondition (K = (100W )=L3),\at any given �sh length a non-starving salmon of a given speies ontains apreisely spei�ed amount of protein, water and ash, and therefore has a loselypreditable fat-free mass."As in the studies we have reviewed, Groves notes that lipid ontent is more afuntion of nutritional history than any other fator. Similar onlusions havebeen drawn by Reinitz and Hitzel (1980) and Reinitz (1983). As we have alreadyhighlighted, even in non-starving individuals lipid ontent is the most variablebody onstituent (e.g. Edsall et al. (1999)). Lipids reserves being remarkablylabile are more sensitive than any other body onstituent to growing onditions.We therefore onlude, that there is a tendeny for lipid ontent to inrease with�sh size but that lipid ontent is muh more greatly inuened by the previousgrowing onditions suh as temperature, ration level and diet omposition.56



Diet E�etsThe greatest majority of experiments onduted to investigate the e�ets of dietomposition have been arried out by aquaulturists. Proteins are the singlemost expensive ingredient in �sh diets. Therefore, one of the main aims ofaquaulturists is to redue the amount of protein the �sh utilise for energypurposes and inrease the protein retention eÆieny.Our review has shown that proteins at as both a nutrient soure and an energysoure. Indeed, salmonids being arnivorous are highly adapted to using proteinas an energy soure. On the other hand, lipids seem mainly only able to serveas an energy soure to fuel metaboli proesses and for all intents and purposesannot be diretly onverted into protein. Therefore, one would not immediatelyexpet an inrease in the dietary lipid ontent to have any bene�ial e�et onstrutural body protein growth. Nevertheless, inreasing the ratio of dietaryenergy to protein energy supplied in the feed has in some ases been shown toinrease protein eÆieny (Ste�ens et al. (1998); Ste�ens (1996); Beamish andMedland (1986); Desilva et al. (1991)). We shall investigate why this protein\sparing" e�et may our in a further hapter.The e�ets of di�erent diet formulations on growth and alloation patterns givesus a partiularly good insight into the physiology of salmonids. It highlightsthe onstraints imposed by nutritional pathways rather than purely energetionservation arguments. Obviously, nutritional fators in growth are importantbut yet they remain pratially un-modelled beause the majority of growthmodels are based purely on energeti assumptions.
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Chapter 4
Resoure Alloation ModelProperties
4.1 IntrodutionIn setion(2.5) we introdued three di�erent lasses of alloation sheme whihan be applied to our modelling framework. Eah of these models are basedon di�ering assumptions onerning the way an organism utilises energy for theproesses related to maintenane, growth (struture) and storage (reserves). Inthis hapter we shall analyse the behaviour of eah of these three alloationshemes with respet to growth and alloation in a \onstant environment".We aim to investigate whih lass of model will best reprodue or emulate thegrowth and alloation patterns of juvenile salmonids reared in a near onstantenvironment as desribed by the literature.Until now only the general form of the system dynamis for eah lass of modelhave been desribed. The next step will be derive partiular alloation rulesfor eah lass of alloation model. The step from the general ase to a parti-ular ase is useful as it allows one to generate growth simulations, from whihvaluable inferenes and omparisons an be made in onsidering eah lass ofmodel. However, there is probably a great number of di�erent partiular growth58



alloation rules that we ould hoose for eah lass of model. With this in mind,we will aim to derive simple alloation rules that we deem indiative of eahlass of model.One the partiular ases have been derived we shall move on to investigate thegrowth and alloation behaviour in di�erent onstant growth environments. Ofpartiular interest is how the models behave in ases where positive growth issustainable (but to varying degrees), when supplied a maintenane ration andalso what may transpire under starvation onditions.4.2 SimulationsIn the ensuing analysis of eah growth alloation sheme we shall run a numberof numerial growth simulations. For brevity, larity and standardisation wedediate this short setion to outlining the simulation proedure, assoiatedfuntional forms for assimilation and maintenane and also their respetive trialparameter values.Redutions in maximum uptake usually only our at quite high temperatureswhih we an mostly attribute to the e�ets of thermal stress. In general, max-imum uptake is adequately desribed as being an exponential funtion of tem-perature (e.g. Higgins and Talbot (1985); Brett and Groves (1979); Broekhuizenet al. (1994)).From setion(2.4.1) we an therefore express the assimilation rate as followsA = "UH� = "UH0 exp� TTH �Sd�: (4.1)The allometri saling for uptake (d) is usually found to lie in the range of 0.66-0.83 for salmonids. Elliott (1976b) found the allometri uptake saling to lie inthe range 0.731-0.770. Similar results have been found by From and Rasmussen(1984). Therefore, we hoose a value of 0.75. Based on the work of Elliott59



Table 4.1: Parameter values to be used in growth simulations unless ex-pliitly stated otherwise.Param. Interpretation Units Value SoureMH0 Maintenane ost mgC(1�v) day�1 0.02 -rate saleTM Maintenane oC 12.0 Elliott (1976b)harateristi Brett (1979)temperature From et. al. (1984)v Maintenane ost | 0.75 From et. al. (1984)allometri index Elliott (1976b)d Maximum uptake | 0.75 Elliott (1976b)allometri index From et. al. (1984)" Assimilation | 0.4 BroekhuizeneÆieny et al. (1994)UH0 Uptake sale mgC(1�d) day�1 0.24 Broekhuizenet al. (1994)TH Uptake rate oC 6.0 Elliott (1976b)harateristi Brett (1979)temperature(1976b) we hoose a temperature saling (TH) of 6.0. A similar value has beenreported by Brett and Groves (1979).For trial values of assimilation eÆieny (") and uptake saling (UH0) we hoosea pair of values from the work of Broekhuizen et al. (1994), whih we display intable(4.1).As introdued in setion(2.4.2), for daily maintenane we use the following fun-tional form M =MH0 exp(T=TM)(R + S)v: (4.2)The allometri saling for maintenane (v) is similar to that of uptake and60



is usually found to lie in the range of 0.66-0.85. Elliott (1976b), From andRasmussen (1984) and Jobling (1985) �nd the appropriate value index of 0.75for trout, and we shall set our maintenane ost rate allometri index to thisvalue. For the exponential temperature saling (TM) we use the value of 12.0from Elliott (1976b) but Jones (1976), From and Rasmussen (1984) and Brett(1979) all give similar values. The hosen value of 0.02 for the maintenane ostrate saling (MH0) is based on a �tting analysis whih we report on in detailwithin a further hapter.The values of the default trial parameters are all displayed in table(4.1). Thesevalues will all be used in the ensuing growth simulations, unless expliitly statedotherwise. For eah lass of model, growth simulations were predited by numer-ially integrating the two paired di�erential equations, respetively. We used afourth order Runge-Kutta algorithm with a �xed time step of 0.1 of a day.4.3 Growth EÆienyA number of studies have pointed out that as the ration supply is reduedthe optimum temperature for growth also redues (Brett et al. (1969); Elliott(1976b); Edsall et al. (1999)). We shall now show that this is a general growthproperty that will be exhibited by all the di�erent lasses of alloation model.The total hange in arbon weight is desribed by equation(2.22) together withthe funtional forms for assimilation and maintenane desribed in the previoussetion. At a onstant temperature the maximum growth rate will obviouslybe ahieved when the �sh are fed a plentiful supply of food allowing them toonsume their maximum uptake. However, when an individual is fed a restritiveration supply below its maximum uptake an interesting relationship developesbetween growth rate, ration size and temperature.From equation(2.22) we an write the hange in total arbon weight as
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dWdt = P = "U �M: (4.3)whih states that net prodution (P ) is the di�erene in assimilation and main-tenane. The maximum uptake rate (UH) and maintenane rate (M) haveboth been desribed by monotoni inreasing funtions of temperature suhthat �UH�T > �M�T , that is, maximum growth rate inreases with temperature (seeequation(4.1) and equation(4.2) with table(4.1)). Now suppose an individual iso�ered a onstant ration of, say R, then we an write the individual's uptake Uas follows U = 8><>: UH(T ) if R > UH(T )R if R � UH(T ) (4.4)that is, any food supplied beyond its maximum uptake apaity UH(T ) is re-jeted. This means there exists a temperature Topt where R = UH(Topt) suhthat R > T 8 T � Topt (4.5)R � T 8 T � Topt (4.6)that is, Topt is the temperature at whih this �xed ration level R is equal to themaximum uptake. If we assume that " is onstant and sine �UH�T > �M�T then atany �xed ration R, T < Topt , R > UH(T )) �P�T > 0 (4.7)
T > Topt , R < UH(T )) �P�T < 0: (4.8)The �rst of the above expressions means that if the �xed ration R is greaterthan maximum uptake then an inrease in temperature will serve to inreasemaximum uptake and in turn inrease net prodution (see equation(4.3)), atleast until T = Topt. The seond expression means that if the �xed ration R isbelow maximum uptake then a redution in temperature would serve to inreasenet prodution beause uptake would remain onstant but maintenane would62



redue, at least until T = Topt. We an onlude from this that at any onstantration supply R, Topt is the optimum temperature for weight gain at any �xedtotal arbon weight W. Consequently, as the ration level R is redued theoptimum temperature for growth also redues.This analysis is based on the instantaneous hange in total arbon weight andillustrates how very simple assumptions onerning the di�ering ways temper-ature a�ets the proesses of uptake and maintenane an help eluidate somevery strong observed growth dynamis. Basially, this relationship between ra-tion supply, temperature and growth reported by Brett et al. (1969), Elliott(1976b) and Edsall et al. (1999) develops beause the �sh have a maximum up-take rate dependent upon temperature and that maintenane osts must alwaysbe met, are independent of the proesses of growth and are heavily tempera-ture dependent. However, it is also worth noting that maximum uptake is alsoa funtion of strutural arbon weight, whih means that over time di�eringpatterns of alloation will modify this relationship. Nevertheless, in short termexperiments it is the above relationships that are dominating the patterns ofgrowth.4.4 Net Prodution Alloation4.4.1 DerivationThe priniple assumption of the net prodution alloation sheme we introduedin setion(2.5.1) is that maintenane always has �rst all on assimilate. Sinemaintenane osts must always be met then the system dynamis are desribedas follows dRdt = A�M � dSdt ; dSdt = C[A�M ℄+ (4.9)where, C denotes the proportion of exess assimilate alloated to struture. A63



useful alternative statement is to reast the model in terms of reserve ratio andstrutural arbon weight as followsdSdt = CP+ (4.10)dXdt = 1S �P � P+(C +X)� (4.11)where net prodution P � A�M .Following Lika and Nisbet (2000) we shall state that a healthy individual in anenvironment where growth is sustainable (i.e. A > M) direts a �xed proportionC1 of net prodution to building struture.4.4.2 AnalysisTo investigate the hanges in reserve ratio with varying growth opportunitywe shall solve for the steady state reserve ratio X� by setting dXdt = 0 inequation(4.11). Following some trivial algebra we �ndX� = 1C1 � 1: (4.12)The most important point to note here, is that the steady state reserve ratiovalue is independent of both assimilation and maintenane. Therefore, in anenvironment where growth is sustainable (i.e. A > M) individuals will alwayshead to a onstant steady state reserve ratio value whih is independent of rationlevel and temperature and thus growth rate. This means that individuals whoare faed with a redued growth opportunity will redue their strutural growthrate but will not redue reserve status.
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Figure 4.1: Net prodution alloation: the e�et of varying the maximum up-take allometri saling d in equation(4.1) on individuals fed an exess rationand alloating a �xed proportion C1 of net prodution to strutural growth.Trajetories of a) reserve ratio and b) strutural arbon weight. Additional pa-rameter values used in onjuntion with table(4.1) to simulate these trajetoriesare C1 = 0:4, T = 12:0oC, � = 1:0, X0 = 0:5, v = 0:75, S0 = 100 mg C.4.4.3 SimulationFigure(4.1) displays the hanges in strutural weight and reserve ratio for aset of maximal growth simulations (i.e. � = 1:0) using a onstant value ofC1 and di�erent values for the uptake allometri onstant d in equation(4.1)with a onstant value of v = 0:75 for the maintenane allometri saling inequation(4.2). It an be seen that even super�ially small hanges in the salingvalues for uptake an ause quite large hanges in the strutural growth rate.However, even though strutural growth rate varies greatly eah reserve ratiotrajetory asymptotially heads to the same steady state value of 1.5 preditedby equation(4.12).Figure(4.2) displays the hange in strutural weight and reserve ratio for individ-65
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sheme an reprodue.Under a net prodution alloation sheme, when an individual is fed a main-tenane ration (i.e. A = M) then by de�nition net prodution P = A �M iszero. Sine both the hange in reserve ratio and struture is proportional to Pthen equation(4.11) and equation(4.10) are both set to zero, irrespetive of whatpartiular funtional form we may hoose for C. Thus, we are able to onludethat the whole lass of net prodution models annot predit a hange in bodyonstituents when an individual is fed a maintenane ration (i.e. remaining ina stationary energy balane), whih is in ontrast to that reported by Miglavsand Jobling (1989b) (see table(3.5)).4.5 Reserve Alloation4.5.1 DerivationThe priniple assumption of the reserve alloation sheme we introdued insetion(2.5.2) is that all the immediate assimilate A is �rst direted into thereserve pool, from whih all subsequent (irreoverable) alloation to maintenaneand struture is made. The two general di�erential equations that desribe thehanges in reserves and struture aording to this sheme are given as follows�(R) =M + dSdt ; dRdt = A� �(R) (4.13)where �(R) denotes the rate of release of arbon from the reserve pool. Foranalytial purposes we shall reast the system dynamis in terms of reserveratio and struture, whih leads todXdt = 1S  A� �(R)�XdSdt ! ; (4.14)
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where dSdt = �(R)�M: (4.15)Maintenane (M) stands for the olletion of proesses neessary to stay alive.Therefore, whenever possible (i.e. R > 0) maintenane osts must be met.Hene maintenane osts must have �rst all on �(R) and only the exess anbe alloated to build struture. We shall subdivide �(R) to further express thisorder of resoure alloation suh that�(R) =M + �(R) (4.16)where �(R) is the exess alloate remaining from �(R) one maintenane ostshave been debited. This leads to equations (4.14) and (4.15) reduing todXdt = 1S (P � (1 +X)�(R)) ; (4.17)and dSdt = �(R) (4.18)where net prodution P � A � M . This new model statement allows us todiretly identify the resoure alloated to struture, namely, �(R).A sensible and reasonable assumption would be that an individual in a good nu-tritional ondition would alloate more to strutural growth than a onspei�in a poorer nutritional state. Hene, we shall suggest that the rate and propor-tion of reserves that are onverted to struture per unit time is very likely to bea funtion of the organisms reserve level. It might be suggested that below adefended value, say R�, no further onversion will be maintained so as to reduethe immediate risk of starvation. Sine the model will take into aount manydi�erent size ranges of �sh it is onvenient to express this ritial energy levelas a threshold reserve ratio � de�ned by
68



� � R�S : (4.19)If it further assumed that the rate of alloation to struture from reserves isproportional to the di�erene in the urrent reserve level and the defended energylevel then the depletion of reserves resulting from onversion to struture an bewritten as �(R) = b[R � R�℄+ = bS[X � �℄+ (4.20)where, R� � S� and b is a non-negative onstant of proportionality.Numerial simulations showed that this partiular reserve alloation model hadsome enouraging properties. However, there was a persistent trend for thereserve ratio value to deline with size, whih is ertainly not supported by theliterature. The reason why will beome lear in the ensuing analysis setion. Bymaking a minor adjustment we obtained a muh more satisfatory model. Forbrevity we shall introdue this minor adjustment here.We found the model dynamis to a muh more satisfatory model by modifyingb suh that b = b1Sg�1 (4.21)where b1 is a onstant of proportionality and g is a strutural allometri salingonstant. This means that �(R) is now newly de�ned as�(R) = b1Sg[X � �℄+: (4.22)Notie that the previous funtion for �(R) given by equation(4.20) is just aspeial ase of this new funtional form with g = 1.4.5.2 AnalysisIn a similar manner to that of the previous setion we shall investigate thereserve ratio dynamis by setting dXdt = 0 in equation(4.17) and solving for the69



steady state reserve ratio value X�, assuming sustainable growth (i.e. A > M).Following some algebra we �ndX� = 12 24(�� 1) +vuut(1 + �)2 + 4 P+b1Sg! 35 : (4.23)The steady state reserve ratio X� in this ase is dependent upon the defendedreserve ratio for strutural growth � and the quotient of net prodution over theprodut of urrent strutural weight (S) and b1 the onstant of proportionality inequation(4.22). In ontrast to the net prodution model, this partiular shemepredits that reserve status will hange with varying opportunity for growth.It is now also lear why the original formulation for �(R) equivalent to g = 1 inequation(4.22) predited a derease in reserve ratio with size. Net produtionis the di�erene in assimilation and maintenane, both of whih exhibit strongnegative allometri relationships (equations(4.1) and (4.2)). Therefore, as theorganism was growing the quotient P+=S1 in equation(4.23) was reduing. Byintroduing a more appropriate saling onstant we yield a model whose reserveratio dynamis remain steadier with inreasing size. To further investigate thehange in reserve status with varying opportunity for growth and di�ering sizeswe shall run a number of numerial simulations.4.5.3 SimulationFigure(4.3) displays the hanges in strutural weight and reserve ratio for a setof maximal growth simulations (i.e. � = 1:0) using a onstant value of g = 0:75and di�erent values for the uptake allometri onstant d with a onstant valueof v = 0:75 for the maintenane allometri saling. It an be seen that thedi�erenes in uptake allometri saling hange the rate of strutural growthrate quite signi�antly. However, faster growing individuals maintain a higherreserve status than slower growing onspei�s. The long term reserve ratiovalues are also dependent upon the hoie of allometri salings. In the ase70
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this individual with a low value of � also ommits more to strutural growththan its ousins with higher values of � (see �gure(4.9)). We shall summarisethe major properties of the reserve alloation model and ompare these with allother models in setion(4.8).Individuals with high strutural growth threshold values (i.e. �) begin to defendtheir reserve status muh earlier and also ommit far less to struture than theirousins with lower reserve ratio threshold values for maintaining growth. By aomparison of �gures(4.13) and (4.14) it is lear that hanges in � have a muhgreater e�et on ommitment to struture than hanges in a1.4.6 Assimilation Alloation4.6.1 DerivationThe assimilation alloation sheme �rst presented in setion(2.5.3) was de-rived on the priniple of strong nutritional onstraints on the possible routesof alloation. We stated that the assimilate was omposed of two fundamentallydi�erent types of nutrients: those whih an (strutural nutrients) and thosethat annot (reserve nutrients) be onverted into struture. However, struturalnutrients an be onverted into reserve tissues or be used diretly to meet main-tenane. Following a simplifying proedure the model dynamis redue downto dSdt = kA; dRdt = (1� k)A�M (4.26)where, k � Æ and  is the proportion of strutural nutrients in the total assim-ilate A and Æ is the proportion of strutural nutrients alloated to struture.One again, as in the previous model derivations, we shall reast the assimilationlass of model in terms of struture and reserve ratio dynamis78



dSdt = kA (4.27)dXdt = 1S (P � (1 +X)kA) : (4.28)On the basis of there being an observed linear relation between protein onsump-tion and protein growth with an interept very lose to zero (see setion(3.4)), wemight propose that a onstant proportion Æ of the strutural nutrients AA = Ain the realised assimilate A is alloated to building struture. For a onstantdiet formulation this means that k = Æ is a onstant.4.6.2 AnalysisTo investigate the reserve ratio dynamis of the assimilation alloation modelwith varying opportunity for growth we shall solve for the steady state reserveratio value X� by setting dXdt = 0 in equation(4.28) and assume that growth issustainable (i.e. A > M). Following some simple algebra we arrive atX� = 1k �1� MA �� 1 = P+kA � 1: (4.29)The steady state reserve ratio X� is inversely proportional to k and negativelydependent upon the ratio of maintenane to assimilation rates. From this ex-pression we an predit the e�et of ration level will have on reserve status. Aninrease in ration supply will inrease assimilation A and beause maintenaneis independent of growth rate the net result will be a derease in the ratio M=Awhih will in turn inrease the steady state reserve ratio value in aordanewith equation(4.29).We an also predit the e�et of temperature on reserve ratio with individualssupplied an exess of food. An inrease in temperature will serve to inreaseboth maintenane and maximum assimilation. However, maximum assimilation79
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for the uptake allometri saling onstant d with a onstant value of v = 0:75for the maintenane allometri saling. As in the previous lasses of model thesmall hanges in the allometri saling for uptake an ause large di�erenes inthe rate of strutural growth.For eah ase there is an initial inrease in the initially low values of reserve ratiountil they eventually pretty muh settle down. The faster growing individualsmaintain higher reserve ratio values than slower growing onspei�s. Notie alsothat there is a slight tendeny for the long term behaviour of the reserve ratioto hange with di�erent hoies of allometri salings. Numerial simulationsshow that for a onstant ration level at a onstant temperature then a steadystate reserve ratio is ahieved if the allometri salings are equal. In the asewhere d > v then there is a slight inrease in reserve ratio as the organism grows,whereas, if d < v there is a slight derease as the organism grows (see �g(4.10)).Figure(4.11) displays the strutural growth rate and hanges in reserve ratiowhen �sh alloating a �xed proportion of assimilate are fed at a variety ofdi�erent ration levels. It an be seen that the e�et of inreasing the rationlevel is to both inrease strutural growth rate and for the �sh to maintaina higher reserve status. Individuals fed a poorer ration supply have a lowerstrutural growth rate but also maintain a lower reserve status. As preditedby equation(4.29) the steady state reserve ratio value is orrelated with rationlevel and thus growth rate.Figure(4.12) displays a number of maximal growth simulations for �sh alloatinga onstant proportion k of assimilate to struture held at a range of di�erenttemperatures. As the temperature is inreased, growth rate inreases and the�sh maintain a higher reserve status. Individuals held at a low temperatureexhibit slower growth but also head to lower reserve value. Again, as preditedby equation(4.29) individuals who are fed an exess ration posses steady statereserve ratio values whih are orrelated with temperature and thus growth rate.
81



0 50 100

Time (days)

0.5

1

1.5

2

2.5

X

φ=1.0
φ=0.6
φ=0.4

0 50 100

Time (days)

4

5

6

7

8

9

10

ln
(S

)

φ=1.0
φ=0.6
φ=0.4

(a) (b)
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Figure(4.13) displays the hanges in reserve ratio and struture for individualssupplied a maintenane ration whih possess di�erent values of a1. Initially,all individuals ommit to struture at the same rate resulting in a derease inreserve ratio from the need to burn reserves to meet maintenane osts. Individ-uals with higher values of a1 begin to defend their nutritional ondition earlierthan individuals with lower values resulting in a redued rate of ommitment tostruture.Figure(4.14) displays the hanges in reserve ratio and struture for individualssupplied a maintenane ration whom possess di�erent values of �. Individualswith high strutural growth threshold values (i.e. �) begin to defend their reservestatus muh earlier and also ommit far less to struture than their ousins withlower reserve ratio threshold values for maintaining growth. By a omparison of�gures(4.13) and (4.14) it is lear that hanges in � have a muh greater e�eton ommitment to struture than hanges in a1.4.7 Starvation Conditions4.7.1 Net Prodution and Assimilation AlloationWhen a �sh is starved of food then by de�nition the assimilation rate (A) isset to zero. In both the net prodution and assimilation lasses of model, theultimate ommitment to struture is made from the immediate assimilate (A)either before or after maintenane osts have been met. Therefore, for bothmodels, the absene of any external food soure eases any further struturalgrowth immediately and hene the models redue to the same ase.To remain alive, under starvation onditions, maintenane osts must still bemet and thus in the absene of any externally derived nutrients reserves haveto be remobilised. For both the net prodution and assimilation alloationshemes the depletion of reserves from the resultant need to meet maintenaneosts means the reserve ratio will hange aording to86



dXdt = �MS = �MH0S exp(T=TM)(R + S)v: (4.36)Sine there is no further hange in S we an for a onstant temperature regime�nd an analytial solution for the reserve ratio X as a funtion of time. Moreinterestingly, however, we an solve for the time to death from starvation tSwhih ours when reserve ratio X falls to zero. Following some simple alulusthe time to death from starvation is satis�ed bytS = S1�v0MH0  (1 +X0)1�v � 11� v ! exp(�T=TM); v 6= 1; (4.37)where S0 and X0 denote the strutural weight and reserve ratio at the onset ofthe starvation period (t = 0), respetively.The time to starvation ts is inversely proportional to the produt of both themaintenane ost saling MH0 and exponential temperature saling { whihessentially states that the less the organism has to pay in maintenane thelonger it an survive. ts is also related to the initial reserve ratio indiating theunsurprising result that similarly sized individuals who possess a higher reserveratio an survive for longer. Perhaps, more interestingly, ts is also related toa geometri funtion of the initial strutural weight whih predits that largerindividuals an survive for longer than smaller individuals.The latter observation does not imply in anyway that growth restrited indi-viduals who alloate more to struture redue their risk of starvation. In fat,they are most de�nitely inreasing the risk of starvation, beause, maintenanerates are still dependent upon the total arbon weight. As an illustration ofthis, onsider the following senario. Consider two individuals who initially pos-sess the same size and ondition whih are both subjeted to an equal degreeof nutritional restrition and then subsequently starved of food. At the endof the growth-restrition period we an reasonably assume their total arbonweights to be equal (sine maintenane rates are dependent upon total arbonweight). However, the nutritional ondition of the �sh will depend on the degree87
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4.7.2 Reserve AlloationWithin the reserve alloation model, ommitment is not made from assimilatebut from reserves. This means that the absene of any food does not immedi-ately stop strutural growth. When a starvation period is imposed the modeldynamis redue down to dXdt = � 1S  M +XdSdt ! (4.38)dSdt = b1Sg[X � �℄+: (4.39)Therefore, strutural growth will ontinue until X � �. Indeed, at the on-set of the starvation period the instantaneous strutural growth is at its pre-deprivation rate. When strutural growth is essated (i.e. X � �) then thesystem dynamis redue down to the same ase as the net prodution and as-similation alloation model. Therefore, we shall onentrate on the e�ets ofdi�ering initial reserve ratio values on subsequent model behaviour.Figure(4.16) displays a number of simulations illustrating the behaviour of thereserve alloation model under starvation onditions. Beause reserves are beingdepleted both through onversion to arete struture and also from the need tomeet maintenane osts then the initial derease in reserve ratio is quik. Indi-viduals with initially high values of reserve ratio do not survive for muh longerthan less well fed onspei�s, beause, this extra energy reserve is alloated tostruture.4.8 General ConlusionsUsing simple sensible partiular rules of alloation we have investigated thegrowth and alloation harateristis of eah lass of alloation sheme in arange of di�erent onstant environments. In this setion we shall ompare and89
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In the reserve alloation model an inreased opportunity for growth �rst resultsin an inrease in reserves, whih, subsequently inreases ommitment to stru-ture. When opportunity for growth is redued, ommitment to struture initiallyontinues at the same rate, reduing reserve status, and subsequently reduingommitment to struture. This pattern of alloation leads to the long term re-serve ratio dynamis being dependent upon net prodution, whih, means thatthe nutritional ondition of the �sh is a funtion of ration level and temperature.Thus, the steady state reserve dynamis are in aordane with the literature.By assuming that a onstant proportion of assimilate is alloated to struturewe again arrive at a system in whih reserve status is dependent upon growingonditions. At a onstant temperature an inrease in onsumption immediatelyserves to inrease strutural growth rate. However, this inreased onsumptioninreases the rate of reserve aumulation in greater proportion to strutureleading to an inrease in reserve ratio until eventually a balane is struk. Whenthe ration supply is redued, ommitment to struture ontinues in proportion toonsumption rate whih means that ommitment to reserves is redued leadingto a derease in the reserve status. These alloation dynamis means that thesteady state reserve ratio value is dependent upon the ratio of net prodution toassimilation. Sine a redution in temperature serves to derease assimilationfaster than net prodution then this still results in a dereased value of reserveratio. Thus, in aordane with the literature, the nutritional ondition of the�sh is related to the ration supply and temperature.4.8.2 Restrited GrowthThe ability of animals to maintain strutural (protein) growth when fed a lowration has been noted for other animals as well as for �sh. In some ases it is evenpossible for the animals to be in a negative energy balane when fed a low rationyet still be areting protein, that is, burning lipid stores to meet metaboli ostsand using the amino aids in the food supply to maintain strutural protein91



growth (e.g. Jones and Farrell (1992b); Jones and Farrell (1992a); Horniket al. (2000); Yu et al. (1990)).By its very de�nition the net prodution model annot predit a hange in bodyonstituents when a �sh is fed a maintenane ration or less. On the other hand,both the other models predit the �sh to always maintain strutural growth untilthe no growth boundary is reahed (i.e. X = �) when fed a maintenane ration.Individuals do not always maintain strutural growth when fed a very low ration.Perhaps, beause the ahieved growth does not warrant the osts in maintainingthe biohemial mahinery neessary to sustain growth. It is hard to legislatefor suh inonsistenies. Nevertheless, the net prodution model annot possiblypredit a hange in body onstituents when fed a maintenane ration, whereas,a slight modi�ation to the other models would make them behave di�erentlywhen a low ration level is supplied.It is worthwhile noting that with the assimilation alloation sheme hanges inbody onstituents on a low ration take plae quite slowly beause alloation anonly be made from assimilate. Changes in the reserve alloation model takeplae more quikly beause alloation is made from reserves and is not diretlylimited by the urrent food supply.4.8.3 StarvationUnder starvation onditions the net prodution and the assimilation alloationmodels redued down to the same ase beause strutural growth is eased im-mediately and independently of reserve status. This meant that we ould �nd ananalytial solution for starvation energy losses in a onstant temperature regime.The �nal solution gives some strong preditions about the rate of energy lossesand therefore the time to starvation. The most intriguing being, that largerindividuals an survive for longer than smaller individuals. These modellingpreditions are in good aordane with literature reports.For example, Sogard and Olla (2000) found that large body size, high initial92



ondition and old temperatures all inreased survival rates in starving �sh.Similar onlusions have been made by Miranda and Hubbard (1994) and Postand Parkinson (2001), whilst Cargnelli and Gross (1997) noted that larger indi-viduals emerged from winter in a better nutritional ondition.This strong relationship between starvation risk and size exists beause of thenegative allometri relationship between metabolism and body size (Post et al.1998). This means that young small �sh are at a partiular high risk of starvation((Gardiner and Geddes 1980); Post et al. (1998)). Yet, despite this, slowergrowing smaller individuals still maintain lower levels of reserves than fastergrowing larger onspei�s. The relationship between body size and the abilityto withstand periods of starvation is an important ontributing fator to size-seletive mortality e�ets (Sogard 1997).The reserve alloationmodel predits a ontinued deposition of strutural masseswhen �sh are starved. This essentially negates any nutritional advantage pos-sessed at the onset of the starvation period. Studies mostly show that lengthinreases in starving �sh are minisule if present at all (e.g. see �gure(6.5) andtable(9.3)), even amongst individuals whom initially posses a high nutritionalondition (Einen et al. 1998). This is probably one of the prinipal motivationsbehind the net prodution model (e.g. Broekhuizen et al. (1994)).

93



Chapter 5
Modelling the E�ets of DietFormulation
5.1 IntrodutionIt is lear from the literature that the omposition of the diet has a substantiale�et on the relative tissue deposition patterns of �sh. In partiular, diet for-mulations with high levels of lipid lead to an inrease in lipid deposition but donot lead to any great, if any, inreases in protein deposition. The route auseof hanges in deposition patterns attributable to di�erent diet formulations o-ur as a physiologial onsequene of nutrient and not energy alloation in �sh.Basially, these hanges arise beause lipid annot be diretly onverted intoprotein. Hene, the reason why the inlusion of high levels of lipid in the dietonly has a weak interation with the proesses involved in protein aretion.In the reserve alloation sheme all assimilate is �rst direted into a ommonreserve pool. At this point any nutritional information regarding the food sup-ply is lost. Therefore, it is lear that the reserve alloation sheme will not besuitable for modelling the e�ets of diet formulation. By ontrast, the assimi-lation alloation lass of model was spei�ally derived on the basis of nutrientalloation in �sh making it the obvious andidate for modelling the e�ets of94



diet formulation.5.2 The Composition of the DietUnder normal healthy onditions, when food supply is in abundane, �sh areable to ompensate for high levels of water in their diets but are less able toimmediately ompensate for low energy high dry weight feeds (Larsson andBerglund (1998); Elliott and Hurley (1998b); Bromley and Adkins (1984); Hiltonet al. (1972)). Therefore, we should mainly expet the uptake U to orrespondto the dry (arbon) weight of the ingested feed.The �sh's uptake U will onsist of several di�erent omponents whose relativequantities will depend upon the formulation of the diet or the omposition ofthe prey. However, we an initially partition the uptake into two di�erent om-ponents suh that U = UD + UN (5.1)where UD is the digestible omponent of the dietary uptake and UN is the non-digestible omponent of the dietary uptake. These two quantities an be ex-pressed as a proportion of the total uptake as followsUD = DU (5.2)UN = (1� D)U (5.3)where D is the digestible fration of the total uptake U and is thus a measureof the quality of the diet.We an partition the digestible proportion of the diet into essentially two om-ponents suh that UD = UA + UL (5.4)95



where UA is the omponent of the diet that an possibly be onverted into stru-tural assimilate and UL is the omponent of the diet that annot be onvertedinto strutural assimilate. UA will be mostly omposed of protein and a smallamount of inorgani minerals neessary to build the skelature. UA will be mostlyomposed of lipids but also a small amount of arbohydrates.We an now reast the proportion of strutural and non-strutural nutrients inthe total uptake as follows UA = DAU (5.5)UL = D(1� A)U (5.6)where A is the proportion of strutural nutrients in the digestible part of thediet.5.3 Equal Proessing Costs for Reserve andStrutural Nutrients5.3.1 DerivationOur next step will be to investigate the relationship between diet ompositionand the growth and alloation patterns predited by the assimilation alloationmodel. As a �rst approximation we shall assume that the osts in making oneunit of non-strutural assimilate (AL) from the non-strutural nutrients suppliedin the diet are the same as making one unit of strutural assimilate (AA) fromthe strutural nutrients supplied in the diet. This assumption allows one towrite the total assimilate (A) asA = �(UA + UL) = �DU (5.7)96



where � is the eÆieny of onverting strutural and/or non-strutural nutrientsin the diet into one unit of strutural and/or non-strutural assimilate.This assumption means that we an now write the di�erent nutrient omponentsof the total assimilate as followsAA = �UA = �ADU (5.8)AL = �UL = �(1� A)DU: (5.9)Having identi�ed the di�erent nutritional omponents of the assimilate as afuntion of the quality and relative proportions of nutrients in the diet we shallapply the assimilation alloation model.The assimilation alloation model states that a healthy �sh alloates a on-stant proportion Æ of the strutural assimilate (AA) to building struture whihtogether with equation(5.8) an be related diretly to the food supply bydSdt = ÆAA = Æ�ADU: (5.10)The remaining (1� Æ)AA plus the non-strutural nutrients in the assimilate areadded to reserves from whih maintenane expenditure is debited. We an relatethe hange in reserves diretly to the food supply by using equations(5.8) and(5.9) as follows dRdt = AL � (1� Æ)AA �M= �D(1� AÆ)U �M: (5.11)If we now use equation(5.7) to relate the dietary uptake (U) to the assimilate(A) we an rede�ne the assimilation eÆieny " as follows" = �D: (5.12)97



Furthermore, if we now rede�ne k suh thatk � ÆA (5.13)then the full system dynamis redue down to the familiar assimilation alloationform as follows dSdt = kA (5.14)dRdt = (1� k)A�M: (5.15)5.3.2 Inreasing the Proportion of Lipid in the DietChanges in the diet quality will hange D. An inrease in the proportionaldigestible omponents of the diet will inrease D and a derease in the propor-tion of dietary digestible omponents will derease D. Changes in the relativeproportions of nutrients in the diet formulation will hange A. An inrease inthe proportion of lipid with a orresponding redution of protein will redue A.Likewise, an inrease in the protein proportion with a orresponding redutionin lipid will inrease A.Beause the assimilation rate is independent of A (see equation(5.7)) then aslong as the quality of eah diet remains the same the only e�et of hanging therelative proportions of strutural and non-strutural nutrients in the diet willbe to hange A. Therefore, an inrease in the relative proportion of lipid in thediet will redue A and in turn redue k � ÆA.Figure(5.1) displays a number of maximal growth simulations using several dif-ferent values of k. The e�et of dereasing k (inreasing lipid proportion) is toredue the rate of strutural growth and inrease the rate of reserve aumu-lation. Individuals fed a low fat diet (inreasing k) aumulate more struture98
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Figure 5.1: Trajetories of a) reserve ratio, b) strutural arbon weight and )total arbon weight for the assimilation alloation model using several di�erentonstant values of k. Additional parameter values used in onjuntion withtable(4.1) to simulate these trajetories are � = 1:0, T = 12oC, X0 = 1:0,S0 =100mgC, d = v = 0:75.and maintain a lower reserve ratio. However, low fat fed individuals have a sig-ni�antly greater �nal arbon weight beause the inreased rate of ommitmentto struture has allowed them to make better use of the exess food supply.The usual experimental protool when investigating the e�ets of high lipid levelsin the diet is to feed groups of �sh the same amount of protein but di�eringamounts of lipid (e.g. Boujard et al. (2000)). To aomplish this the usualproedure is to add a non-digestible diet �ller (suh as ellulose) to the low fatfeed so that both diet formulations have the same perentage protein on a dry99



weight basis. The experimenter then feeds both groups of �sh an equal or exessration supply. We shall investigate what e�et this has on the omposition ofthe assimilate and apply it to the assimilation alloation model.Consider a unit of dietary uptake (U) whih has a onstant proportion (0 � 1 �1) of strutural nutrients (UA = 1U) but a variable proportion of non-struturalnutrients and a orresponding variable non-digestible proportion. We an writethe three omponents of the diet as followsUA = 1U; UL = �U; UN = (1� 1 � �)U (5.16)where 0 � � � 1� 1.Now onsider the e�et of hanging � on D and A. From equation(5.2)D = UA + ULU = 1U + �UU = 1 + � (5.17)and we an write A = UAUA + UL = 1U1U + �U = 11 + � : (5.18)If we apply these funtions to the assimilation alloation model then we (usingequation(5.10)) that the strutural weight will hange aording todSdt = Æ� 11 + � (1 + �)U = Æ�1U (5.19)and from equation(5.11) reserves will hange aording todRdt = �(1(1� Æ) + �)U �M: (5.20)Notie that strutural growth rate is independent upon � with all the bene�t ofinreasing the lipid ontent being plaed on reserves. As long as the amount ofstrutural nutrients in the diet is onstant the produt DA remains onstant.100
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reasing the proportion of non-strutural nutrients whilst holding the proportionof strutural nutrients onstant (inreasing ", dereasing k) is simply to inreasethe reserve growth rate. For all three growth trajetories the strutural growthrate has remained the same and the di�erene in the �nal total arbon weightsis only as a onsequene of an inrease in reserve arbon weight.5.3.3 Inreasing the Proportion of Protein in the DietUnlike the mehanisms involved in the deposition of lipids there seems to bea lear ut maximum rate at whih protein an be areted into the body.Without this phenomena being inorporated into the model a ontinual inreasein the strutural nutrients within the diet (i.e. inreasing A) will always serveto inrease growth rate (see �g(5.1)) whih ertainly does not omply with theliterature. Therefore, the assimilation alloation sheme needs to be modi�edto inorporate this upper limit on strutural growth.We an inorporate an upper limit on strutural growth rate by statingdSdt = min fÆAA;
g (5.21)where 
 is the maximum possible rate of strutural growth for a given size andtemperature. When the attempted ommitment to struture (ÆAA) is greaterthan the maximum possible we shall assume that the exess is redireted to thereserves pathway. To satisfy this onservation of nutrients and beause AA isonly a funtion of the diet and ration size it is lear that Æ must redue to satisfyÆAA = 
 when the attempted ommitment to struture is greater than maximalgrowth will allow. This means that Æ must now be modi�ed suh that it is somefuntion of the maximal strutural growth rate 
.We an reast the rate of strutural growth as followsdSdt = 
�S (5.22)102



where 0 � �S � 1 is the fration of maximum strutural growth at whih theindividual is growing.Under normal onditions the rate of strutural growth within the assimilationalloation sheme is proportional to the assimilation rate whih using a on-stant diet formulation is proportional to the uptake rate. Therefore a reason-able assumption would be that the maximum strutural growth rate sales withmaximum uptake suh that
 = !UH = AH0Sdf(T ) (5.23)where AH0 = !UH0 is the maximum strutural growth rate saling and f(T ) isthe temperature saling funtion for maximum food uptake.Using equations(5.21) and (5.22) we an asertain under what ombination ofonditions strutural growth will approah maximum i.e. �A = 1:0. By usingequations(5.8) and (2.23) we an express the fration of maximum struturalgrowth as follows �S = Æ�DAUH0�AH0 (5.24)whih is a funtion of many di�erent parameters. However, there are essentiallyonly three parameters whih are under exogenous ontrol, namely, the qualityof the diet D, the relative amount of strutural nutrients in the diet A, and theration level �. It is the produt of these three parameters that will determinewhether the maximum strutural growth rate is ahieved. Consequently, thereare a number of di�erent situations under whih �S an reah one. For instane,if a ertain diet type possessed a proportional amount of strutural nutrients toaomplish maximal strutural growth rate on a maximum uptake (� = 1) thena redution in ration with a orresponding inrease in the relative proportionof strutural nutrients would still keep �S = 1, as has been reported by Ogino(1980)(see �gure(3.7)).When the attempted ommitment to struture is greater than maximal will allow103
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�sh ommits to struture. This will have a similar e�et on the proportion ofthe total assimilate alloated to struture k whih we an write ask(A; �S) = min(k1; k1�S) (5.26)where k1 is the nominal onstant ommitment of total assimilate to struture ahealthy �sh feeding on a onstant diet ommits to struture.Figure(5.3) displays a number of maximal growth simulations using di�erentvalues of k1. As k1 is inreased (i.e. an inrease in the proportion of struturalnutrients within the diet) there is an inrease in the rate of strutural growth.However, growth rate only inreases until the maximum strutural growth ratehas been reahed. One the proportion of strutural nutrients in the diet areenough to ahieve the maximum strutural growth rate any further inrease ink1 has no e�et on the rate of aumulation of reserves or struture. Individualson a low protein diet (low values of k1) have a lower strutural growth rate butmaintain a higher reserve ratio. However, one again the �nal arbon weight isgreater for the individuals on the high protein diet beause the inreased rate ofommitment to struture has allowed them to make better use of the plentifulfood supply.5.4 Di�erential Proessing Costs for Reserveand Strutural Nutrients5.4.1 DerivationUntil now we have assumed equal proessing osts for the reserve and struturalnutrients supplied in the food. This has allowed us to simplify the dynamisand investigate what major onsequenes di�erent diet formulations will haveon the behaviour of assimilation alloation model. However, it is likely that the105



osts assoiated with proessing strutural nutrients will be more than the ostsassoiated with proessing reserve nutrients.One of the major reasons for this is that the mehanisms involved in the synthesisof proteins into the body are more omplex than the proesses involved with thedeposition of lipids into the body (Tytler and Calow (1985); Hohahka andMommsen (1995)). Also, the amino aids supplied in the diet whih are notsynthesised into protein must �rst be deaminated (the proess of removing thenitrogen from the nitrogen rih amino aids) before being used as an energysoure or being onverted into lipid (Hohahka and Mommsen 1995). Thismeans that the onversion eÆieny in using protein as an energy soure will beless than for using lipids as an energy soure.We shall inorporate these di�erential osts by using di�erent assimilate on-version eÆienies for the di�erent nutrients supplied in the diet. Thus, wewrite AA = �AUA (5.27)AL = �LUL (5.28)where, �A is the onversion eÆieny in proessing strutural nutrients to stru-tural assimilate and �L is the onversion eÆieny in proessing non-struturalnutrients to non-strutural assimilate. The total assimilate an now be writtenas A = D(�AUA + �LUL): (5.29)If the digestible proportion of the diet onsists of A strutural nutrients thenthe total assimilate an be written asA = DU(�AA + �L(1� A)): (5.30)If we now say that �L = ��A, where, � > 1 then the total assimilate an be reastas follows 106



A = D�AU(A + �(1� A)): (5.31)Notie that for a unit of a onstant quality uptake the total amount of assimilatehanges with the relative proportion of di�erent nutrients.We shall now apply this to the assimilation alloation model. Strutural arbonweight will hange aording todSdt = ÆAA = Æ�ADAU (5.32)and the hange in reserve arbon weight (following some simpli�ation) an bedesribed as dRdt = �ADU (�(1� A) + A(1� Æ))�M: (5.33)It an be seen that the previous derivation assuming equal proessing osts is justa speial ase of the above system dynamis with � = 1, that is, �L = �A. Underthe new more realisti assumption the strutural growth rate is still proportional(under healthy non-limiting onditions) to the proportion of strutural nutrientsin the diet and is independent of the amount (not proportion) of non-struturalnutrients in the diet supply. As � is inreased all the gain in the assimilate (seeequation(5.31)) is only bene�tted by reserves. This means that for any �xedproportion of relative nutrients in the diet (i.e. A) the assumption of equalproessing osts an only predit a leaner individual than would be preditedby assuming di�erential proessing osts with �L > �A.We an illustrate this further by solving for the steady state reserve ratio (X�)whih gives X� = 1ÆA  �(1� A) + A(1� Æ)� M�ADU ! : (5.34)
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As long as the allometri salings for uptake and maintenane are idential theabove steady state will be ahieved (see setion(4.6)). From this expression wean gather that for any �xed ost of produing strutural assimilate (i.e. �A)the e�et of an inrease in � an only be to inrease the reserve ratio (with theobvious proviso that A < 1).In this new modi�ed assimilation alloation model we annot group togetherÆ and A to form the omposite parameter k, that is, the proportion of totalassimilate alloated to struture. The atual proportion of the total assimilate,say kA, whih is ommitted to struture is now given bykA = ÆAA + �(1� A) (5.35)whih redues down to the earlier de�nition of k when � = 1.The assimilation eÆieny de�ned by " = A=U using equation(5.31) an beexpressed as " = D�A(A + �(1� A)) (5.36)whih one again redues down to the earlier de�nition when � = 1.The dynamis of the new assimilation alloation model whih aounts for dif-ferent proessing osts an still be written in the following formdSdt = kA"U = kAA (5.37)dRdt = (1� kA)"U �M = (1� kA)A�M (5.38)but with kA and " newly de�ned by the above expressions. Notie, that forhealthy �sh, kA and " are still onstants when a onstant diet formulation is108
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Figure 5.4: Trajetories of a) reserve ratio, b) strutural arbon weight and )total arbon weight for the assimilation alloation model using equations(5.32)and (5.33). With � = 1 the model redues down to the previous assumption ofequal proessing osts. With inreasing � the osts for non-strutural nutrientproessing beome less. Strutural growth is not being limited by the �sh's max-imum strutural growth rate with �S = 0:7 for all three trajetories. Additionalparameter values used in onjuntion with table(4.1) to simulate these trajet-ories are AH0 = 0:024, A = 0:4, D�A = 0:35, Æ = 0:5, � = 1:0, T = 12oC,X0 = 1:0, S0 =100mgC, d = v = 0:75.supplied leaving the earlier analysis of how ration level and temperature hangereserve ratio and growth ompletely viable.Beause there is no longer a one to one relationship between k and the relativeproportions of strutural and non-strutural nutrients in the digestible propor-109



tion of the uptake we shall run simulations using equations(5.32) and (5.33). Weshall �rst point out the di�erene onerning the di�erent assumptions aboutproessing osts. This an be ahieved quite simply by hanging the value of�, where, � = 1 for equal proessing osts and � > 1 for lower reserve nutrientproessing osts.Figure(5.4) displays a number of maximal growth simulations with di�erentvalues of �. With inreasing �, the extra assimilate gain from the lowered non-strutural nutrient proessing is only added to the reserves. No gain is given tostruture and the di�erene in the �nal total arbon weights are only attributableto an inreased aumulation of reserves.In essene, the inlusion of di�erential proessing osts has the same dynamie�et as inreasing the non-strutural proportion of nutrients whilst holding theamount of strutural nutrients in the diet onstant with the assumption of equalproessing osts. As the di�erene in proessing osts is inreased, kA reduesaording to equation(5.37) and inreases " aording to equation(5.36). Thefat that di�erential proessing osts only serve to hange the reserve dynamismeans that the main dynami e�ets of hanging diet formulation desribed inthe previous setion with the assumption of equal proessing osts still hold true.With, however, the proviso that equal proessing osts would under predit thegrowth rate of reserve arbon weight.5.4.2 Strutural Nutrient Sparing E�etsThus far we have shown why high levels of lipid in the diet should not bene�tstrutural growth. Indeed, the assimilation alloation model was spei�ally de-rived on this basis. However, protein \sparing" e�ets (an inreased proportionof the protein supplied in the diet being areted into the body) have been re-ported with an inrease in the dietary lipid:protein ratio, most ommonly, whenthe ration is redued below maximum (pers. omm. Kim Jauney 1).1Kim Jauney, Institute of Aquaulture, University of Stirling, Stirling, FK9 4LA110



When the �sh is growing near its maximum strutural growth rate then it shouldperhaps not be surprising that lipids have no \sparing" e�ets. However, underredued ration levels the assimilation alloation model is apable of showingsome strutural nutrient \sparing" e�ets with an inrease in the relative pro-portion of non-strutural nutrients within the diet.We �rst need to point out the relationship between reserve ratio, ration level anddiet formulation. For a �sh alloating a �xed proportion (Æ) of strutural as-similate to strutural growth we an with some rearrangement reast the steadystate reserve ratio as followsX� = 1Æ  1� � � Æ + 1A  � � M�ADU !! : (5.39)It an be seen that the steady state reserve ratio is inversely related to the pro-portion of strutural nutrients within the digestible portion of the diet (A). Thismeans that although individuals may be fed the same ration of equal qualityfood the individual supplied with the high protein diet would maintain a lowervalue of reserve ratio. There are two reasons for this relationship. Firstly, theindividual fed the high protein diet would (under the urrent rule) be alloatingmore to struture in aordane with equation(5.32). Seondly, the inreasedproportion of strutural nutrients in the ration supply would inur higher pro-essing osts reduing the total assimilate in aordane with equation(5.31).In terms of diet e�ets, we have thus far only onsidered healthy growing indi-viduals whih we assume alloate a onstant proportion of strutural assimilateto building struture. In suh irumstanes there annot possibly be any stru-tural nutrient \sparing" e�ets. However, should the reserve ratio fall below thethreshold value where the �sh begins to defend its nutritional status then it isperfetly possible for an adjustment in the diet to have some strutural nutrient\sparing" e�ets.The assimilation alloation model needs a ontrol mehanism to derease andeventually ease any further alloation to struture in order to avoid death from111
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would inrease the reserve ratio above this threshold, thus, maintaining a higherstrutural growth eÆieny.Figure(5.5) displays a number of growth simulations for groups of �sh eah fed aonstant ration level but with diets di�ering in the proportions of strutural nu-trients. Individuals who are feeding on the high strutural nutrient diet initiallyundergo a redution in the reserve ratio whih the funtion Æ(X) responds toby dereasing alloation to struture. With an inreasing relative proportion ofnon-strutural nutrients in the diet the individuals are able to maintain a higherreserve ratio whih inreases the proportion of strutural nutrients alloated tountil eventually the nominal onstant proportion Æ1 is reahed.5.4.3 The Optimal Ration and Diet FormulationAquaulture GoalsThe greatest majority of studies investigating the e�ets of diet formulation havebeen arried out by aquaulturists who are seeking to maximise the followinggoals1. Inrease prodution2. Redue osts3. Inrease esh quality4. Redue pollution levelsArmed with the simple nutritional priniples of the assimilation alloation modelwe shall seek a ration level and diet formulation whih will aim to simultaneouslymaximise these lear objetives.
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Optimal Ration LevelAn inrease in growth rate would inrease prodution and an inrease in growtheÆieny would redue osts. These objetives are simultaneously aomplishedwhen the �sh are fed at their maximum ration level. It is obvious why thisshould be so for growth rate, but to understand why this should also be the asefor eÆieny onsider the quotient of net prodution per unit uptake as followsPU = A�MU = "UH��MUH� = "� MUH� (5.41)It an be seen that for any given diet formulation (i.e. onstant ") the net pro-dution per unit uptake is maximised when the ration is supplied at its maximumlevel. Basially, this relationship ours beause maintenane osts always haveto be met and are independent of growth rate. Therefore, any inrease of intakeabove that needed to meet maintenane osts will inrease growth eÆieny.This simple theoretial reasoning is baked up by numerous experimental stud-ies whih report energy onversion eÆieny to be inreased when the rationlevel is inreased (e.g. Brett et al. (1969); Elliott and Hurley (2000); Huisman(1976); Saether and Jobling (1999); Staples and Nomura (1976)).The Optimal Relative Proportion of NutrientsSine in an inrease in diet quality (inreasing D) will obviously inrease growthrate the only other possible variable we need study is the relative ombinationof strutural and non-strutural nutrients supplied in the diet.Figure(5.6) displays a number of maximal growth simulations for individualswho are supplied di�erent diet formulations. The e�et of inreasing A is toinitially inrease the rate of strutural growth until the maximum struturalgrowth rate has been ahieved, whereupon, no further inrease in struturalgrowth is ahieved with inreased proportions of strutural nutrients.Protein as a food soure is more expensive to supply than either lipid or ar-114
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This is due to the inreased osts assoiated with strutural nutrient proessingwhih may possibly lead to a redution in strutural growth through the �shdefending its reserve ratio. It is also important to note that if the amount ofreserve nutrients supplied in the diet were redued, then this again would ausethe �sh to begin defending its reserve status and start burning more struturalnutrients for energy purposes whih would in turn redue strutural growth rate.There are two onsequenes of reduing the proportion of strutural nutrientsbelow the optimal value for maximal strutural growth. Firstly, the rate ofstrutural growth dereases. This means that the �sh are not able to make thebest use of the plentiful food supply sine they are being supplied with less of thenutrients neessary to build the biohemial mahinery to proess food. Thisresults in the �nal total arbon weights being less for individuals fed with a sub-optimal proportion of strutural nutrients in the diet (see �g(5.6)). Furthermore,the greatest majority of the total arbon weight is omposed of reserves, mainlyin the form of lipids. High levels of lipids within the body of the �sh are not adesirable property and redue the quality of the esh (Einen et al. 1998). Asthe proportion of non-strutural nutrients within the diet are inreased further,these e�ets ompound leading to smaller fatter �sh. The net result is that the�sh take longer to reah a harvestable size and are of a poorer quality.From our investigations a lear optimal diet formulation has emerged in satisfy-ing the main goals of aquaulture. It is the optimal ratio of reserve to struturalnutrients that supplies enough strutural nutrients to keep strutural growthrate near maximum whilst simultaneously supplying enough energy in the formof the more digestible non-strutural nutrients to help meet maintenane ostsand maintain a healthy reserve ratio.5.4.4 ConlusionsWe have investigated what e�ets di�erent diet formulations will have on pat-terns of growth and alloation using the assimilation alloation model. The116



model is based on the very simple priniple that some nutrients an be usedonly for energy purposes (mostly lipids), whereas, others (mostly protein) areof a genuine nutrient value for growth purposes but an also be used for energypurposes. We manipulated the omposition of the diet by simultaneously hang-ing the values of a small number of exogenous parameters. The onlusions wean draw from the assimilation alloation model are in good agreement withpublished experimental studies as outlined in setion(3.4).From our modelling investigations we initially found that inreasing the lipidlevels in the diet only serves to inreases adiposity and has no diret bene�t onstrutural growth. Whereas, the attained rate of strutural growth is governedby the amount of strutural nutrients supplied in the uptake and not reservenutrients.Further investigations revealed that reserve nutrients in the diet at indiretly tosupport strutural growth. Lipids are more easily utilised for energy purposesthan protein. This makes them a valuable ommodity to meet the osts ofmetaboli proesses and also maintain a good nutritional status. If the energysupplied in the diet is low then the redution in nutritional ondition will fore aninrease in the proportion of strutural nutrients being used for energy purposes.However, if there are not enough strutural nutrients supplied in the diet thenthis retards growth below its potential maximum. These strong growth andalloation dynamis resulted in a lear optimal ration and diet formulation tosatisfy the main aquaultural goals.As our model predits, exessive levels of lipid in the diet have been shownto redue �sh growth and produe fatty �sh (Lovell (1989); Chou and Shiau(1996); Garling and Wilson (1977) Takeuhi et al. (1983)). Low energy dietshave also been shown to redue protein retention eÆieny (Amanat and Nasser2001). Optimum growth for salmonids is reported to be ahieved when 40-55%of the dietary energy is in the form of protein (Jobling 1994). Whilst this valuemay hange slightly with di�erent �sh speies, the priniples remain exatly thesame. 117



The optimum diet formulation (at least for aquaulture) is one whih suppliesenough nutrients for the proess of protein growth with enough energy, primarilyin the form of the more easily digestible lipids, to maintain a healthy nutritionalondition and avoid any extraneous atabolism of proteins for energy purposes.

118



Part III
Growth and Alloation in aVariable Environment
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Chapter 6
A Review of CompensatoryGrowth
6.1 IntrodutionStudies have illustrated that following periods of growth restrition a broadvariety of di�erent animal speies are able ompensate by displaying a growthspurt on subsequent re-alimentation (see, e.g. Wilson and Osbourne (1960);Bilton and Robins (1973); Perrin et al. (1990); Bradley et al. (1991)). Thisath-up growth ommonly referred to as ompensatory, ath-up or reoverygrowth has a magnitude greater than that of fully fed ontrols.This inreased growth has been shown to be ahieved by inreasing food intakerate beyond that of normal maximum (a hyperphagi response) and also in someases inreasing food onversion eÆieny. Reovery from restrited ration orstarvation is usually omplete (on re-alimentation animals ahieve the samebody size as on-spei�s), or partial (�gure(6.1)). However, in some rare asesreovery growth an result in a greater weight gain than fully fed ontrols (e.g.Hayward et al. (1997); Dobson and Holmes (1984)).The obvious potential utility of ompensatory growth to �sh aquaulture has led120
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Weatherley and Gill (1981)Weatherley and Gill (1981) subjeted juvenile rainbow trout (Salmo gairdneriRihardson) to di�erent feeding regimes at a onstant water temperature of12oC (see �gure(6.2)). The trout were distributed into four groups: W1: fed toexess for a period of 13 weeks; W2: restrited ration for 13 weeks followed bya 13 week exess ration; W3: 3 weeks of starvation followed by 13 weeks exessration; W4: 13 weeks of starvation followed by 13 weeks of exess ration. Thewet weight growth trajetories for eah group are displayed in �gure(6.2).Weatherley and Gill (1981) onluded that following feed restrition, the youngrainbow trout were rapidly able to retain pre-starvation sizes, and were thenable to grow at a similar rate to that of ontrols, whih were never less than wellfed. The weights of eah group were not signi�antly di�erent from one anotherfollowing equal time periods of exess supply of food with previous di�erentlengths and severity of food restrition. Therefore, the ompensatory responsemust be viewed as being only a partial reovery of body size, beause the feedyling experiments had been onduted for longer and yet did not out performthe weight gain of the ontrols.Miglavs and Jobling (1989a,b)Miglavs and Jobling (1989a,b) studied the pattern of ompensatory growth ofjuvenile Arti harr (Salvelinus alpinus) over an equal time period at a onstanttemperature of 8oC. The harr were fed aording to three di�erent feedingregimes: M1: exess food for 16 weeks; M2: restrited ration for 8 weeks followedby 8 weeks of exess ration; M3: starved for 16 weeks. The weight trajetoriesfor eah group are displayed in �gure(6.3).Following re-alimentation, the restrited-refed group (M2) exhibited signi�antlygreater rates of growth than ontrols for 6 of the 8 week refeeding period. In the�nal two weeks of the experiment restrited-refed �sh had growth rates equal to123
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(three weeks of starvation and 3 weeks of refeeding), the mean weight was notsigni�antly di�erent from ontrols who had been ontinuously fed in exess.After the seond yle, again, the mean weight did not signi�antly di�er fromontrols (week 12). Unfortunately, during the 17th week there was a mehanialfailure of the thiosulphate pump and a large hlorine treatment of the watersupply. The water quality problem was so severe that all �sh in both groupshad died 3 days after the �nal measurements, so the data for the last 3 weeksshould not be inluded when examining the e�ets of repetitive yli feeding.Ignoring the �nal 3 weeks this is an example of omplete ompensation moti-vated by a 3 week feed deprivation and 3 week exess food supply. In a similarexperiment Dobson and Holmes (1984) using the rainbow trout, Salmo gairdneriRihardson, also found 3 weeks of starvation and 3 weeks of refeeding to equaland sometimes better the weight gain of ontrols fed in exess throughout outa number of 6 week experiments.Kindshi (1988)Kindshi (1988) also onduted an experiment to investigate possible feedingregimes that indue ompensatory growth. Rainbow trout (initial weight 15.9g),Salmo gairdneri Rihardson, were divided up into 4 groups and given di�erentfeeding shedules: (K1) Fed every day to exess; (K2) Fed a restrited rationevery day; (K3) every day for 3 days in exess and then deprived of food for 4days eah week; (K4) alternate 4 week yles of plentiful food and no food. Theexperiment ontinued for 16 weeks at a onstant temperature of 12:2oC. Thewet weight growth trajetories for eah group are displayed in �gure(6.6).At the termination of the experiment the mean weights of eah group were allfound to be signi�antly di�erent from one another. Continuously fed ontrols(K1) had outperformed all other groups. Alternate 4 week yles of food andno food (K4) had the seond greatest �nal mean weight followed by the �shontinuously fed a ontinuous restrited ration (K2) and the lowest �nal mean127
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Jobling et. al. (1993)Jobling et al. (1993) onduted a similar experiment to investigate the e�ets offeed yling in Arti harr Salvelinus alpinus using a onstant temperature of9.5oC. Groups of �sh were subjeted to �xed length alternating periods of fooddeprivation and unlimited food provision with a period of 1, 1.5 and 3 weeks.The wet weight growth trajetories are displayed in �gure(6.7). All yli feedingregimes depressed growth to below that of ontrols ontinuously fed. Fish thatwere deprived of food and then fed on alternate weeks (1:1) were slightly largerthan those that were exposed to periods of 1.5 or 3 week deprivation feeding(1.5:1.5 or 3:3).On reeiving exess food supplies following 24 weeks on the restrited feedingregimes the previously restrited �sh grew more rapidly than ontrols. Thegreatest ompensatory growth was displayed after the 3:3 regime, followed bythe 1.5:1.5 and then the 1:1 feeding regime. At the termination of the experimentthere was no signi�ant di�erenes in body weight between �sh fed aordingto eah of the yli feeding regimes during the period that food restrition wasimposed.DisussionIn reviewing the literature, it beomes lear that there are inonsistenies inthe extent to whih growth losses are reovered by the ompensatory growth re-sponse. Reovery is most often only partial (Weatherley and Gill (1981); Miglavsand Jobling (1989a); Kindshi (1988)), sometimes omplete (Quinton and Blake(1990), Exp. B.), and in some rare ases over-ompensation is exhibited (Dobsonand Holmes (1984)).Studies have shown that both the length and severity of the food restritionplay a part in the ensuing growth response. In general, the greater the lengthand severity of the growth retardation the greater is the resultant ompensatory129
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DaysFigure 6.7: Observed weights for the �sh of Jobling et. al. (1993). Vertialbars denote 95% on�dene intervals. The bar below eah �gure indiates thefeeding regime: (blak bar) exess food; (white bar) no food.response (e.g. Jobling and Koskela (1996)). However, if the applied growthrestrition is too severe then the extent of reovery begins to derease. Forexample, Bilton and Robins (1973) found that sokeye salmon fry, Onorhynhusnerka, were apable of showing full reovery following 3 weeks, but not followinglonger periods of starvation.It is important to note that ompensatory growth need not only be eliited bya severe growth restrition. Several studies have pointed out that even individ-uals who have managed to remain in a stationary or positive energy balanewithin the growth restrition period exhibit inreased rates of growth (abovethat of ontrols) on subsequent realimentation (e.g. Jobling and Koskela (1996);130



Niieza and Metalfe (1997); Jobling and Johansen (1999); Miglavs and Jobling(1989a,b)). It is also important to note that growth restritions applied by aredution in temperature also eliits a ompensatory growth when the �sh arereintrodued to warmer more favourable temperatures for growth (Mortense andDamsgard (1993); Niieza and Metalfe (1997))We have relayed the results of a number of experiments investigating ompen-satory growth in more detail than others (the studies in whih we have graphi-ally depited the data). Partiular attention has been paid to these studies asthey are amongst the most detailed published data sets that inorporate a largenumber of di�erent feeding regimes, thus, making them partiularly good an-didates for future model �tting. However, the onlusions we draw from thesestudies are inonsistent with one another. In partiular, the oniting resultsof Exp. A, Quinton and Blake (1990) and the Jobling et al. (1993) study.The results of Exp. A, Quinton and Blake (1990) suggest that there existsa delayed reation to refeeding on realimentation with the most rapid gain inweight ourring in the third week of reovery. This resulted in the 3:3 weekyled �sh being the more suessful. In ontrast, with the Jobling et al. (1993)experiment there annot have been muh of a delayed response to refeeding sinethe 1:1 week yled �sh grew just as well (if not better) as the 1.5:1.5 and 3:3week yled �sh.Quinton and Blake (1990) report there were large di�erenes in the growth rateof ontrol �sh between Exp. A and Exp. B. Controls of Exp. A. only managedto hange in weight from 36g to 42g and in length from 13.3 m to 13.8 min a 6 week growing period with a plentiful supply of food at a temperaturenear optimal for growth. Comparison of these growth rates with that publishedby Austreng et al. (1987) for rainbow trout of similar weight and temperatureonditions reveal the �sh of Exp A. Quinton and Blake (1990) to be growingsome 8 times slower. Therefore, the delayed reation to refeeding ould in someway have been related to these extremely slow rates of growth.131



6.3 Hyperphagia and Growth EÆienyIrrefutably, the ause of ompensatory growth is either an inrease in food uptakeand/or a redution in osts. On realimentation following nutritional restrition�sh speies have been shown to exhibit a hyperphagi response (e.g. Miglavsand Jobling (1989a); Russel and Wooton (1992); Hayward et al. (1997); Niiezaand Metalfe (1997)) and also in some ases inreased growth eÆieny is re-ported (e.g. Qian et al. (2000); Boujard et al. (2000)). In order to gatherany information on these mehanisms it is neessary to ollet �ne saled foodonsumption data. As a onsequene of this fewer data soures exist.Following a restritive ration for a period of 8 weeks Miglavs and Jobling (1989a)report that juvenile Arti harr displayed a sharp inrease in rates of food intakewhen presented with exess food supply. With the exeption of the last twoweeks of the 8 week realimentation period, food onsumption was signi�antlygreater than that of �sh fed to satiation throughout. In a similar experimentRussel and Wooton (1992) subjeted the European minnow (Phoxinus phoxinus)to a 16 day period of either restrited ration or starvation. Both treatmentsgroups exhibited signi�antly greater rates of food intake than ontrols in 4out of 5 days immediately following refeeding. In addition to elevated foodonsumption an inrease in gross food onversion eÆieny (g.f..e = weighthange/food fed) was reported to have ourred in the initial period of refeeding.Restrited refed minnows values of g.f..e had delined to that of ontrols by theseond week, whilst the starved refed minnows were not signi�antly di�erentfrom the ontrols until the third week of refeeding. Conordantly, Miglavs andJobling (1989a) also reported inreased values of g.f..e in the �rst two weeks ofthe realimentation period in Arti harr.Animals an adapt to periods of food deprivation by reduing energy expen-diture. It has been hypothesised that following refeeding metaboli rates maynot immediately return to the same level as that of a ontinuously fed animal.The onsequene of this would be as follows. Low rates of metaboli expendi-132



ture ourring onurrently with high rates of food intake would result in largeamounts of food intake being available for growth. Thus, rates of weight gainshould be rapid during the initial phase of reovery. Maintenane of low ratesof metaboli expenditure would expet to lead to a large weight gain per unitfood intake, i.e. eÆient food onversion.Although the afore mentioned argument is an attrative proposition, experimen-tal results do not always agree (Jobling 1994). If the hypothesis of depressedmaintenane were to be true to suh an extent as outlined above, then restrited-refed �sh would show a signi�antly higher values of growth eÆieny as om-pared to that of ontinuously well fed ontrols. Whilst this may be observed inthe reovery phase it should also be present (admittedly, to a lesser extent) atthe end of the reovery period.Further investigation of the food onversion eÆieny of restrited-refed Ar-ti harr (Miglavs and Jobling (1989b)) as ompared to ontinuously well fedontrols revealed that there was no signi�ant di�erene between eah treat-ment group over the omplete experimental period, both, in terms of a liveweight and an energeti basis. Similar results were found by Russel and Wooton(1992) with the European minnow (Phoxinus phoxinus). The mean total foodonsumption over the whole experimental period did not di�er signi�antly be-tween eah treatment group (inluding ontrols). At the end of the experiment(in whih treatment group �sh had returned to normal ontrols levels of feeding)the restrited-refed �sh had fully ompensated their weights to that of ontrols.Thus, there annot have been any signi�ant inrease in growth eÆieny. Fur-ther, whilst Hayward et al. (1997) were able to double hybrid sun�sh growthrates by using yli feeding patterns they did not detet any inrease in growthfood onversion eÆieny over the full experimental period.In many studies on ompensatory growth, eÆieny is estimated by means ofa biometri measure suh as g.f..e. Therefore it is possible that the improve-ments in onversion observed in restrited-refed animals (setion 6.2) ould berelated to di�erenes in the omposition of the tissues deposited during reovery133



Table 6.1: Arti harr biohemial body omposition from Miglavs andJobling (1989a,b). Fat levels are expressed as % live body weight.Week Group Wet Weight (g) Fat(%) FAT:LBM0 initial 8.65 6.0 0.0638 M2 9.6 4.5 0.04712 M2 19.7 5.9 0.06216 M2 34.9 7.2 0.078M1 53.8 7.4 0.079and normal growth (Jobling 1994). Furthermore, many studies merely imply in-reased growth eÆieny even though food intake was not monitored (Quintonand Blake (1990); Dobson and Holmes (1984)).Based on the above evidene, the bulk of the aelerated rates of growth ex-hibited by weight ompensating �sh was attributable to inreased food uptakeabove that of normal or ontrol levels and was not as a result of inreased foodonversion eÆieny. In general, the high rates of ahieved growth are mostonsistently ahieved through an inrease in food uptake (Niieza and Metalfe1997). Therefore, all future model derivations will assume that the inreasedrates of growth are ahieved from an inrease in uptake rather than food on-version eÆieny.
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6.4 Reovery Growth and Changes in Nutri-tional StatusOn subsequent re-alimentation, following growth restrition, rates of growthare inreased to levels above that of ontinuously well-fed ontrols. Studies haveinvariably shown there to be a onomitant inrease in nutritional ondition withthe ensuing reovery growth. Sine ompensatory responses have been shownto be inonsistent with one another, the nutritional ondition of the �sh whenthe aelerated rates of growth have returned to normal levels is of partiularinterest.Miglavs and Jobling (1989a,b) also onduted a biohemial analysis of bodyonstituents. Their experiment was terminated one growth rates of restrited-refed �sh had returned to levels of ontrols. Fully fed ontrols (M1) were sampledat the end of the experiment, and samples of feed restrited �sh (M2) were takenafter 8, 12 and 16 weeks. Table(6.1) displays the hanges in wet weight, lipidlevels and the ratio of lipid to lean body mass (LBM: inlusive of water, proteinand ash). Restrited ration for 8 weeks resulted in a redued levels of lipid (%body weight) with an inrease in protein ontent (we have already disussed thisresult in setion(3.3)). Change from the restrited feeding regime to exess foodration resulted in an aelerated growth rate failitated by hyperphagia. Byweek 12 restrited-refed �sh had inreased in wet weight and also aomplishedan inrease in lipid ontent. At the end of the experiment (when the growthompensation period has eased) the restrited-refed �sh had not ompletelyompensated for lost growth, however, fat levels (% body weight) were notsigni�antly di�erent from the larger ontinuously fed ontrols.Table(6.2) displays the result of a feed yling experiment onduted with postsmolt Atlanti salmon (initial weight 75g) reported in Jobling and Johansen(1999). Fully fed �sh were fed in exess throughout the 16-week trial (JJ1). Forthe �rst 8 weeks, the restrited �sh (JJ2) were fed half the ration predited tosupport maximum growth and, during the seond half of the trial, these �sh135



Table 6.2: Post-smolt Atlanti salmon body omposition from Jobling andJohansen (1999). Fat levels are expressed as % live body weight.Week Group Wet Weight (g) Fat(%) FAT:LBM0 initial 75 NA NA8 JJ1 170 7.5 0.080JJ2 135 6.0 0.06616 JJ1 276 8.5 0.094JJ2 281 8.0 0.087were given an unlimited feed supply. During the restrition phase the inreasein body weight was only 65% of that of fully fed ontrols. There were di�erenesbetween the groups in both LBM and proximate hemial omposition. By theend of the trial restrited-refed �sh had fully ompensated for body wet weightlosses and also possessed lipid levels similar to that of fully fed ontrols.Thus far, we have illustrated that the ompensatory growth phase inludes thereovery of nutritional status. However, it is important to note that ompen-satory growth also inludes a genuine degree of reovery in strutural growth.Numerous studies have pointed out that, during the reovery phase of growth,growth rate in length is inreased to levels greater than that of ontinuously fedontrols (e.g. Sogard and Olla (2000); Dobson and Holmes (1984); Pedersen andJobling (1989); Quinton and Blake (1990)).In onlusion, the period of rapid growth following growth restrition failitatesa reovery of nutritional status and a degree of reovery in lost strutural growth.
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6.5 ConlusionsIn this hapter, we have reviewed the results of a large number of ompensatorygrowth studies onduted with juvenile salmonids. The results of these exper-iments are not always in universal agreement with one another. Indeed, someexperiments are ompletely inonsistent with one another (i.e. Quinton andBlake (1990), Exp A. and Jobling et al. (1993)).Our eventual goal is to derive a model for ompensatory growth. However, beforewe an do this we need to point out what dynami properties this model shouldposses. Given the omplexity of fators that may be involved in ompensatorygrowth, together with the fat that no model ould possibly hope to explainevery single experimental result, we feel that produing a onise summary ofthe most onsistent properties of ompensatory growth is the best strategy toaid future model derivations.After muh deliberation and thought we feel that the most important onlu-sions of this review whih have the greatest reperussions for future modellingobjetives are as follows:1. Compensatory growth is exhibited by individuals who have endured aperiod of growth restrition either through low temperatures or a reduedration supply.2. Compensatory growth an still be exhibited by individuals who have re-mained in a positive energy balane through the growth restrition as wellas individuals who have sustained energy losses during the growth restri-tion period.3. The inreased growth rate above that of ontrols is more onsistentlyshown to be ahieved through an inreased uptake of food and not throughan inrease in growth eÆieny.4. The strength of the resultant ompensatory growth response is related tolength and severity of the growth restrition. In general, the greater the137



growth restrition the stronger the ompensatory response. However, if thegrowth restrition is too harsh then growth losses are not fully reovered.5. There are lear inonsistenies in the extent to whih growth losses arereovered. The majority of studies report partial or omplete reovery ofbody weight.6. There is evidene to suggest that the ompensatory growth response isablated when nutritional status has been reovered.7. Reovery growth is strutural ompensation as well as a reovery of reservestatus.Thus, our modelling objetives are lear.

138



Chapter 7
Modelling CompensatoryGrowth
7.1 IntrodutionThe aim of this hapter is to derive a model that enapsulates the strong growthharateristis of ompensatory growth. To aomplish this we �rst need a meh-anism for how ompensatory growth is regulated. Therefore, our �rst step will beto investigate the (few) hypothesised mehanisms that an explain experimentalobservations.Having identi�ed the most logial and immediately suessful mehanism we willthen move on to a more detailed modelling investigation. We then, in turn, assesthe ability of eah lass of alloation model to exhibit the major harateristisof ompensatory growth.Our �nal model should be able to display the major qualitative observations aslisted in the previous setion and also, perhaps explain why we observe some ofthese strong growth harateristis.
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7.2 Hypothesised Mehanisms of Compen-satory Growth7.2.1 Pre-determinate Growth CharateristisOne of the most popular hypothesised mehanisms for ompensatory growth isthat growth follows a predetermined ourse (e.g. Wilson and Osbourne (1960);Wilbur and Collins (1973); Hubbell (1971)). Deviations away from this prede-termined growth trajetory would eliit a ompensatory growth response untilindividuals have returned bak to the given size at age.Suh a mehanism requires individuals to have a knowledge of future size atage whih must be adhered to by a knowledge of what growth losses have beensustained, thus, a memory of past growing onditions must be involved. Suha mehanism would predit a full ompensation of body weight and ould notexplain why ompensation is often only partial. In a similar manner, suh amehanism ould not explain why body weight over-ompensation sometimesours. We give this mehanism as a full qualitative explanation of ompensatorygrowth pretty short shrift.7.2.2 The Lipostat ModelIn his lipostati model Kennedy (1953) proposed that a hange in energy bal-ane suÆient to alter adiposity eliited a ompensatory hange in food intakeas a result of hanges in negative feedbak signals originating from the brainthat inhibits feed intake. Thus, after a period of food restrition, the negativefeedbak that inhibit feeding are redued beause of a hange in fat ontent.The result is elevated food intake that is maintained until fat levels are restored.It is now aepted that adipose tissue mass inuenes food intake in mammals(Weigle (1994); Matson et al. (1996); Blum (1997); Shwartz and Seeley (1997);Friedman (1998); Hossner (1998)) and in the light of reent work there is ev-140



idene that the size of body fat stores plays a role in the feeding of salmonid�shes (Jobling and Johansen (1999); Metalfe and Thorpe (1992); Simpson et al.(1996); Jobling and Miglavs (1993); Silverstein et al. (1999); Shearer et al.(1997)).Jobling and Johansen (1999) have reently reviewed the role that the lipostatipriniples proposed by Kennedy (1953) may play in the ompensatory growthresponses of �sh. Jobling and Johansen (1999) state that the lipostati modelould ontribute to an explanation of the disparate results in the extent towhih body weight is reovered in �sh. They support this laim with resultsfrom the experiments whih have been re-displayed in table(6.1) and (6.2). As ameasure of body nutritional status they use the fat:LBM ratio whih they loselyanalogies with the reserve to struture to ratio in our modelling frameworkinitiated by Broekhuizen et al. (1994).Jobling and Johansen (1999) note that in �sh that repleted their body lipidreserves rapidly during ath-up growth, there would be a rapid ablation ofhyperphagia resulting in a quik restoration of fat:LBM ratio. The net resultwould be an inomplete reovery of body weight, relative to fully fed ontrols(e.g. table(6.1)). On the other hand, if lipid aumulation took plae moreslowly during ath-up growth, the hyperphagi response would be of longerduration, and hanges in the fat:LBM ratio would our gradually, enabling aomplete restoration of body weight (e.g. table(6.2)). In ases of a very slowrepletion of body reserves, body weight over-ompensation might be preditedbeause the imbalane in the fat:LBM ratio would remain for a prolonged period.The priniples of the lipostati model an instantly explain why the strengthof the ompensatory growth response is related to the length and severity ofthe growth restrition period. From our review in hapter 3 we know thatgrowth and nutritional status are intimately related with one another, where,the greater the growth restrition (depressed temperatures or redued rationlevels) the greater the redution in reserve status. Thus, when returned to bettergrowing onditions, individuals in a poorer nutritional state will take longer to141



reover nutritional status than onspei�s in a better nutritional state. The netresult would be that individuals who have sustained the greatest growth losseswould show the strongest ompensatory growth response. This would at as aregulatory mehanism for ontrolling growth. Furthermore, individuals need nothave sustained energy losses during the growth restrition period, beause, theinreased appetite is eliited by a shift in nutritional status.In onlusion, a model based on appetite being regulated by hanges in reservestatus an immediately explain almost all the major qualitative dynamis ofompensatory growth. Therefore, in the absene of any other satisfatory meh-anisms all future model derivations will be based upon this mehanism. A modelbased on the same priniples has already been derived, and so our next step willbe to investigate this model in more detail.7.3 The Broekhuizen Compensatory GrowthModel7.3.1 Explanation of ModelThe Broekhuizen et al. (1994) ompensatory growth model is based on a par-tiular ase of the net prodution sequene of alloation. The baseline model isde�ned as follows dRdt = A�M � dSdt (7.1)dSdt = C(X) [A�M ℄+ (7.2)where C(X) is the proportion of exess assimilate that is alloated to strutureand is assumed to be a funtion of the urrent reserve ratio X.142



Table 7.1: The Broekhuizen et al. (1994) starvation response funtions.State Reserve range Uptake response Maintenane responseHealthy X=X0 > �1 �(X) = 1:0 (X) = 1:0Hungry �1 � X=X0 > �2 �(X) = ��H > 1:0 (X) = 1:0Torpid �2 � X=X0 �(X) = ��L < 1:0 (X) = �L < 1:0One of the major assumptions of the model is that the �sh wish to maintain an\ideal" reserve to strutural ratio (X0) so long as there exists an opportunityfor positive growth. To do this an individual whose urrent reserve ratio is atthe ideal (X0) must alloate a �xed proportion:C0 � 11 +X0 (7.3)of exess assimilate ([A�M ℄+) to strutural tissue.The most important aspet of the model is how a �sh hanges its rate of assim-ilation and maintenane in response to deviations below the ideal reserve ratio.Small deviations from X0 result in the �sh entering a \hungry" state. If thereis a plentiful supply of food the �sh inrease the rate of uptake (a hyperphagiresponse) whilst maintenane rate remains unhanged as to that of a healthy(well fed) �sh. A further redution in X below a ritial limit results in the�sh entering a \torpid" state whereby the rate of assimilation and maintenaneare both redued. The magnitudes of both assimilation and maintenane ratesin the nutritionally depleted states of \hungry" or \torpid" are assumed to besalar produts of assimilation and maintenane rates of healthy (well fed) �shsuh that: M = (X)MH (7.4)and A = " minf�; Umaxg = " minf�; �(X)UHg (7.5)143



The response funtions are summarised in table(7.1).In terms of alloation, Broekhuizen et al. (1994) hose the following funtion toontrol the proportion of exess assimilate to strutureC(X) � minn1; C0 [1 + �(X �X0)℄+o : (7.6)We shall disuss this in further detail below.7.3.2 AnalysisBroekhuizen et al. (1994) arrived at this model formulation through a proess ofelimination. They, reportedly, formulated a range of di�erent models (inlusiveof models that inorporate a memory of past feeding onditions) and tested eahmodel in both its qualitative and quantitative power to model ompensatorygrowth. Eah model was tested in its quantitative suess by �tting the modelto published growth studies whih inluded a total of 16 di�erent feeding regimes.Not only was the �nal presented model reportedly less ompliated than othermodels but was, more importantly, the most suessful in prediting both thequalitative and quantitative observed patterns of ompensatory growth. The�nal result was a model based on the same lipostati priniples proposed byKennedy (1953). Seeing as they did not make any expliit referene to anypublished reports of lipostati involvement then we an pretty muh onludethat this model was independently derived. For an objetive analysis we shallompare this models properties with that of the major observed harateristisof ompensatory growth we have listed in setion(6.5).The major draw bak of this model is that it annot predit a ompensatorygrowth on realimentation following an initially well fed �sh being growth re-strited but who had yet managed to remain in a non-negative energy balane.This problem does not arise beause of the general model, but from the parti-ular hoie of alloation sheme. 144



Under the urrent rules of alloation (see equations(7.1), (7.2) and (7.6)), �shinitially possessing a reserve ratio at their \ideal" level whom are subsequentlyfaed with a period growth restrition would redue strutural growth rate butnot reserve status. Therefore, the reserve ratio would remain at its \ideal" value.Consequently, the lak of any redution in nutritional status would not eliit aompensatory growth response.We ould, perhaps, modify this partiular alloation sheme so that individu-als redued nutritional ondition when growth restrited. However, for reasonswe have explained in setion(4.4.4), the whole lass of net prodution modelsannot predit a hange in the body onstituents of �sh whom are fed a main-tenane ration. This means that the hanges in body onstituents reported byMiglavs and Jobling (1989a,b) (see table(3.5)) in �sh held in a stationary en-ergy balane ould not be predited. Therefore, on subsequent realimentationno ompensatory growth response would be eliited.The assumption that �sh an turn down their maintenane osts was prini-pally noted from Exp. A. of the Quinton and Blake (1990) study, who notedthat weight loss was quikest in the �rst week of starvation of the three weekstarvation period. Quinton and Blake (1990) mostly attributed this to an emp-tying of the gut. Nevertheless, this lead Broekhuizen et al. (1994) to postulatethat this sequene of weight loss ourred beause maintenane rates were beingdown regulated. Based on the observations of Priede (1985) that the mainte-nane rates of brown trout (Salmo trutta) was approximately four time greaterin summer than in winter they derived a value of (X) = 0:3 when the �sh is in atorpid state (see table(7.1)). Almost ertainly, these large di�erenes are mostlydue to the large di�erenes in summer and winter temperatures of 15.0oC and5.5oC, respetively. However, �sh are apable of down regulating maintenanerates, but not to suh an extent as proposed by Broekhuizen et al. (1994). Areent experiment found that one month starved juvenile Atlanti salmon hadmanaged to redue maintenane rates by around 20% in omparison to ontin-uously fed onspei�s (O'Connor et al. 2000). This would be equivalent to145



(X) = 0:8 when the �sh is in a torpid state.The assumption that maximum uptake was down regulated when the �sh werein a torpid state was again prinipally based on the observations of Exp A.Quinton and Blake (1990), who noted that following three weeks of starvationthe majority of the growth ourred in the third week of re-feeding, with onlyvery low growth rates in the �rst two weeks of feeding. The 1:1 and 2:2 weekyled starvation and re-fed experiments did not produe an equivalent growthresponse. To aommodate for this Broekhuizen et al. (1994) proposed thatone the �sh were in a torpid state the ost of a turn-down in maintenane wasa turn down in maximum uptake. Within this model framework, this downregulation in feeding, therefore, serves to delay the growth response.There is no refuting that in this experiment, a delayed reation to re-feedingwas exhibited. However, suh delayed responses are atually quite rare, and inthe majority of ases ompensatory growth ours very quikly after re-feeding(Jobling and Johansen 1999). The delayed reation to re-feeding is not unheardof, but even within experimental treatments it an be inonsistent (e.g. Zhuet al. (2001)). We might therefore interpret this phenomenon as belongingmore to the behavioural repertoire of ompensatory growth rather than a majorand onsistent observation of feed yling experiments. One lue to this is thatthe ontrol �sh of Exp. A, Quinton and Blake (1990) only exhibited very slowgrowth (only growing 0.5m in length over a period of six weeks).One of the major onstraints Broekhuizen et al. (1994) plaed on this modelwas that individuals exhibited a hyperphagi response to mainly reover lostreserves. This lead them to hoose the alloation sheme given by equation(7.6).This sheme hanges the proportion of net prodution ommitted to struturewhen X falls below its \ideal" value. As the reserve ratio falls the individualwould onsider alloating less to struture. Suh an alloation sheme makesfor a quik reovery in nutritional ondition and only a low degree of struturalompensation. 146



7.4 A New Compensatory Growth Model7.4.1 DerivationWe have reviewed the Broekhuizen et al. (1994) ompensatory growth model,whih is based on priniple that �sh are responding to hanges in nutritionalstatus. The major drawbak of this model is that a ompensatory growth re-sponse an only be predited if �sh have sustained a negative energy balaneduring the period of growth restrition, where the literature states quite learlyotherwise. This inadequay results from the partiular rules of alloation andnot the general model. However, no matter what partiular rules of alloationwe hoose based upon the net prodution sheme we annot predit a hangein the body onstituents of �sh fed a maintenane ration. As a onsequene ofthis no ompensatory growth response would be predited on subsequent reali-mentation. Therefore, we shall aim to derive a new ompensatory growth modelbased upon �sh responding to hanges in nutritional status but using either thereserve or assimilation alloation sheme.Rather than the �sh being in one of three nutritional states we shall onsiderthere to be only two, namely, hungry or healthy. We shall not inlude a torpidstate. Whilst we do not deny that �sh redue metaboli expenditure, we onsiderthe e�et of this small redution to be small in omparison to the major observedpatterns of growth. Furthermore, the inlusion of a turn down in maintenanewill always serve to inrease food onversion eÆieny whih is not generallysupported by experimental results. We shall onsider the hyperphagi response(when eliited) to be immediately e�etive when the �sh are re-fed.The Broekhuizen et al. (1994) model assumed that �sh beome hyperphagiin response to a depression below a �xed threshold reserve ratio value. Wein aordane with Kennedy (1953) shall onsider that individuals beome hy-perphagi in response to a redution in reserve status. Both the reserve andassimilation alloation models posses steady state reserve ratio values whih are147



dependent upon the �sh's growing onditions, both in relation to temperatureand ration level suh that X� = X�(T; �) (see setion(4.5) and (4.6)). Thismeans that well fed �sh will approah a steady state reserve ratio value given byX� = X�(T; � = 1:0). A redution in nutritional ondition will ensue if eitherthe temperature is depressed or the ration level is redued, thus, initiating aninrease in appetite. If we assume that appetite returns to a normal level whenthe reserve ratio is near X� = X�(T; � = 1:0) then we an simply inorporate ahyperphagi response by restating the �sh's maximum uptake asUmax = �(X)UH (7.7)where UH is the normal healthy maximum uptake and �(X) is the hyperphagiresponse funtion given by�(X) = 8><>: 1:0 if X > X�(T; � = 1:0)����H otherwise: (7.8)where, ��H > 1.7.4.2 Reserve AlloationFigure(7.1) displays a number of ompensatory growth simulations using thereserve alloation model with di�erent values for the hyperphagi onstant ��H .Initially, the starvation period leads to a quik derease in reserve status sineommitment to struture ontinues and also maintenane osts must be met. Onsubsequent realimentation, the hyperphagi response funtion beomes ative.(By hoosing a value of ��H = 1:0 we display the growth response with nohyperphagi response.) For all simulations, reovery of nutritional ondition isvery quik with no strutural growth ompensation exhibited in the reoverygrowth phase, whih, is ontrary to the literature reports.For analytial purposes we shall re-display the reserve alloation model dynamis148
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reovering individuals, initially in poor ondition, show only very poor growthin struture. The redued ommitment to struture leads to a very quik reov-ery in nutritional ondition, whih, quikly ablates the hyperphagi response.This results in individuals who beame hyperphagi only being slightly larger atthe end of the simulation and only by virtue of a quiker reovery of ondition,allowing them to begin ommitting to struture at the normal ontrol levels,earlier.In onlusion, without any additional hanges in parameter values, the hara-teristis of reovery growth predited by the reserve alloation sheme are notin aordane with the literature reports. Thus, we shall move on to investigatethe assimilation alloation model.7.4.3 Assimilation AlloationFor a onstant diet formulation (and assuming the strutural nutrients suppliedin the �sh's normal uptake are not exessive, i.e. k does not hange diretlywith ration level) the assimilation alloation model dynamis an be written asfollows dRdt = (1� k)A�M; (7.11)and dSdt = kA (7.12)with k(X) = min(k1; [X � �℄+a1 ) (7.13)The reserve alloation sheme was not suessful beause it ould not preditany genuine strutural ompensation. However, with this model an inreasein uptake will inrease assimilation rate and therefore strutural growth rate.Sine we have assumed that the �sh's maximum strutural growth rate is pro-150
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ontrols.Jobling and Johansen (1999) hypothesise that inonsistenies in the amountgrowth losses are reovered may arise from di�erenes in the omposition of theweight gain during ompensation. An alternative and equally interesting hy-pothesis is that suh inonsistenies ould arise from the extent individuals willmaintain strutural growth during the growth restrition period. Figure(7.4)displays a number of ompensatory growth simulations for individuals whomposses di�erent values of � and fed a maintenane ration (A = M) during thegrowth restrition period. It an be seen that individuals with the lowest de-fended reserve ratio alloate the most to struture and hene reeive the greatestredution in nutritional ondition. On realimentation, these individuals undergothe longest hyperphagi response. The end result is large size di�erenes at theend of the simulation.7.5 DisussionWe have analysed the net prodution, reserve and assimilation alloation mod-els in their respetive abilities to model the dynami behaviour of ompen-satory growth. The net prodution model failed beause it ould not predita hange in nutritional status in individuals fed a maintenane ration. The re-serve alloation model failed beause it ould not predit any genuine struturalompensation with an inrease in uptake. Our �nal model, based upon theassimilation alloation sheme, is apable of displaying all the major harater-istis of ompensatory growth as listed in setion(6.5). In this model, growthlosses begin to be substantial as soon as the reserve ratio breahes the no growthboundary �. Perhaps, surprisingly, there is experimental evidene of this growthdynami in ation.Results from broiler hikens have suggested that the suess of a restrited feed-ing programme in allowing full reovery of body weight may be dependent uponthe birds experiening a negative energy balane during the restrition, whilst,154



at the same time, being in positive protein balane. In other words, the birdmobilises stored body fat during the restrition period, but the amino aids inthe supplied in the low ration allow ontinued protein deposition. Upon a returnto ad libitum feeding onditions there is a rapid ompensatory growth of leantissues. However, if the protein deposition is prevented during the restritionphase, either beause the restrition is too severe or is of long duration, om-plete ompensatory growth of the lean tissues does not our (Jones and Farrell(1992a,b)).The point at whih protein deposition eases would be in aordane with ourthreshold reserve ratio value for maintaining growth. This threshold would bebreahed if the restrited food supply was not enough to support the ost ofliving, that is, the restrition is too harsh. Also, if the restrited ration supplywas enough to support maintenane osts, but applied for too long then growthwould eventually ease when ondition reahed the no growth boundary and theorganism would remain in a stationary state thereafter. No matter how longthe individual was kept on the no-growth boundary the degree of ompensationwould remain the same. Therefore, growth losses would begin to be lost inomparison to ontinuously fed onspei�s.
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Chapter 8
Testing the CompensatoryGrowth Model
8.1 IntrodutionIn the previous hapter we derived a andidate ompensatory growth modelthat explains how the phenomenon of ompensatory growth may be regulated.Our model, based upon the assimilation alloation sheme, displays all themost widely reported qualitative features of ompensatory growth as listed insetion(6.5). Our next step is to test whether this model is feasible. This willinvolve investigating two quantitative aspets of the model. First, how well anthe assimilation alloation sheme predit the growth of �sh reared under normalonditions? Seond, how well an the model predit the ompensatory responseon realimentation following a period of growth restrition.To aomplish this we shall attempt to �t the model to observed growth trajet-ories of salmonids reared in tank-based environments and given a utuatingsupply of food. These experiments will inlude a range of temperatures, di�er-ent feed yling regimes and a variety of �sh sizes. The model will be tested inits quantitative apability to predit both hanges in wet weight and length.156



8.2 The Test Data SetWe have found �ve studies whih are suitable to test our model. Two of theseonern the growth of Arti harr, salvelinus alpinus L. (Miglavs and Jobling(1989a,b); Jobling et al. (1993)). The three remaining studies are observationson rainbow trout, Onorhynhus mykiss (Weatherley and Gill (1981); Quintonand Blake (1990); Kindshi (1988)). We have already disussed the experimentalprotools and results of these studies in hapter 6 and have also displayed thewet weight growth trajetories. We shall not inlude the results of exp.A fromthe Quinton and Blake (1990) study sine the ontrols only exhibited very slowgrowth and we deem the delayed reation to re-feeding as unharateristi.Length measurements for all survey points are available for the Jobling et al.(1993) and Quinton and Blake (1990) studies. Kindshi (1988) supplies lengthsfor the initial and �nal survey points. Weatherley and Gill (1981) give lengthmeasurements for initial, �nal and at transition point in feeding regimes. Nolength measurements are given for the Miglavs and Jobling (1989a,b) study. Nodiret measure of variane for length data is reported in any of the studies.The key features of all these experiments are summarised in table(8.1).
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8.3 Energeti ConsiderationsThe test data set provides wet weights and in most ases length measurementsfor a number of salmonids held on a large variety of feeding regimes. Therefore,from a ombination of both total arbon weight and reserve ratio the new modelderivations need to able to predit wet weight and length. The variable on-ditions for growth will indue a multitude of di�erent nutritional states whihwill be related to both the length and severity of the restrited growth regime.Beause the spei� energy ontent of �sh hange signi�antly with di�erentgrowth environments then it is not feasible to simply derive a onstant arbonto weight onversion ratio. That is, we annot assume that wet weight is a on-stant salar value of total arbon weight. The aim of this setion is to introduea method for more aurately assessing the energeti ontent of the �sh.Sine it is often argued that the nutrient value of a food item is proportionalto its arbon weight (Gurney and Nisbet 1998) it would be desirable to derivea arbon weight energy onversion ratio. Based on the dry weight and arbonweight analysis of juvenile Atlanti salmon (Salmo Salar L.) fed 4 di�erentration sizes ranging from zero to maximum for a period of 60 days and thestrong negative linear relationship between water ontent and energy whih issimilar for a number of di�erent salmonids (�gure(3.8)) we derive a onversionratio of 12.0 al/mgC (Carter et al. 1992).In the absene of any other statistial models that estimate the energy ontentof salmonids based on a ombination of weight and length we shall use Elliott(1976a) statistial representation parameterised for brown trout. Although a dif-ferent speies we should expet the estimates to be reasonable sine the salmonidfamily group of �sh is often haraterised by their highly morphologial homo-geneity (Rankin and Jensen 1993). Furthermore, we have shown the relationshipbetween energy ontent and spei� water ontent to be similar for a number ofdi�erent speies �gure(3.8).By substituting energy for arbon weight in equation(3.4) we an with some159



rearrangement arrive at W =  12:0L3b1Wa100b1 ! 1(1+b1+b2) (8.1)where, W is the total arbon weight (mg), L is �sh length (m) and W is thewet weight (g). Sine length will be predited from the strutural arbon weight(equation(2.20)) then equation (8.1) an subsequently be used to predit wetweight. Therefore, given a total arbon weight and reserve ratio both the lengthand the wet weight of the �sh an be predited and hene the models an be�tted to the test data set.8.4 ParameterisationThe aim of this hapter is to test whether the model is feasible. Although we aimto �nd a good �t we must also reognise that to obtain the very best optimum �twould almost ertainly require that most parameter values would hange arossstudies. To simplify the �tting proess (and gain more on�dene in our model)we will aim to redue the number of free �tting parameters. To do this we shallassume that some parameters an be held onstant aross all speies and studies,whilst other parameters are more likely to be study spei�.The model will �rst be �tted to the ontrol portions of the data and then will beextrapolated (using the same parameters) to asses the di�erene between normalgrowth and the exhibited ompensatory growth. This means that the greatestmajority of the parameter values have to be estimated from the ontrols (i.e.food supply is onstant). This means that there is relatively little starvation datain whih to parameterise maintenane rates of eah study. Therefore, we shallassume that maintenane is onstant aross all studies. In view of the relativelysmall temperature range (8-13oC) we derive an exponential temperature salingvalue from the literature of 12oC based on observations by Elliott (1976b) andJones (1976). For the maintenane allometri saling we shall use a value of 0.75160



Table 8.2: Independently determined parameters.Parameter Interpretation Units Value SoureTM Maintenane oC 12.0 Jones (1976)harateristitemperaturev Maintenane ost | 0.75 From and Rasmussen (1984)allometri indexd Maximum uptake | 0.75 Elliott (1976b)allometri indexTH Uptake rate oC 6.0 Elliott (1976b)harateristitemperature� see equation(7.8) | 0.05 |based on the observations of From and Rasmussen (1984) on rainbow trout. Themaintenane ost rate saling (MH0) will be treated as a global �tting parameterwhih will be held onstant over all studies.The Broekhuizen et al. (1994) approah was to assume that the �sh all hadthe same ideal reserve ratio and therefore to treat the parameters values of �and � in the relationship between struture and length as study spei� �ttingparameters. In view of the high morphologial homogeneity of di�erent speiesof salmonids we shall take a di�erent approah and assume that the values of� and � are a more generi property of the �sh. Hene, we shall treat them asglobal �tting parameters held onstant aross studies.One of the most likely fators that will di�er between studies is the diet formu-lation. The e�ets of di�erent diet formulations will be to hange assimilationeÆieny " and alloation k. k is a funtion of both reserve ratio and frationat whih strutural growth is being ahieved. If the attempted ommitment to161



struture is above that of the maximum rate then k must redue. Whether,maximum strutural growth is ahieved or not will depend on the ration leveland diet omposition (i.e. quality of diet and proportion of strutural nutri-ents). Unfortunately, there was neither the resolution of length or weight dataor diet omposition data to investigate this e�et. However, sine in all studies,feeds were obtained from ommerial soures then we should not expet the pro-tein to be supplied in the diet to be too wasteful. Therefore, even if struturalgrowth was at maximum we should not expet a great redution in the value ofk. Hene, we shall assume the value of k to be independent of ration level andtreat it as a study spei� �tting parameter as a reetion of the di�erenes inthe relative proportions of strutural and non-strutural nutrients supplied inthe diet. In a similar manner, the quality and omposition of the diet will alsoa�et the assimilation eÆieny " and so its value will also be treated as a studyspei� �tting parameter.Considering uptake, we shall assume an exponential temperature dependeneand use a global value of 6.0 derived from Elliott (1976b) for the temperaturesaling. In view of the reported similarities in both uptake saling and mainte-nane saling and also given the fat that the greatest majority of hanges innutritional ondition will be as a result of hanges in growth onditions we usethe same allometri saling value of 0.75 for uptake Elliott (1976b). Unfortu-nately, it was not possible to assign a global value of uptake saling for all studiesand when we attempted to do so, ontrols did not give a good �t. Therefore, wetreated UH0 as a study spei� �tting parameter. In suh irumstanes wherefood supply was alternated between exess and starvation rations (i.e. Quintonand Blake (1990);1 Jobling et al. (1993)) the produt of assimilation eÆienyand uptake saling were mutually onfounded by one another. In this ase we1Stritly speaking, the daily ration provision in the Quinton and Blake (1990) exp.B studywas not supplied in exess (see table(8.1)). However, under no irumstanes (inluding hy-perphagi �sh) did the model predit the rate of food onsumption to rise above the 5% wetbody weight per day. Therefore, the produt of assimilation eÆieny and uptake were stillmutually onfounded by one another. 162



merged the produt of these two parameters into a single �tting parameter whihwe treated as a study spei� �tting parameter.We have identi�ed the value of �, the threshold for maintaining growth, topossibly be a fator in explaining why there may be disparate results in theextent to whih growth losses are reovered. However, with our resolution ofdata, the diret e�ets of � on growth are very hard to �t to, making � somewhatof a poorly de�ned �tting parameter. More preisely, with the relatively lowresolution of length data in the ontrol portion of data, its e�ets (suh asthe reserve ratio at whih strutural growth (length) eases) annot be diretlymeasured and thus �tted to. Therefore, we shall attempt to �t a global value of� and a1.All the above free �tting parameters were estimated by �tting to the ontrolportions of the omplete data set. The one remaining parameter value to beestimated was the hyperphagi uptake onstant. In suh irumstanes whereompensatory growth was onlusively shown to have ourred (see later) we(using the same parameter values) extrapolated the reovery growth phases usingour hyperphagi response funtion. We treated the hyperphagi onstant ��Has being a global �tting parameter for all studies in whih ompensatory growthwas de�nitely found to our.In onlusion, based upon our assumptions we were left with a total of 19 free�tting parameters. With the exeption of the global hyperphagi onstant ��H ,all parameters were derived from the ontrol portion of the data. Of theseparameters, 13 were study spei� and the remaining 5 were global, i.e. assumedto be equal for all experimental groups of �sh.8.5 Error MeasureThe models are to be �tted to mean weight and length measurements for eahstudy. It is invariably found that the variability of weight and length within163



growing ohorts inreases with �sh size (see all �gures). Sine this violatesthe assumption of homosedastiity (the assumption that variane remains on-stant), minimising the square error is not an option. A prudent error measurewould need to weight the point error with the variane of the mean observation.Therefore, the following point error measure would be desirableEi;j = (Oi;j � Pi;j)2�2i;j (8.2)where, Pi;j is the predited weight or length, Oi;j is the mean observed weightor length and �2i;j is the sample variane of the data point j from study i.Unfortunately, the exat values of variability assoiated with eah mean weightand length are not given for all the published studies. In the absene of detailedvariability data it will be assumed that the oeÆient of variation remains on-stant in eah study both for mean weights and lengths. The great advantage ofthis assumption is that .v. an be removed from the error measure sine its onlyfuntion is multiply the error by a salar quantity. Further, if equation(8.2) ismodi�ed by taking the positive square root it will yield a more intuitive measurede�ned as Ei;j = jOi;j � Pi;jjOi;j (8.3)whih is the proportional error in prediting the observed mean value. Thismeasure will be used for alulating point errors for every mean weight andlength observation in eah study.The models are to be �tted to a number of di�erent data sets whih eah ontaina varying number of data points. To be fair and onsistent, equal preedenemust be given to eah data set. Therefore, for eah data set the mean propor-tional error will be minimised and summed to establish a total. If this totalis further divided by the number of studies it yields a more intuitive measure,namely, the average mean proportional error between studies, whih is an as-164



Table 8.3: Composition of diets fed to �sh of Kindshi and Weatherley.Experiment% W KWater 35.4 11.2Protein 41.6 59.6Lipid 13.0 5.3Ash 7.5 10.2Other 2.5 13.7sessment of the quality of �t to a typial data point. This error is summarisedmathematially as EG = 1NS NSXi=1 1Ni NiXj=1 jOi;j � Pi;jjOi;j (8.4)where, Ni is the number of data points in study i and NS is the total numberof studies.8.6 Initial ConditionsAll �sh were, reportedly, well fed before the beginning of eah experiment.Therefore, we assumed that all groups of �sh started eah experiment witha value of reserve ratio equal to that of its steady state value. For eah experi-mental group, this was alulated from the ombination of an estimate of initialtotal arbon weight and the values of the trial parameters. This pratie allowedus to alulate the initial values of reserve and strutural arbon weight. How-ever, sine the state variable initial onditions were not alulated diretly thismeant that the predited initial length and thus weight (see equation(8.1)) werenot equal to the reported initial onditions. This meant we had to inlude theinitial weight and length measurements as �tting points in order to fore the pa-165



rameter values to omply with the initial onditions. This atually proved to bean advantage sine we ould add the initial length measurements to the alreadysparse number of length �tting points. This pratie was neessary beause theinitial length measurements were not given for the Miglavs and Jobling (1989a,b)study, but from the body omposition analysis we ould predit the initial totalarbon weight. Broekhuizen et al. (1994) adopted a similar approah but setthe initial reserve ratio value to its \ideal" value in eah study.Only two of the �ve studies report the omposition of the feed (Weatherley andGill (1981); Kindshi (1988); see table(8.3)). To onvert these into units of ar-bon we used our energy onversion fator of 12 al/mgC. Where the ompositionof the diet is not given, we assume, following Broekhuizen et al. (1994) that thefeed is 40% arbon by weight.8.7 SimulationsGrowth trajetories were predited for eah experimental protool by integratingthe model equations (7.11) and (7.12). We used a fourth order Runge-Kutta al-gorithm (Press et al. 1989) using a �xed time step of 0.1 of a day. For minimisingthe above error funtion we used the downhill simplex method of optimisation(Nelder and Mead 1965) baked up with bootstrap restarting (Wood 2001) toavoid spurious loal minima. Details of both these shemes are given in theappendies.Model parameters were estimated by �tting to the ontrol setion of eah study.Sine the models shared a ommon set of parameters we minimised all param-eters simultaneously. We then extrapolated the growth simulations to the re-feeding portions of the data. To asertain whether any signi�ant ompensatorygrowth responses were found we ompared predited with observed weight andlength trajetories assuming that the �sh did not beome hyperphagi.Following this analysis we �tted the omplete ompensatory growth model in-166



Table 8.4: Best �t study spei� parameter values.ExperimentParameter Units W M QB K Jk1 - 0.18 0.19 0.15 0.25 0.33" - 0.65 0.60 { 0.28 {UH0 mgC1�d day�1 0.12 0.19 { 0.20 {"UH0 mgC1�d day�1 0.078 0.114 0.085 0.056 0.098lusive of the hyperphagi response funtion and treated the hyperphagi uptakeonstant ��H as a global �tting parameter.8.8 ResultsThe best �t study spei� and global �tting parameters are given in tables (8.4)and (8.5), respetively. The �tted growth trajetories for eah study are dis-played in �gures(8.1) to (8.8). In eah ase, the long dashed lines represent theextrapolated growth trajetories assuming no hyperphagi response on realimen-tation. It an be seen that the ontrol portions of the studies were �tted in anTable 8.5: Best �t parameter values held onstant aross all experiments.Parameter Interpretation Value UnitsMH0 Maintenane ost rate sale 0.02 mgC1�v day�1��H Hungry uptake/healthy uptake 1.40 |�S Strutural growth 0.87 |reserve ratio thresholdb1 Strutural growth 0.89 |sensitivity parameter� 1.99 m mg C��� 0.28 |167
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growth losses are reovered; see setion(7.4.3)) were assumed to be study spe-i� �tting parameters. Sine food intake was not monitored then it impossibleto onlude whether there was a hyperphagi response or not. With no realevidene to the ontrary we assumed that no signi�ant ompensatory growthresponse was exhibited (in view of their onlusions we should perhaps not besurprised) and thus omitted this study from the seondary �tting proedure.Weatherley and Gill (1981) fed experimental groups of �sh a daily ad libitumsupply of food (see table(8.1)) and give no mention of any speial provisionsfor weight ompensating �sh. It is therefore possible that during the reoverygrowth phase the food supply was not suÆient to meet the maximum uptake ofhyperphagi �sh. This may be one reason why a genuine ompensatory growthresponse was not exhibited.In all other studies, signi�ant ompensatory patterns of growth were found tohave ourred. It an be seen from the �gures that the forward extrapolatedpreditions onsistently and signi�antly under predited both weight and lengthobservations. By applying our simple hyperphagi uptake funtion, that is,inreased uptake until the previous nutritional ondition has been reovered weobtained a muh better �t to both the remaining length and weight observationsin all studies (dot dashed lines).The greatest majority of the preditions lie within the 95% on�dene intervalsbut there are a few exeptions. The �nal weight observation within the Quintonand Blake (1990) study has been over predited. However, given that therewas a problem in water quality (as explained in setion(6.2)) we should not besurprised. The one remaining minor disrepany is the �nal observation fromthe Kindshi (1988) study (exp. K4).
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ompensatory response, both in terms of weight and length. By simply statingthat the �sh had an inreased appetite until their previous nutritional onditionhad been reovered, we gained a muh better �t to the remaining data points,both in weight and length. Our best �t value of the hyperphagi uptake onstant��H of 1.4 is similar to that reported by Jobling and Miglavs (1993) who notethat food intake of juvenile harr with some 4.5% body fat was some 1.5 timesgreater than harr with 6.5% body fat. Similar results have been found bySilverstein et al. (1999) for juvenile Atlanti salmon.
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Part IV
Growth and Alloation in theField

178



Chapter 9
The Growth of Juvenile AtlantiSalmon in the Girnok Burn
9.1 IntrodutionWild populations of salmonids are most ommonly found in temperate and sub-arti limates. In suh environments, water temperature, photoperiod, preda-tion pressure and food availability hange with the hanging seasons. Periods ofhigh food abundane are inter-dispersed with sometimes longer periods of lowor negligible food supply. During winter the food supply beomes partiularlysare. The lak of nutrient supply poses a nutritional hallenge to the indi-vidual that must be endured until the natural food supply one again beomesmore abundant. If food uptake is not enough to meet metaboli expenditurethen somati reserves have to be remobilised to make up the de�it. If aumu-lated reserves are not of a suÆient level to last through the winter period thenstarvation will ensue, and indeed, overwintering starvation is thought to be oneof the major auses of mortality amongst juveniles (e.g. Gardiner and Geddes(1980)), espeially in very young small �sh.On the other hand, individuals an only grow when the environmental onditionsare favorable. Both temperature and food supply, whih are major determinants179



of maximal growth, utuate throughout the year. The temporal hanges in nat-ural prey abundane ombined with temperature will therefore be a major fatorin determining when and to what magnitude growth an be aomplished. Thiswindow of opportunity when both abioti and bioti onditions are favorable forallowing signi�ant growth to be aomplished is ommonly referred to as thegrowing season.To survive, grow and ourish in suh a prearious and utuating environmentneessitates a quite speialised life history strategy that is not only adaptedto the geographial loation but also to the loal eosystem (Youngson andHay (1996); Rikardsen and Elliott (2000); Post and Parkinson (2001)). Con-sequently, growth and survival strategies are diverse and a soure of ontinuinginterest for the sienti� ommunity.In the previous two parts of this thesis we �rst reviewed the literature and thenwent on to investigate the suess of di�erent lasses of models to synthesise thenoted observed patterns of growth and alloation. In this part we shall applywhat we have learnt to patterns of growth and alloation observed in the �eld.This will be a�orded by aess to detailed, high resolution, temporal data of thegrowth rates of juvenile Atlanti salmon (Salmo Salar L.) in a Sottish stream.We shall investigate this data in detail and then, towards the end of this part,we shall relate our results to �ndings published in the literature for salmonidsliving in similar seasonally driven environments. Hene, our approah will bethe reverse to that of the previous two parts: we shall speialise a study toa partiular speies in a partiular geographial loation and then relate our�ndings to the literature.Before we an begin our analysis it is a neessary requirement to give an (albeitbrief) introdution to the life history of the Atlanti salmon. Following this,we shall explain the geography of the Girnok Burn - a stream in North-EastSotland and our study site. We shall then move on to outline the data gatheringproedure and onlude this hapter with a general desription of the data anda growth analysis. 180



9.2 Life History of the Atlanti SalmonThe Atlanti salmon (Salmo salar L.) is a speies that leads its life in the riversand oeans of the northern hemisphere (Youngson and Hay 1996). They wereoriginally found in all ountries whose rivers owed into the North AtlantiOean and the Balti Sea (Mills 1989). Over the past entury, however, wildpopulations have been seriously depleted: an e�et whih is mostly attributable- diretly or indiretly - to man's ativities. For example, populations of Atlantisalmon have disappeared from some of Europe's major rivers, suh as those alongthe northern oast of ontinental Europe from Poland to Frane, and in southernEngland, all of whom whih one supported substantial numbers (Parrish et al.1998). Wild populations are still to be found in Europe as far north as Russia,Norway, Ieland, Finland and as far south as northern Spain and Portugal, andin North Ameria from Greenland and Northern Canada to New England in theU.S.A (Folt et al. 1998).Most populations of Atlanti salmon are anadromous. They usually spend oneor two years (rarely three or four) feeding in the nutrient rih waters of theNorth Atlanti Oean. It is within the oean phase where the greatest inreasein size ours and is due to a plentiful food supply, being apitalized upon.It has been known for many years that the Atlanti salmon posses a well de-veloped homing ability, enabling suessful individuals to return to their natalrivers to spawn (Mills 1989). It is in the freshwater phase of their return journeyat whih they are at most visible, for example, leaping up water falls to reahtheir �nal destination upstream, whih is an impressive spetale for all who ob-serve. The returning adults have already begun to beome sexually mature outat sea (Youngson and Hay 1996) and spawning in freshwater usually ommenesin the autumn. The adult females onstrut (ut) a nest, alled a redd, in whihshe will lay her eggs. Males ompete with eah other for position alongside thefemale for the best mating privileges. One fertilisation has taken plae, thefemale overs the redd with gravel and may move on to onstrut several more181



redds (Fleming et al. 1997) and repeat the spawning proess. Most adults dieshortly after spawning, (on average 89% of the total, and 78% of the femalesand 96% of the males Fleming (1998)), but the survivors, known as kelts, returnto sea, and may spawn again.The fertilised embryos develop slowly throughout the winter and hath in thespring well before the yolk supply is exhausted. The rate of egg developmentand thus the inubation period is mainly dependent upon temperature (e.g.Egglishaw and Shakley (1977); Brannas (1986); Elliott and Hurley (1998a)).The young �sh, alled alevins, remain in the gravel of the redd for several moreweeks. During this time they rely on their remaining yolk supply for nutritionand development. As the reserves of the yolk beome diminished they move upout of the gravel to begin life in the stream itself. During this time ompetitionis at its severest and mortality rates at their highest.Juvenile Atlanti salmon are solitary reatures that eah require enough spaeon the river bed to give adequate shelter and food. Failure to seize a suitableterritory deprives the juvenile of the resoures needed to survive and mortalityensues from predation and starvation (Youngson and Hay 1996). When the fryreah about 6.5-7.0 m in length they start to develope dark blothes along theirsides, and are now de�ned as parr.It is from within these defended territories that they apture and onsume theirfood (Kalleberg (1958); Keenleyside and Yamamoto (1962)). The majority oftheir diet onsists of invertebrates aptured from the water olumn (Allen (1941);Egglishaw (1967)). They are also able to apture invertebrates of terrestrialorigin whih fall onto the water surfae, as well as being able to forage amongstthe substrate (Stradmeyer and Thorpe (1987); Wankowski and Thorpe (1979))and the larger parr have been known to take fry and ova (Egglishaw 1967).It is possible for both male and female anadromous salmon to beome sexuallymature whilst they are still parr. This is rare for females, (Gibson (1983);Youngson and Hay (1996)) and may be due to the bene�ts (e.g. pre-reprodutive182



survival) not being great enough to outweigh the osts (e.g. redued feundityand ompetitive ability) (Fleming 1998). However, early maturation of males isommon, and in some populations, up to 100% of males have been estimated tohave matured early as parr during their life history (Fleming 1998). There areost involved to the mature male parr (often alled preoious parr) in terms ofgrowth retardation (Myers et al. 1986) and survival (Myers (1984); Berglundet al. (1992)) but a large proportion of the eggs may get fertilised by male parr,estimated at about 11% by Jordan and Youngson (1992) for the Girnok Burnin Sotland.During the autumn there are large movements of parr (Calderwood 1906), manyof whih may be preoious males (Pye�nh and Mills 1963), whih are in searhof adult females (Buk and Youngson 1982). It has also been suggested that theautumn migrants may be the forerunners of the following spring migration (Mills1989). At this time, they have yet to undergo the physiologial adaptation toseawater (smolti�ation), and maintain their parr-like appearane.Smolting ours during the spring, after the parr have spent a numbers of yearsin freshwater. The time to smolting generally varies with the latitude, from aslittle as 1 year for males in Frane (Bagliniere and Maisse 1985) to up to 10 yearsfor some anadromous salmon in the Ungava river of Northern Quebe (Powers(1969), Robitaille et al. (1986)). In Sotland, parr tend to smolt after betweentwo and four years in freshwater (Buk and Youngson 1982). One they haveleft the rivers, they migrate to their feeding grounds as post-smolts, and beginthe marine phase of the life.9.3 The Girnok BurnAtlanti salmon are widely distributed aross Sotland, amongst some 400salmon rivers. The River Dee is one suh river that is partiularly produ-tive and has been desribed as perhaps having the greatest length of �rst-lasssalmon �shing in Britain (Ashley-Cooper 1987). The Girnok Burn is a tributary183



Figure 9.1: Map of the Girnok Burn (Buk and Hay 1984).of the river Dee that has been kept free from �shing and has been extensivelymonitored sine 1966.This tributary ows from a athment area of 29.77km2 and joins the River Deeat an altitude of 230m at about 80km from the sea. The athment, whih risesto an altitude of 570m, ontains 32.68km of streams, with an estimated 11.05kmto 13.32km being available to wild salmon (Webb and Baon 1999).The limate and ow rates in the athment are highly variable and exhibitstrong seasonality. The athment reeives on average 1100mm of preipita-tion annually, up to 25% of whih falls as snow, with the driest months beingfrom May to August (Warren 1985). The river has a mean annual disharge of0.5m3s�1 although ow between June and August rarely exeeds 0.1m3s�1 (Moiret al. 1998). The peak ow rates our during the spawning season (Otoberand November) and the spring due to snow melt, when the smolts are migratingdownstream. 184



9.4 Data Colletion at the Girnok BurnThe Girnok Burn was hosen as a study site as it represented what was viewedas a typial spawning stream of the River Dee and has been monitored sine1966. Juveniles emigrate from the Burn in autumn as preoious and immatureparr, and during the spring as smolts, the greatest majority of whih leave twoor three years after hathing (Buk and Youngson (1982); Gani (2000)).9.4.1 Historial Data Colletion and AnalysisHistorially, the salmon population has been monitored in the Girnok usingthree methods. The �rst was by onduting annual �shing surveys in di�erentparts of the Burn to assess the resident parr population. Samples of the residentparr population were olleted eah summer by using the eletro-�shing method.This involves using an eletri devie to stun �sh so that they an be aught withease and without permanent injury (Jones 1959). Annual eletro-�shing surveyshave been onduted in this manner from 1969 to 1986 (with the exeption of1980).The age of the young salmon an be determined by examining sale samples.As the salmon grow, a ringed pattern is produed on the sales. The distanebetween the rings depends on the rate of growth. Periods where the spaesbetween the rings are relatively large indiate summer growth, and the onversefor winter growth. Sale samples an aurately determine whih partiularohort an individual �sh belongs to. The age of the parr is de�ned by the numberof periods when the rings are lose together (i.e. the number of winters), so a�sh born in April and sampled in the next February would be de�ned as a oneyear old �sh. If there is summer growth on the youngest part of the sale thena `+' is added to the age. Thus, a �sh born in April and sampled the followingSeptember would be de�ned as a `0+' �sh.The two other methods involve olleting data from �sh traps whih apture185



returning adults before asending the Burn and also desending smolts leavingthe Burn. A desription of both �sh traps are given in Buk and Hay (1984)and Gani (2000). Temperature reordings have also been taken from the Burnfrom May 1968 to Deember 1996.This historial data set has been analysed in detail, using a variety of di�erentmodelling tehniques by Gani (2000). The main emphasis of this work was toinvestigate annual variability in the growth aomplished by resident parr andalso di�erenes in growth rates between di�erent setions of the Burn. However,with the resident parr being ensused only one annually the resolution of datato investigate detailed patterns of growth was not available.9.4.2 Data from Individual Salmon ParrIn June 1998 a new projet, onduted by researhers from FRS1, began. Thework involved ensusing (by the method of eletro-�shing) resident parr fromthe middle setion of the Burn at a muh �ner resolution than one per year. Oneah survey, aptured salmon were anesthetized, weighed (to the nearest 0.1g)and measured (fork length to the nearest mm). Individuals aught with a lengthgreater than 70mm were tagged interperitonally with a PIT (passive integratedtransponder) tag (Prentie et al. 1990) or had their tag number identi�ed ifpreviously tagged. PIT tags were inserted through a small inision between thepetoral �ns. Individuals previously reaptured and subsequently aptured inthe smolt trap, when leaving the Burn, were both weighed and measured.Table(9.1) displays the number of reaptures for eah ohort. It an be seenthat individuals were often reaptured. (The greatest number of reaptures wasreorded for three individuals from the 1997 ohort who eah managed to beaught a total of twelve times!) Data from the 1997 ohort is the most detailed,with by far the greatest number of reorded reaptures.1The Fisheries Researh Servies, The Freshwater Fisheries Laboratory, Faskally, Pitlohry,Perthshire, PH16 5LB 186



Table 9.1: Reords of reaptures for eah ohort.Cohort Year of BirthNo of aptures 1996 1997 1998 1999�10 1 3 0 09 0 5 1 08 1 8 0 07 1 12 4 06 5 12 7 05 7 21 12 14 12 36 20 83 16 51 19 212 30 63 22 29Total 73 211 85 59Hourly temperature was reorded by an eletroni temperature reorder loatedat the smolt trap. Figure(9.2) displays the daily average temperature over athree year period. It an be seen that there exists a very strong seasonal trend.Water temperature is usually at its lowest in January or February and rises toan annual maximum in a period lasting from July to September. Following this,temperatures begin to deline bak to winter levels, whih an often be as lowas 0oC.9.5 Growth AnalysisOur aim in this setion is to eluidate the major growth harateristis of parr inthe Girnok Burn. We will investigate when and to what magnitude signi�antrates of growth (weight and length) are ahieved and how these relate to thehanges in the physial environment.There is a substantial body of evidene reporting a strong orrelation between187
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Figure 9.2: Mean daily temperature reordings at the Girnok Burn. The solidline is a smoothing funtion of the temperature data.fat ontent and ondition fator in wild Atlanti salmon parr (e.g. Pinder andEales (1969); Herbinger and Friars (1991); Sutton et al. (2000)). Therefore,we shall also investigate temporal hanges in ondition fator values, whih willillustrate the hanges in nutritional ondition with the hanging seasons.As an illustrative example of the growth in the Burn we shall �rst investigate thegrowth of an averaged ohort. The 1997 ohort is the most obvious andidate,sine it onstitutes the most detailed ohort data set. Figure(9.3) displays meanwet weight and length eletro-�shing measurements and also mean values ofondition fator (K = 100WL3 ) for 1997 ohort individuals spanning from Ot 1998to April 2000. It an be seen that over the winter period there appears to be onlya small amount of weight loss and length essentially remains onstant. Growthin weight and length begins in Marh and is sustained until approximately themiddle of August. Condition fator redues over the winter period until the188
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Figure 9.3: Averaged eletro-�shing measurements of a) weight , b) length and) ondition fator for the 1997 ohort. Bars denote 1 standard error.onset of spring. Following this, ondition fator begins to inrease and levelsout towards late summer. Following the next winter, ondition fator begins tofall and there is evidene of an inrease in values with the onset of spring in theyear 2000. Towards the end of the study period the eletro-�shing data beomes189



noisier. This is probably due to the number of 1997 ohort individuals residentin the Burn reduing through mortality and also emigrants leaving in Autumn.9.5.1 Applying the Elliott and Hurley ModelThe most obvious fators that will inuene growth rates are temperature andfood abundane. To aid in the analysis we shall apply the Elliott and Hurleymodel for maximal growth (explained in setion(2.2.2)), whih will serve asuseful analytial tools to asses the growth of parr in relation to hanges inenvironmental temperatures.We will begin the analysis by omparing the simulated growth trajetories withmean eletro-�shing weight of 1997 ohort. Simulations of maximal growthtrajetories were produed from the E&H model for juvenile Atlanti salmonusing the parameter values given in table(2.2). Figure(9.4) displays two suhgrowth trajetories having been started o� at the observed mean weight of theohort near the onset of winter and at the beginning of spring period.Clearly, there are large di�erenes between both growth preditions and themean weight estimates from the eletro-�shing data. Sine the model has beenparameterised from well-fed �sh then it should reasonably be expeted to pro-vide an upper bound for growth rates in the Girnok Burn. However, this isnot the ase sine the predited growth trajetory started from 30 Ot 98 hassigni�antly under-predited the growth for all but the �rst mean eletro-�shingweight estimate. One reason for this is that the over winter weight loss preditedby the model is grossly over predited and is almost equivalent to the summerweight gain.An additional observation is that the model annot predit the high growth rateobserved in the spring at relatively low temperatures (approx. 6oC). The modelin the spring of 1999 predits the �sh to be losing weight, whereas in atual fat,they are growing rapidly. 190
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the year the model very muh under predits SGR values and steadily inreasesto a maximum in late summer, whih is over prediting parr SGR. As the watertemperature delines with the onset of autumn the model predited values ofSGR also begin to deline but still over predits growth rate until the very endof the year.9.6 Budget AnalysisThe fat that the E&H model is over prediting mid-summer growth almostertainly means that the natural food abundane is playing a major part in thegrowth dynamis of parr in the Girnok Burn. To investigate this in furtherdetail we shall arry out a simple energetis budget analysis.9.6.1 Budget Modelling ApproahPerhaps, surprisingly, there exists no detailed study of the energetis of juvenileAtlanti salmon whih investigates the ombined e�ets of ration size, tem-perature and size. Suh omparable studies with brown trout (Salmo trutta)onduted by Elliott (1975 a,b; 1976 a,b,) have served as exellent model pa-rameterisation data sets for a number of di�erent studies (e.g Hayes et al. (2000);Kithell et al. (1977)). In the absene of a detailed energy budget model forAtlanti salmon parr we will move to a di�erent approah.The simplest possible statement of growth is enapsulated in the followingGrowth = In� Out (9.2)or in our more mathematial termsdWdt = A�M; (9.3)whih, essentially states that growth is the di�erene in anaboli (assimilation)193



and ataboli (maintenane) proesses. We an rearrange this equation suhthat A = dWdt +M: (9.4)A great number of experimental observations have onsistently desribed main-tenane rates as being exponentially dependent upon temperature and salingallometrially with weight (e.g. Elliott (1976b); Brett et al. (1969); Van Winkleet al. (1998) Lantry and Stewart (1993); Rand et al. (1993)) whih we desribeas follows M =MH0W v exp(T=TM) (9.5)where, W = R + S is the total arbon weight.With the high resolution of individual growth data we pretty muh know thepatterns of growth, that is, we an alulate dWdt in equation(9.4). Consequently,if we an independently parameterise the onsistent relationship for maintenanegiven by equation(9.5) then we an, using equation(9.4), estimate the way as-similation rates hange with the hanging seasons.9.6.2 Parameterising MaintenaneSurprisingly, there are very few published data sets onerning the metabolirates of juvenile Atlanti salmon, an observation reently ommented upon byBerg and Bremset (1998). Data of energy losses during starvation are sparse,and where available, only onern a single onstant temperature. In suh ir-umstanes we shall make the best use of what data is available and omparethe �nal result to the maintenane rates of other salmonid speies.Remarkably, we ould only �nd two parameterisation data sets whih we sum-marise in tables(9.2) and (9.3). Carter et al. (1992) supplies initial and �nalarbon weight whih will allow us to �t diretly to the arbon weights. Waiwoodet al. (1992) supplies initial and �nal weight and length measurements. If we194



Table 9.2: Maintenane parameterisation data set from Carter et al. (1992).Values in parentheses denote one standard deviation.Dur. of Initial Carbon Final Carbon TempExp. (days) Weight ( mg ) Weight ( mg ) ÆC30 1489.0 (246) 1268.0 (242) 6.2(1.0)an estimate the arbon initial and �nal arbon weight for the Waiwood et al.(1992) data then we ould �t diretly to the arbon weights for both studies.In the absene of any other statistial models that estimate the energy ontentfrom a ombination of weight and length we shall use the Elliott (1976a) sta-tistial representation parameterised for brown trout (salmo trutta). If we thendivide these values by our arbon to energy onversion ratio of 12 al/mg C (seesetion(8.3)) then we an estimate the initial and �nal total arbon weights forthe Waiwood et al. (1992) study. By rearranging Elliott's statistial represen-tation given by equation(3.4) we an express the predited total arbon weightW (mg C) as follows W = a(100)b1W (1+b1+b2)12:0L3b1 (9.6)where, W is wet weight (g), L is �sh length (m) and the parameter values ofa; b1 and b2 are given in table(3.4). The estimated observed initial and �nalarbon weights for the Waiwood et al. (1992) study are displayed in table(9.4).Assuming no strutural growth during starvation (whih is justi�ed given theresults of Waiwood et al. (1992) displayed in table(9.3)), total arbon weightTable 9.3: Maintenane parameterisation data set from Waiwood et al. (1992).Values in parentheses denote one standard deviation.Dur. of Initial Wet Initial Final Wet Final TempExp. (days) Weight ( g ) Len. (m) Weight ( g ) Len. (m) ÆC42 20.2 (0.7) 12.6 (0.4) 16.9 (1.0) 12.6 (0.4) 13(1.0)195



Table 9.4: Initial observed (Obs.) and �nal (Fin.) observed and best �t preditedarbon weights. Obs. Initial Obs. Final Fin. PreditedStudy Carbon Carbon CarbonWeight (mg) Weight (mg) Weight (mg)Carter et al. (1992) 1489 1268 1329Waiwood et al. (1992) 2187 1707 1686hanges aording to dWdt = �M = �MH0W v exp(T=TM) (9.7)whih means we require the knowledge of three parameter values. However, itis not feasible to estimate all three parameter values from this very small dataset. Therefore, we deided to derive two parameters from the literature, namely,the maintenane allometri index v and the harateristi temperature salingTM . With no real evidene to the ontrary we deided to use the same valuesas those established in setion(4.2) of 0.75 for v and 12.0oC for TM .Following this it was a simple proedure to �nd the value of the maintenaneost rate sale MH0 whih minimised the least squares error between the �nalpredited and observed arbon weights in both studies. Simulations were on-duted by numerially integrating equation(9.7) with the initial arbon weightbeing set at the observed initial value. The best �t parameter value of MH0 wasfound to be 0.014 and the predited �nal arbon weights for both studies aregiven in table(9.4).The value 0.014 is somewhat less than the value of 0.020, the �tted value forrainbow trout and harr we found in hapter 8. However, given the lower intrinsigrowth rates of juvenile Atlanti salmon parr in omparison to rainbow trout(Austreng et al. 1987) and harr (see table(2.2)) then perhaps we should not besurprised. We summarise the maintenane parameter values for Atlanti salmonparr in table(9.5). 196



Table 9.5: Independently determined maintenane parameters.Parameter Interpretation Value Units SoureMH0 Maintenane ost 0.014 d�1mgC1�v see setion(9.6.2)rate saleTM Maintenane 12.0 oC Elliott (1976b)harateristi Brett (1979)temperature From et. al. (1984)v Maintenane ost 0.75 | From et. al. (1984)allometri index Elliott (1976b)9.6.3 The Temporal Pattern of AssimilationConsider an individual aptured at time t0 whom is subsequently reapturedlater on at time t1. Given that both weight and length have been measuredon both oasions we an from equation(9.6), estimate the total arbon weightof this individual at time t0 and t1, whih we denote as W(t0) and W(t1),respetively.For this individual the balane of arbon is satis�ed by the following equationZ t1t0 dW(t) = Z t1t0 A(t)dt� Z t1t0 M(t)dt (9.8)whih states that the net gain in arbon weight between time t0 and t1 is thedi�erene in the total assimilated arbon and total arbon expended on main-tenane over this time period. With some rearrangement we an reast thisequation as followsZ t1t0 A(t)dt =W(t1)�W(t0) + Z t1t0 M(t)dt: (9.9)We have already independently parameterised maintenane and we know theGirnok water temperature history. Therefore, if we assume that the total ar-197
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Figure 9.6: Estimated values of average daily assimilation for individuals fromthe 1997 ohort. Values have been positioned at the midpoint between suessivereapture dates.bon weight hanges linearly between suessive sampling points we an estimatethe total maintenane expenditure of arbon between time t0 and t1 by summingup the estimated daily maintenane expenditure.Hene, from equation(9.9), we an estimate the total assimilated arbon betweentimes t0 and t1. Following this, it is a simple proedure to alulate the averagedaily assimilation rate.Figure(9.6) displays the estimated daily average assimilation for individuals fromthe 1997 ohort spanning from autumn 1998 to winter 1999. It an be seen thatassimilation redues to a minimum in January and inreases to a maximum inMay/June. Following this, assimilation dereases over the remaining summerand autumn period.
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9.7 ConlusionsWe have arried out an exploratory analysis to isolate the major growth har-ateristis of parr in the Girnok Burn. The analysis has shown us that rates ofgrowth are highest in the spring period of the year and redue over the summerperiod. The E&H model for maximal growth ould not reprodue this pattern ofgrowth and under predited spring growth and over predited summer/autumngrowth.Elliott and Hurley (1997) used their model to simulate growth trajetories ofwild parr in the R. Eden, a stream in Northwest England. These simulationsdid not produe the large winter weight losses exhibited when the model wasapplied using the temperatures in the Girnok Burn and produed a muh morerealisti representation of the growth of resident parr. This is probably beausethe temperatures did not desend below the lower temperature limit for growthof 6oC for as long and also not as low as in the Girnok during the winter (Gani2000). However, in onordane with this study investigating Girnok growth,Elliott and Hurley (1997) also noted that the model under predited growth inthe spring and also over predited growth in the late summer/autumn for theR. Eden. Studies by Allan (1995) and Jensen (1990) have revealed growth ratesof young salmonids in spring to be around the theoretial maximum preditedby the growth models of Elliott et al. (1995) and Elliott and Hurley (1997).The E&H model has also been parameterised from tank based experiments on-duted with Atlanti salmon from Norway (Forseth et al. 2001). The watertemperatures in Norwegian rivers are both substantially lower and for a longerperiod than typial U.K. rivers (e.g. see Berg and Bremset (1998)). Surprisingly,the parameter value for the lower temperature limit for growth (TL) was stillfound to be approximately 6oC. Forseth et al. (2001) used this model (parame-terised from Norwegian parr) to simulate the growth of wild parr in a Norwegianriver. In applying the model they assumed that during the winter period whenwater temperatures fell below 6oC that spei� growth rate did not fall below199



zero. Thus, they essentially trunated the model so that the large preditedwinter weight loss was not exhibited.The fat that the E&H model has not been suessful shows us that patterns ofseasonal growth annot be simply explained by seasonal hanges in temperature.Nevertheless, the model has still served as a useful analytial tool in investigatingthe yearly growth patterns of parr in the Girnok Burn. We have reordedthat growth rates in the spring are very high even though the temperatures arequite low (approx. 4� 8oC) but yet low in the mid-summer period when watertemperatures (approx. 10� 15oC) would allow for high growth rates.To further investigate the dynamis of growth in the Burn we arried out asimple energetis budget analysis. Using an independently parameterised rela-tionship for maintenane we estimated the yearly pattern of assimilation for allindividuals from the 1997 ohort. In the next hapter we shall use what we havelearnt about the temporal pattern of assimilation to investigate the resourealloation strategies adopted by parr in the Burn.
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Chapter 10
Seasonal Alloation in theGirnok Burn
10.1 IntrodutionIn this hapter we shall study the prodution dynamis and the alloation pat-terns of juvenile Atlanti salmon parr residing in the Girnok Burn. As anessential analytial tool, we shall derive a simple growth and alloation model.This model will allow us to estimate how the rate of energy assimilation and alsothe rate of energy expenditure hanges with the hanging seasons. Moreover,we will also investigate how surplus energy is invested into new biomass. We arepartiularly interested in whether alloation to the di�erent biomass omponentshanges with the hanging seasons.Desribing seasonal patterns of growth and alloation poses some partiularlyinteresting hallenges to the growth modeller. One has to ontend with season-ally hanging abioti fators, suh as temperature, oupled with hanging biotifators, suh as food availability. However, with aess to the high resolutionof individual growth data we have an unique opportunity to investigate in �nedetail the temporal patterns of assimilation, metaboli expenditure and energyalloation of Atlanti salmon parr in their natural environment.201



10.2 Deriving a ModelTo drive a resoure alloation model we �rst require an understanding aboutthe Girnok temporal pattern of maintenane and assimilation. We have al-ready parameterised a funtional form for maintenane in the previous hapter.Furthermore, we also investigated the temporal pattern of assimilation. If wean haraterise this yearly pattern of assimilation with a suitable funtionalform then we will have a simple model framework whih enapsulates the majorenergy losses and energy gains as a funtion of the time of year.To investigate the resoure alloation dynamis of parr in the Burn we shall as-sume a partiular alloation sheme (whih we assume is independent of season)and then attempt to �t the model (using our predited temporal assimilationfuntion and our fully parameterised maintenane relationship) to the individualeletro-�shing data, both in terms of weight and length. If our model preditionsdeviate away from observations in a systemati manner, then based on our goodunderstanding of our hosen alloation sheme, we an gain a good understand-ing of the patterns of alloation adopted by parr residing in the Burn. Fur-thermore, if signi�ant deviations are found to exist, then our simple alloationmodel will serve as a platform to whih we an make modi�ations to obtain abetter �t to the eletro-�shing data, thus gaining an even better understandingof the alloation dynamis of the juvenile parr.10.2.1 Baseline Alloation ModelBased on its suess over its ounterparts in prediting the dynami patternsof growth and alloation in both onstant and variable environments we shalluse the assimilation alloation sheme. In the absene of any detailed dataonsidering the omposition of the �sh's prey we shall assume the ompositionof the prey to be onstant and hoose the simpli�ed assimilation alloation
202



sheme, desribed as follows dRdt = (1� k)A�M (10.1)dSdt = kA (10.2)where, k = k(X) denotes the proportion of assimilate alloated to struture.To ontrol ommitment to struture we hoose the same funtion as desribedin setion(4.6.4) of this thesis, whih, is given byk(X) = min(k1; [X � �℄+a1 ) : (10.3)We have already analysed the behaviour of the assimilation alloation sheme indetail within previous parts of this thesis. Therefore, we shall not re-iterate theproperties of this model here. For a reap of the major properties of the assimila-tion alloation model with respet to temperature, ration level and hyperphagiawe refer the reader to setions(4.6), (4.7) and (7.4.3).10.2.2 Modelling AssimilationThe assimilation rate of parr in the Burn will hange with the hanging seasons.Our aim here is to develope a simple temporal assimilation funtion that willallow us to �t the assimilation alloation model to the eletro-�shing data. Upto now we have expressed the assimilation term as a series of oeÆients in thefollowing manner (see setion(2.4.1))A = �(X)"UH0Sd exp� TTH �� (10.4)where �(X) is the hyperphagi uptake response funtion de�ned insetion(7.4.1). 203



Aording to the assimilation alloationmodel, ompensatory patterns of growthan be expressed simply by an inrease in uptake (see setion(7.4.3)). There-fore, in the absene of any detailed energeti studies of juvenile Atlanti salmonneessary to parameterise a number of terms in equation(10.4) we shall groupthem together into a single �tting parameter suh thatF (t) = �(X)"UH0� (10.5)whih means that the assimilation rate at time t an be expressed asA(t) = F (t)Sd exp� TTH � : (10.6)We shall refer to F (t) as the saled annual temporal assimilation funtion. Toinvestigate the harateristis of F (t) we turn to the individual data and arryout a simple budget analysis.Seleting a Funtional Form for F (t)Displayed in �gure(9.6) in the previous hapter is the budget model inferredtemporal pattern of assimilation. Before we an selet a suitable funtionalform for F (t) we must sale the above estimated values of daily assimilation totake into aount di�erent sizes and temperature ranges. First we must seletTable 10.1: Independently determined assimilation saling parameters.Parameter Interpretation Value Units Soured Maximum uptake 0.75 | Elliott (1976b)allometri index From et. al. (1984)TH Uptake rate 6.0 oC Elliott (1976b)harateristi Brett (1979)temperature 204
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10.3.1 The Test DataWe shall onentrate our e�orts on the more detailed and high resolution 1997ohort individual data set. Indeed, for the individual based modelling, ratherthan trying to fator in annual variation in food abundane (or any other di�er-enes between years) we shall mainly onentrate our e�orts on a subset of thisdata strething over one full annual seasonal yle.We trunated the 1997 ohort data to inlude only one seasonal yle as apreautionary approah, so that if we do observe any alloation trends thenwe an be sure that these have arrived from seasonal e�ets rather than beingdisrupted in some way by any inter-annual e�ets. An alternative approahwould have been to use the extended 1997 ohort data set but use two free�tting annual saled assimilation funtions for the two onseutive years. Thiswould have entailed inreasing the number of global �tting parameters by �vebut would have only inreased the number of individuals we ould model byapproximately 15%. This was another reason why we adopted the former ratherthan the latter approah.Our individual study data will inlude all 1997 ohort individuals who wereaptured more than one between autumn 1998 and autumn 1999. This allowsus to follow the growth of a 180 individuals, whih were eah aught an averageof 3.5 times during this full annual yle. Beause the �rst weight and lengthobservation measurements will be used to the alulate the model state variableinitial onditions (see below) then this leaves a total of 437 free �tting datapoints in length and the same number in wet weight.10.3.2 Modelling IndividualsQuite obviously, the growth and perhaps alloation patterns of individuals willdi�er from one another. Therefore, our model must be apable of oping andapturing this variability in growth. It is highly likely that there exists inter-207



individual variability in both maintenane rates as well as assimilation rates(Priede (1985); Hohahka and Mommsen (1995); MCarthy (2000); O'Connoret al. (2000)). However, without any information regarding individual metabolirates and food onsumption it is not feasible to take both these variability fatorsinto onsideration beause the e�et on net prodution (A�M) will be mutuallyonfounded. Therefore, we shall assume the parameterised relationship for dailymaintenane osts (setion(9.6.2)) is the same for eah and every individualand assume that variability in growth is manifested through inter-individualdi�erenes in assimilation.The next question to arise is how to model inter-individual variability in assim-ilation. Seeing as the major patterns of growth in the Burn are dominated byseasonal e�ets we shall attempt to model the growth of individuals by mul-tiplying a global saled annual food funtion F (t) by a salar value whih isuniquely assigned to a partiular individual. This means that the assimilationrate of individual j at time t is expressed as followsAj(t) = 	jF (t)Sd exp(T=TH) (10.7)where, 	j is a salar value assigned to individual j. Sine the relationship formaintenane has been assumed to be the same for eah and every individualthen 	j an be interpreted as a relative performane index. This means thatindividuals with higher values of 	j will grow faster than individuals with lowervalues of 	j.The assimilation alloation model was spei�ally derived to enapsulate thehanges in nutritional ondition with varying growth performane. Sine vari-ability in 	j will hange growth performane then hanges in nutritional on-dition will respond aordingly. Therefore, it seems reasonable to assume thatthe assimilation alloation funtion given by equation(10.3) is global, i.e. k(X)is an idential funtion for all individuals.
208



10.3.3 Energeti ConsiderationsWith the exeption of the �rst weight and length observation, for eah individual,all remaining simultaneous measurements of weight and length will be free �ttingdata points. One again, following Broekhuizen et al. (1994), �sh length will bepredited from strutural arbon weight by using the allometri relationship asfollows L = �S�: (10.8)In a similar manner to that undertaken in hapter 8 (see setion(8.3)) we shall es-timate the �sh's wet weight from a ombination of reserve and strutural arbonweight using the following expression derived from the statistial representationgiven by Elliott (1976a) W =  12:0L3b1Wa100b1 ! 1(1+b1+b2) (10.9)where, L (m) is �sh length (whih will be predited from equation(10.8)), W(mg C) is the total arbon weight and W is wet weight (g).10.3.4 ParameterisationWe an essentially group the parameters into two omponent sets, namely, globaland loal parameters. The loal parameters are the set of values for 	j whihrequire a value for eah individual and will thus be treated as �tting param-eters. The global parameters refer to the parameter values that are assumedto be ommon to eah and every individual. The global parameters an befurther subdivided into sets whih ontrol assimilation, maintenane, alloationand the length to strutural weight allometri relationship. We have alreadyparameterised maintenane and independently derived suitable allometri andtemperature salings for assimilation. The values and soures of these param-eters values are summarised in tables(9.5) and (10.1). The saled annual foodfuntion requires a total of �ve parameter values and we treat these as free �tting209



parameters.For alloation we require a total of three parameter values, namely, k1, a1 and� in equation(10.3). These three parameters are treated as global free �ttingparameters whih we assume to be independent of time. Finally, we shall alsotreat the values of � and � in equation(10.8) relating the length to struturalarbon weight as global free �tting parameters. This leaves a total of elevenfree �tting global parameters, whih, relate to temporal assimilation, seasonallyindependent alloation and strutural allometry.10.3.5 Initial ConditionsTo move the model forward we �rst require the knowledge of the two initialstate variable values, namely, reserve arbon weight R and strutural arbonweight S. We use the �rst reorded length observation (for both average andindividual data) to alulate the initial strutural arbon weight by using theallometri relationship given in equation(10.8). Seeing as both weight and lengthmeasurements were reorded for eah �sh we ould estimate the total arbonweight from equation(9.6) and therefore subsequently alulate the initial reservearbon weight. Hene the initial values of R and S were hosen suh that theysatis�ed the initial observed weight and length.10.3.6 Error MeasureWe shall use a proportional point error to assess the di�erene between observedand predited length and weight observations. The advantage of using the pro-portional error is that it is far less suseptible to orruption from outliers than,say, a least squares error { a highly desirable property when �tting to potentiallynoisy individual data.For reasons that will soon beome lear we need to assign an error funtion(minimising objetive funtion) for eah and every individual and also a grand210



error funtion whih takes into onsideration the total error over all individuals.For any individual j whih has been reaptured NRj times within our studyperiod we shall use the sum of proportional error (SPE) de�ned asSPEj = NRjXi=1 jOLi;j � P Li;jjOLi;j + NRjXi=1 jOWi;j � PWi;jjOWi;j (10.10)where, Oi;j denotes the i'th observed weight or length (supersript denoteswhih) �tting point for individual j. In a similar manner, Pi;j denotes thei'th predited weight or length (supersript denotes whih) �tting point for in-dividual j.If we now sum up this error funtion over all individuals then we obtain thegrand sum of proportional error (GSPE), de�ned as followsGSPE = Xall j SPEj = Xall j NRjXi=1 jOLi;j � P Li;jjOLi;j +Xall j NRjXi=1 jOWi;j � PWi;jjOWi;j : (10.11)If we now reognise that the �rst term on the right hand side of equation(10.11)is the sum of proportional errors in all length observations for all individuals (andsimilarly for weight) then we an express this grand error funtion as followsGSPE = NXh=1 jOLh � P Lh jOLh + NXh=1 jOWh � PWh jOWh (10.12)where, N de�ned by N = Xall jNRj (10.13)is the total number of free �tting points in weight and (sine all individuals hadboth length and weight measured simultaneously) thus length.De�nitionsFor future analytial purposes it is useful to make some de�nitions so that wean isolate the omposition of the grand error (GSPE) in terms of weight and211



length errors. Hene, we de�ne the following expressionsSPEL = NXi=1 jOLi;j � P Li;jjOLi;j ; SPEW = NXh=1 jOWh � PWh jOWh (10.14)where, SPEL is the sum of proportional errors in length over all individuals.In a similar manner, SPEW is the sum of proportional errors in weight over allindividuals. Thus the grand error is the sum of these two errors suh thatGSPE = SPEL + SPEW (10.15)For a more intuitive measure of errors in weight and length we shall de�ne themean proportional errorsMPEL = SPELN ; MPEW = SPEWN : (10.16)where, N is the number of free �tting points in length and thus weight. Thesevalues an be interpreted as the mean proportional error in prediting a typialdata point in weight or length. If these values are further multiplied by 100 thenthese proportional errors are expressed as perentages.10.3.7 SimulationTo �t the model to the omplete data set we need to �t 180 individual values of	j and also 11 global �tting parameters whih aount for temporal assimilation,alloation and strutural allometry. Therefore, our total parameter set onsistsof a total of 191 free �tting parameters. Beause of the extremely large numberof free �tting parameters it was simply not feasible to attempt to parameterise all191 values simultaneously using a single downhill simplex method of optimisation(appendix A). However, there are some speial properties of the minimisingobjetive funtion that we took advantage of to employ a nested minimisationproedure. For a rigorous mathematial explanation of this tehnique the readeris referred to appendix C. 212



Growth trajetories were predited for eah individual by integrating the modelequations (10.1) and (10.2) using the smoothed temperature data as displayed in�gure(9.2). We used a fourth order Runge-Kutta algorithm (Press et al. 1989)using a �xed time step of 1 day.10.4 Results10.4.1 Fit to Average 1997 ohort dataAs an illustration of the goodness of �t we reeived from our basi model as-sumptions we display the best �t trajetories to the averaged 1997 ohort datain length and wet weight in �gure(10.3). Simulations were onduted by treatingthe average data as a single individual by hoosing a single value of 	1 = 1:0in equation(10.7), thus, only minimising the global free �tting parameters. Forthe purposes of this illustratory example we assumed the global annual saledassimilation funtion to be the same for eah annual seasonal yle.It an be seen from �gure(10.3) that our model aptures the major dynamipatterns of temporal growth, both in terms of weight and length. Although themodel was only �tted to weight and length observations we an easily produethe models predited trajetory in ondition fator (K = 100W=L3) by using theombination of the best �t weight and length trajetories. Figure(10.3,) dis-plays the model predited ondition fator trajetory together with the observedvalues of average ondition fator for eah sampling date. On �rst inspetion,the predited trend in ondition fator appears to be very good. Condition fatorand thus nutritional status quikly inreases with the spring growth spurt (aspredited by the assimilation alloation model), peaks in approximately Mayand redues steadily until the onset of the next spring growth period. Thereis, however, a rather unomfortable pattern of residuals, where, the averagedvalues are onsistently over predited during the �rst six months and followingthis there is a tendeny for the averaged ondition fator values to be under-213
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Figure 10.3: The best �t model growth trajetories in a) wet weight, b) lengthand model preditions in ) ondition fator for the averaged 1997 ohorteletro-�shing data. The error bars denote 1 standard error.
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predited.Another lear observation is that there exists bias within the averaged data. Themodel has been started o� with the state variable hosen suh that the initialaveraged weight and length observations are predited. However, it is lear from�gure(10.3,) that the initial ondition fator value predited from the initialaverage weight and average length is not equal to the average ondition fatoralulated from individual ondition fator values.In onlusion, we have obtained a good �t to the averaged 1997 ohort data,allowing us to gain on�dene in the ability of the model to reprodue the majordynami pattern of seasonal growth in the Burn. The predited alloation be-haviour is reasonable, but we have isolated an unomfortable trend in preditedondition fator values. However, we annot take our analysis any further be-ause there exists a lear bias in the averaged data. This highlights the dangers ofinvestigating averaged growth, whih are manifested through an assoiated lossof variability data (Sharp 1987). Therefore, the averaged properties of the �shpopulation may not neessarily reet the properties of the individuals withinthe population (Juanes et al. 2000). To overome this problem we need to applyour model to the individual data.10.4.2 Fit to Individual 1997 ohort dataWe �tted the model to individuals aught more than one between autumn 1998to autumn 1999, as fully explained in setion(10.3). Tables(10.2) and (10.3)display the best �t global parameter values and the best �t model error mea-sure values, respetively. Plotted in �gure(10.4) is the �tted model preditionsagainst observed values in weight and length. It an be seen that the model givesa very good �t, with over 95% of the variablity being explained in both weightand length. However, loser inspetion of �gure(10.4,a) reveals a rather dis-turbing trend, where, the smaller length observations are being under-preditedand the larger length observations are being over-predited. To investigate this215



Table 10.2: Best �t global parameter values.Parameter Value UnitsStrutural Allometry (see equation(10.8))� 1.57 m mgC��� 0.32 {Alloation Funtion (see equation(10.3))k1 0.53 {� 2.29 {a1 4.00 {Temporal Assimilation F (t)(see �gure(10.2))t1 314 days from 1/Jan/98t2 539 days from 1/Jan/98tmax 476 days from 1/Jan/98Fmax 0.0622 mgC1�dday�1Fmin 0.0124 mgC1�dday�1pattern in greater detail we shall investigate the individual �tted model residualvalues.Figure(10.5) displays the weight and length proportional residuals (Obs�PredObs )summarised into means and plotted by eletro �shing sampling date. Althoughwe only �tted to weight and length observations our model is quite apableof prediting a ondition fator value for eah individual free �tting data point.Therefore, also plotted in �gure(10.5) are the proportional ondition fator resid-uals summarised into means for eah sampling date.It is immediately lear that there exists a systemati pattern of residuals inlength. Length observations are under-predited in the spring period, are a-eptable in the early to mid summer period, over-predit in the late summer pe-riod and then one again beome aeptable with the onset of winter. Althoughthe weight residuals are noisier, no suh systemati pattern exists. Indeed, there216
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217



1
.J

a
n

.9
9

1
.A

p
r
.9

9

1
.J

u
l.
9

9

1
.O

c
t.
9

9

Date

−0.15

−0.05

0.05

0.15

P
r
o

p
 C

o
n

d
−

F
a

c
to

r
 R

e
s
id

s

−0.06

−0.03

0

0.03

0.06

P
r
o

p
 L

e
n

g
th

 R
e

s
id

s

−0.15

−0.05

0.05

0.15

P
r
o

p
 W

e
ig

h
t 
R

e
s
id

s

(a)

(b)

(c)

Figure 10.5: Proportional residuals (Obs�PredObs ) plotted against sampling datefrom �tting the model to individuals from the 1997 ohort aught more than onebetween autumn 1998 and autumn 1999. Residuals summarised into meansfor a) weight, b) length and ) ondition fator. Bars denote 95% on�deneintervals for the sample mean for eah eletro-�shing sampling date.
218



SummaryOur auray in �tting the model to individual weight and length observationsis very good (see �gure(10.4)), whih instills on�dene in our approah to mod-elling individuals (see setion(10.3.2)). There is, however, a systemati temporalpattern of length residuals, whih is not exhibited in the weight residuals. Atertain times of the year we are aeptably prediting weight but unaeptablyprediting length. We an dedue from this that our model is, in some way, mis-representing alloation. Further investigation of the ondition fator residualspretty muh on�rms this.Despite the systemati residual pattern in length, the model is still preditinglength more aurately than weight (see table(10.3)). One reason for this maybe the e�et of �sh gut fullness. A fuller gut would inrease �sh weight butwould not hange �sh length. Therefore, the �sh's reent feeding history mayause greater variability in weight than in length. However, this also brings into question the auray of the ondition fator (a measure of weight for length)as an indiator of nutritional status and therefore our dedutions we have madefrom the results of our model �t. Gani (2000) estimates weight of a juvenileAtlanti salmon with a full gut of food to be between 3-6% perent heavierthan a onspei� of equal size with an empty gut. Beause ondition fator isdiretly proportional to wet weight then this proportional error would diretlytranslate into an error in ondition fator.The rate of gut evauation in �sh inreases exponentially with temperature(Elliott (1972); Talbot et al. (1984); Higgins and Talbot (1985); Jensen (1993);He and Wurtsbaugh (1993)). Given that the parr are feeding more in spring at alow temperature (see �gures(9.6), (10.1) and (9.2)) then we should pretty muhexpet the �sh to have a fuller gut than in late summer where onsumption ratesare lower but water temperature is higher. This means the assoiated error inondition fator resulting for an inreased weight for length will be high in springbut lower in summer. Yet, despite this, our model over predits ondition fator219



in spring (when gut fullness will be high) and under predits ondition fatorin late summer (when gut fullness will be lower). This further orroboratesour original dedution that our model is misrepresenting the energy alloationdynamis of juvenile parr resident in the Burn. Therefore, our next step is tomodify our model to inorporate this seasonal pattern of alloation.10.5 Seasonal Alloation Model10.5.1 Inorporating a Seasonal Alloation FuntionWe have assumed that the resoure alloation dynamis of juvenile Atlantisalmon living in their natural environment an be adequately desribed by theassimilation alloation model. The model, under the urrent rules of alloation(see setion(10.2.1)), predits that nutritional ondition should always be or-related with a ombination of temperature and ration level and thus growthrate (see setion(4.6)). However, we have found systemati di�erenes betweeneletro-�shing observations and our model preditions. The model is underprediting length in spring and over prediting length in autumn. In order toimprove the model preditions we must, in some way, aount for these seasonalhanges in alloation by modifying equation(10.3).From the simple budget analysis we onduted in setion(10.2.2) we preditedthat the rate of assimilation (and thus growth rate) redues down over the latesummer period. Based on the assimilation alloation model there should also bea onomitant redution in nutritional ondition with this redued growth rate(see setion(4.6)). However, our model under-predits nutritional ondition,prinipally through over-prediting length in autumn (see �gure(10.5)). Themost inuential parameter in equation(10.3) whih defends a good nutritionalondition, espeially when food onsumption is low (see setion(4.6.4)), is thedefended reserve ratio threshold �. Therefore, we shall argue, that over the latesummer period, the defended reserve ratio value � may be greater than at other220



times of the year.On the other hand, length is being under predited in spring, even thoughthe juveniles are initially in poor ondition following winter. If the value of� was lower at the onset of spring then individuals would begin ommittingto struture earlier and also proportionally more (see equation(10.3)) than ispresently predited by assuming a onstant value of � throughout the year.Our above arguments foreast a time dependent hange in the value of � over aseasonal yle. In order to model this phenomena we shall modify � suh that itis a funtion of time. The next question to arise is in what way does � hange,i.e. is it a sudden hange alternating from one extreme value to another or isit a gradual hange ourring with the hanging seasons? There is, however,evidene to suggest that this hange in the defended reserve ratio level may beof a more gradual nature than anything else (Metalfe and Thorpe (1992); Bullet al. (1996)). We shall disuss this in more detail within the disussion setionof this hapter.As a modi�ation to our model we shall replae the onstant value of � inequation(10.3) with a ontinuous sinusoidal temporal funtion (with a period ofone year) given by � = ��+B sin 2�(t� �)365 ! (10.17)where, t, represents time in days from 1 January 1998, �� is the mean valueof the annual defended reserve ratio threshold funtion, B is the amplitude ofthe annual sine urve and � (days) is a phase lag onstant whih ontrols thetemporal longitudinal displaement of the urve. We shall refer to this newmodi�ed model as the seasonal alloation model.We shall �t the seasonal alloation model in exatly the same manner as we�tted the original model, as explained in setion(10.3), exept the number ofglobal �tting parameters has inreased to 13 beause our original single onstant221



Table 10.4: Best �t global parameter values for seasonal alloation model.Parameter Value UnitsStrutural Allometry (see equation(10.8))� 1.66 m mgC��� 0.31 {Seasonal Alloation (see equ.(10.3) and (10.17))k1 0.79 {a1 3.12 {�� 2.12 {B 0.41 {� 113 daysTemporal Assimilation F (t)(see �gure(10.2))t1 360 days from 1/Jan/98t2 549 days from 1/Jan/98tmax 451 days from 1/Jan/98Fmax 0.0664 mgC1�dday�1Fmin 0.0116 mgC1�dday�1time independent value of � has been replaed by the above temporal funtion.It is well worth noting that if our hypothesis is inorret and the defendedreserve ratio value does not hange with the hanging seasons then the seasonalalloation model an still represent our original model by simply setting B = 0in equation(10.17).10.5.2 ResultsTable(10.4) displays the best �t global parameter values for the seasonalalloation model. The seasonal alloation model predited versus observedlengths and weights are displayed in �gure(10.6). Whilst the new seasonalalloation model has explained no signi�ant extra variane in the individual222
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As we have foreasted, the reserve ratio threshold is lowest in early spring andrises to a maximum in late summer. We an dedue from this, that during spring,juveniles from the Girnok Burn are primarily direting their resoures to stru-tural growth rather than aumulating high levels of reserves. As the growingseason progresses and the onset of late autumn beomes nearer, � inreases,indiating that aumulating or maintaining high levels of reserves beomes ofmore importane than maintaining strutural growth.10.6 AnalysisFollowing a modi�ation to ope with the seasonal patterns of alloation we haveobtained an exellent �t to our individual data with over 96% of the varianebeing explained in weight and length. This setion is dediated to analysing anddrawing inferenes from the results of our seasonal alloation model.10.6.1 Analysis of 	jThe best �t values of 	j, the individual assimilation �tting parameters (seeequation(10.7)), for the seasonal alloation model are displayed in �gure(10.9).Eah histogram represents a subsample of the 1997 ohort parr, de�ned by theminimum number of reaptures between autumn 1998 and autumn 1999. Thedistribution of 	j does not appear to be of a standard normal distribution and,indeed, all four displayed distributions failed the Shapiro and Wilk's test for nor-mality (Royston 1982). The values of all 	j (�gure(10.9,a)) appear to be tightlygrouped with a small number of outliers. As the resolution of data inreases (i.e.the greater number of reaptures) the variability in 	j dereases. This indiatesthat the values of 	j are more reliable with inreasing numbers of reaptures.The values of 	j derived from individuals who have only been reaptured onein the experimental period are probably more prone to experimental error. Thiswas mostly found to be the ase when an individual was aught only twie but226
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reaptured shortly after the �rst apture.In �gures(10.9,b and ) the distribution of 	j appears to be skewed with a longertail to the left. At �rst, this would seem to be a surprising result sine mortalityhas ommonly been shown to be inversely orrelated with growth rate for manyspeies of �sh (for review see Sogard (1997)). Therefore, one would intuitivelyexpet a trunation of the distribution at the left hand tail. However, it mustbe noted that the greatest majority of individuals within our study onsisted ofjuveniles who would have migrated in their third year of life. Sine the deision tosmolt and subsequently migrate is mainly dependent upon ahieved size (Elson1957), then the faster growing remainder of the 1997 ohort, with the highestvalues of 	j, would have migrated from the Burn as two year olds in April 1999.Only a very few of these individuals were suessfully reaptured, prinipally,beause of the shorter time interval they were available above the 70mm lengththreshold neessary to tag juveniles.No signi�ant relationship was found between the values of 	j and the number ofreaptures (P > 0:05 and see �gure(10.9)). This may indiate that individuallytagging and using the method of eletro-�shing for apturing �sh did not haveany signi�ant detrimental e�et on the magnitude of ahieved growth. Nosigni�ant relationship was found between the weight at �rst tagging and thevalues of 	j (P > 0:05).Twenty three individuals were positively identi�ed as being male preoiousparr in autumn 1999. We took the opportunity to investigate whether therewas any di�erene in these values of 	j and thus growth with the remainder ofthe population. We ould �nd no signi�ant di�erenes in these values. Indeed,with the exeption of one outlier value (derived for an individual only reapturedone), the values of 	j for preoious parr were distrbuted around the mean ofthe population.Simpson et al. (1996), based on a series of tank based experiments, found thatpreoious males did not di�er in appetite in omparison with non-maturing228



onspei�s. Simpson et al. (1996) suggest that the deision to mature wasas a onsequene of maturing males already being larger and having higher fatontents than non-maturing parr almost a year before spawning. We arriedout a brief exploratory analysis to investigate this hypothesis. Using a series oft-tests, we ould �nd no signi�ant size di�erenes between non-preoious andpreoious approximately one year before autumn 1999. However, the investiga-tion and omparison of the patterns of growth adopted by non-preoious andpreoious parr would bene�t from a more thorough analysis. This would be aninteresting avenue for future researh.10.6.2 Prodution DynamisIn this subsetion we shall disuss the major seasonal patterns of energy assim-ilation and expenditure. Given that we have obtained an exellent model �tthen we an reprodue the predited model trajetories in temporal assimilationand maintenane rates for eah and every individual within our study period.Figure(10.10) displays the predited daily rates of assimilation and maintenanefor all individuals between the period of �rst apture and last apture who fallwithin our study period. Also displayed in �gure(10.10) is the alulated valuesof net prodution per unit of assimilate.Daily assimilation is very low in winter and begins to rise in early spring, quiklyreahing a maximum in the middle of May. Following this, daily assimilationgradually delines throughout the summer months, reahing very low values bythe onset of autumn 1999. Daily maintenane rates are initially very low overthe old winter months but inrease gradually with warming water temperature,reahing a maximum in mid July. As the water temperature begins to derease,maintenane rates also begin to fall.The seasonal patterns of assimilation (anaboli) and maintenane (ataboli)rates are very muh out of phase with one another. Net prodution per unitassimilate (a good indiator of growth eÆieny) peaks in early April beause229
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daily assimilation has initially risen faster than daily maintenane. This leads tothe interesting hypothesis that the spring growth spurt exhibited by parr maywell be partially failitated by an inreased growth eÆieny. That is, low ratesof maintenane energy expenditure oupled with an ability to still proess foodat low temperatures would leave a high perentage of the assimilable energyavailable for growth. This mehanism is similar to the interative e�ets ofration level and temperature on growth eÆieny whih we have disussed insetion(4.3).As the summer progresses the net prodution per unit assimilate begins to de-rease. In partiular, the value of net prodution per unit assimilate is very lowin early July, despite the rate of assimilation being almost equal (if not slightlyhigher) than in early April. This low growth eÆieny is a diret onsequeneof the �sh having high summer maintenane rates. This leads to the equallyinteresting hypothesis that warm summer water temperatures may well be moreof a disadvantage than an advantage to wild �sh, for the exat opposite reasonsto that explained above.Figure(10.11) displays the model predited individual values of seasonal netprodution (A �M), together with water temperature and daylength. It anbe seen that the growing season in the Burn is very short. Substantial, positivenet prodution (i.e. growth) only ours in approximately three months of thewhole annual yle. Moreover, this pattern of growth is distintly out of phasewith water temperature. This pattern of growth seems also to be out of phasewith the absolute daylength.10.7 DisussionIn this hapter we have derived a simple growth and alloation model and ap-plied this model to a detailed, high resolution yearly portion of the individualGirnok Burn growth data. Our model is based on the priniple of onserva-tion. We �rst parameterised a funtional form for maintenane whih aptures232



how energy expenditure has very onsistently been shown to hange with wa-ter temperature and size. Although the detail and expanse of the maintenaneparameterisation data set is relatively poor, we should not expet a hange inmaintenane parameters to alter the dynamis of our results, sine it is the fun-tional form of this relationship whih is of the greatest importane and not thevalues themselves.An estimate of daily metaboli expenditure allowed us to diretly estimate dailyrates of energy assimilation in order to satisfy the observed patterns of growth.The strong trend in temporal assimilation rates was lear enough to be hara-terised by a simple funtional form. Our approah to individuals was to assumethat eah individual's temporal assimilation followed this same global patternbut multiplied by an individually unique salar value. The goodness of �t weobtained by adopting this approah is surprisingly good. This signi�es that notonly is the population growth being dominated by strong seasonal fators butso also are all the individual growth trajetories.The pattern of net prodution within the Burn is distintly out of phase with wa-ter temperature (see �gure(10.11)) and this is the prinipal reason why the E&Hfuntional model for maximum growth fails so miserably (see setion(9.5.1)).Therefore, it is lear that the seasonal growth of parr in their natural environ-ment annot simply be explained by seasonal utuations in water temperature.Surprisingly, the results of tank based experiments onduted with Sottish ju-venile Atlanti salmon, supplied with food in exess under ambient photo periodand temperatures, are in agreement with this observation. For example, Hig-gins and Talbot (1985) followed the growth of juveniles from late Septemberto early June in the laboratory under ambient photo period and temperature.Even under the provision of exess rations they found oniting results in thetemperature/growth assoiation. Temperature were generally higher (2oC to7oC) between 25 Otober and 10 Deember than in two subsequent intervals(10 Deember to 25 January, around 3.5oC; and 25 January to 1 Marh, around1oC), yet spei� growth rates were higher during the oldest period (25 January233



to 1 Marh) than in the preeding intervals. Furthermore, the average temper-ature during early spring (1 Marh 5 April) was 5oC whereas during autumn(22 September to 25 Otober) the average temperature was 8C . The spei�growth rates of �sh in spring were approximately twie those found in autumn.Higgins and Talbot (1985) onluded that the hange in photoperiod was one ofthe most inuential environmental fator in initiating this high growth rate (see�gure(10.11)).It is also well worth noting that as in the Higgins and Talbot (1985) experiment,other workers (Niieza and Metalfe (1997); Koskela et al. (1997a); Koskelaet al. (1997b); Bremset (2000)) have also doumented that juveniles (whenproperly alimated) are more than apable of feeding and growing at verylow temperatures (as low as 1oC), whih, is in ontrast to a lower temperaturelimit for onsumption and growth of approximately 6oC reported by Elliott andHurley (1997) and Forseth et al. (2001).The strong seasonal patterns of growth exhibited by parr in ambient tank basedexperiments has been reported to be as a diret onsequene of seasonal hangesin appetite and therefore onsumption. Simpson et al. (1996) reports on theappetite hanges of Sottish juvenile Atlanti salmon parr reared under ambi-ent photoperiod and temperature over a full annual yle. In three onseutiveyearly experiments, parr exhibited a sharp inrease in appetite during earlyspring. Food onsumption peaked in May on rising ambient temperature. How-ever, despite the exess ration supply and the favorable summer temperatures forrapid growth, food onsumption delined over the remaining summer months.Suh �ne detailed estimates of parr food onsumption within their natural en-vironments are very rare. However, Allen (1940) found that the amount of foodpresent in the stomahs of 1+ parr in the River Eden, England rose rapidly withthe onset of spring and peaked in May, after whih time it delined over thesummer months. Similar results have been reported by Huru (1986).Our model makes some preditions about the temporal hanges in rates of assim-234



ilation, whih we an mostly asribe to hanges in the rates of food onsumption.As in the studies we have reported above, there is a marked inrease in assim-ilation with the onset of spring (see �gure(10.10,a)). Assimilation peaks in themiddle of May and thereafter dereases over the summer period. Thus, ourmodel inferred pattern of assimilation is in good agreement with experimentalobservations of seasonal patterns of onsumption.The strong seasonal pattern of appetite exhibited by parr (in tank based exper-iments) has lead workers to suggest that it is a pre-adaption to seasonal utu-ations in prey abundane in their natural habitat (Simpson and Thorpe 1997).In spring/summer 2000 a series of drift netting experiments were onduted toinvestigate if suh a seasonal trend in prey abundane existed for the GirnokBurn. Drift samples were olleted using 20x20m �ne mesh nets plaed at �vedi�erent loations. Nine ensuses were onduted over a period of time streth-ing from early Marh to early July. Eah ensus involved olleting the driftfor a 24 hour period. Figure(10.12) displays the average rate of drift biomassaught in the nets over the study period. It an be seen that the drift biomassinreases very sharply in spring and in this year seems to have peaked in earlyMay. Following this, there is a dramati derease in drift biomass. A number ofother studies of invertebrate drift also report that prey abundane is greatest inthe spring period and dereases over the summer period (Hynes (1970); M�uller(1978); Errikson and Alan�ar�a (1992); Simpson and Thorpe (1997)).In spring, many aquati insets are growing rapidly and frequently available asdrift food, whereas these same speies in autumn are small larvae in the earlystages of the life yle and are rare in the drift (Elliott (1967); Elliott (1970)).Sine juvenile Atlanti salmon parr prinipally prey on invertebrates from thedrift then these seasonal hanges in drift abundane further orroborates the hy-pothesis of a seasonal appetite rhythm in syn with the natural prey abundane.Beause a high abundane of prey biomass in the drift may only be availablefor a short time period then a pre-adaptive appetite hange in antiipation ofthis natural food supply would allow parr to make the best use of this valuable235
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Figure 10.12: The average ath of drift biomass aught in 20x20m nets fromearly Marh to early July in the Girnok Burn. Bars denote one standard error.energy soure.Seasonal hanges in body omposition and therefore alloation have also beenreported for parr in tank based environments, but there is also more informationwith regards to hanges in alloation within their natural habitat. For example,despite the redution in growth rate over the late summer months reported byHiggins and Talbot (1985) (see above), fat levels ontinued to inrease, reahinga maximum in September. In ontrast to the majority of experimental resultswe reviewed in hapter 3, in this senario, nutritional ondition annot be on-sidered to be orrelated with growth rate. We an therefore onsider this energyalloation strategy as a strong seasonal pattern. Following this, and despite the236



provision of exess ration, fat levels dereased gradually over the winter months.Gardiner and Geddes (1980) report on the hanges in body omposition of youngjuvenile Atlanti salmon in their �rst year of life from the Shelligan Burn, atributary of the River Almond (Tay river system) in Perthshire, Sotland. Fatlevels(% body weight) inreased over the late summer months and peaked inSeptember. Over the ensuing winter months, there was a gradual deline inreserves, reahing a minimum in April. With the onset of the growing season inearly April the fat reserves of surviving �sh began to be replenished.Berg and Bremset (1998) report on the seasonal hanges in body ompositionof three age lasses of juvenile Atlanti salmon from the River Humla, in mid-dle Norway. All three age lasses displayed the same seasonal trends in bodyomposition. Fat ontent (% body weight) was reported to be at a minimumat the onset of the growing season in early April. Fat levels inreased graduallyover the spring and summer months and reahed a maximum in September.Following this, fat levels delined gradually over the winter months, reahing aminimum in April, whereby, the seasonal yle was repeated. The same seasonalyle of body omposition was observed for juvenile brown trout, Salmo trutta,resident in the River Humla.Our �rst model, whih assumed a time independent assimilation alloationsheme, produed a good �t but misrepresented the within year alloation pat-terns adopted by the Girnok parr in their natural habitat. In response to thiswe modi�ed our model by allowing a seasonal hange in the the defended reserveratio threshold value for maintaining strutural growth �, to aount for this sea-sonal trend in alloation. The resultant seasonal alloation model produed abetter �t to the individual data by virtue of inreased auray in preditingpatterns of strutural growth (i.e. length) and therefore better predited thenutritional ondition of the parr as a funtion of the time of year. The best�t defended reserve ratio funtion predits a redution in the defended reserveratio over the winter months, reahing a minimum in early spring and inreasingto a maximum in late summer (see �gure(10.17)). Thus, our defended reserve237



ratio funtion traks the same patterns of alloation as those reported for otherpopulations of juvenile Atlanti salmon in their natural habitat.Our defended reserve ratio threshold is oneptually akin to the priniple of adefended energy level proposed by Mrosovosky and Sherry (1980) and reportedfor overwintering juvenile Atlanti salmon parr by Metalfe and Thorpe (1992).In tank based experiments, juveniles have been shown to express a dereasein appetite with the onset of late autumn/early winter and exhibit a gradualderease in lipid reserves over the winter months (Gardiner and Geddes (1980);Higgins and Talbot (1985); Metalfe et al. (1986); Metalfe et al. (1988);Cunjak (1988)). To investigate this phenomena in more detail, Metalfe andThorpe (1992) deprived experimental �sh of food for three weeks in November,thus aelerating the depletion in energy reserves. Experimental �sh respondedby inreasing appetite. Appetite was negatively orrelated with the estimatedenergy reserves but the hyperphagi reation was reported to be ontrolled bylength of inreased appetite as opposed to intensity (Bull and Metalfe 1996).Fish previously deprived of food regained their appetite and made up the lostfat reserves in 4 weeks of resuming refeeding. Metalfe and Thorpe (1992)onluded that the degree and duration of suppressed appetite is regulated byenergy reserves, the salmon e�etively having a \defended energy level" belowwhih appetite is inreased until lost energy reserves have been restored. Thefat that appetite and fat reserves delined in ontrol �sh over the winter periodlead Metalfe and Thorpe (1992) to state that the defended energy level wasalso dereasing over the winter months. This has also been found to be the asein other examples of natural anorexias (Mrosovosky and Sherry 1980).Further experiments onduted by Bull et al. (1996) have revealed that theappetite responses to winter periods of food deprivation were dependent uponthe time of winter in whih they were imposed. Fish that were deprived of food inearly winter foraged harder to restore lipid levels despite having greater reservesat the time. Fish that were deprived near the end of the winter period did notforage as hard to restore lipid levels even though lipid levels were very low. To238



investigate this initially ounter intuitive experimental result, Bull et al. (1996)derived a strategi model whih took into onsideration the expeted mortalitythreats from starvation and predation. From this model they ould predit theoptimal foraging e�ort whih maximises expeted overwinter survival. Theirmodel predited that foraging e�ort should inrease as lipid levels deline butshould also derease as the end of the winter approahes. Bull et al. (1996)onluded that the �sh were following seasonal trajetories towards a low targetlevel of lipid early in spring.The above investigations of overwintering behaviour of salmon parr have mostlybeen entered around hanges in appetite observed in tank based experiments.Our seasonal alloation model illustrates the onomitant hanges in alloationstrategy. We an further extend the hypothesis of an overwintering \defendedenergy level" and state that the observed winter hanges in lipid depletion arepart of a regulated seasonal yle of energy alloation and usage. With the onsetof spring, juvenile parr do not exhibit a quik reovery of reserves to a maximumlevel and then maintain this high level until late autumn. In ontrast, there isa regulated gradual inrease in lipid reserves over the growing season. At thevery beginning of the growing season alloation to strutural tissues is of primeonern. The aumulation of reserves beomes more important as the winterperiod nears. Levels of reserves peak in autumn and these reserves are drawnupon in a regulated manner over the food sare winter months. The ompleteannual yle of energy alloation and usage leads to a ontinuous but gradualhange in reserve levels throughout the annual yle. We shall disuss the majoreologial bene�ts that juveniles take advantage of by adopting this strategy inmore detail within the next hapter.For obvious pratial reasons, the majority of investigations into the seasonalrhythms of growth, appetite, food onsumption and alloation have mostly beenonduted under laboratory onditions. Even under these onditions juvenileAtlanti salmon exhibit very strong seasonal trends in growth, alloation andbehaviour. However, it has been very muh assumed that the observed growth239



and behavioural strategies are idential to that undertaken by wild parr. Withaess to �ne detailed, high resolution growth data of individually tagged parr,we have, with the help of a simple model, been able to asses whether the samepatterns of energy onsumption, alloation and expenditure are exhibited byparr in their natural habitat. Our results are in very good agreement with theresults of tank based experiments onduted under ambient photoperiods andwater temperatures. This further orroborates the onlusions of a great manyworkers that the major natural stimuli for regulating appetite, alloation andbehaviour is the natural hanges in photoperiod and water temperature (e.g.Higgins and Talbot (1985); Metalfe and Thorpe (1992); Heggenes et al. (1993);Bull et al. (1996); Simpson et al. (1996); Skilbrei et al. (1997); Bremset (2000)).The absene of these naturally hanging stimuli may therefore give misleadingexperimental results. This may be one possible reason why the experimentalresults of Elliott and Hurley (1997) and Forseth et al. (2001) onduted un-der onstant temperature and photoperiod regimes predit that parr have aminimum temperature threshold for maintaining growth of approximately 6oC.The models whih have been alibrated from these experiments predit that thefastest growth will be ahieved when water temperatures are relatively high,whih ours in late summer. However, the natural food abundane is low inthis period of the year. This atually means that warm summer temperaturesare more a disadvantage than an advantage to wild �sh. Sine metaboli ex-penditure inreases exponentially with temperature then �sh may be requiredto maintain a high foraging e�ort, inreasing the threat of predation, solely tomeet the ost of living and maintain a high level of reserves for the winter pe-riod. The exponential inrease in maintenane rates with temperature meansthat a relatively small inrease in summer temperature ould therefore have avery serious detrimental impat on wild stoks of �sh. With the ourrene ofglobal warming this senario ould well beome a reality, whih may be espe-ially detrimental to the salmonid family of �sh, who often �ght for survival inseasonally harsh, energy limiting environments.240



Part V
Disussion & Overview
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Chapter 11
The Eologial Impliations ofResoure Alloation
Life-history strategies are means by whih animals solve the problem of su-essful reprodution in a wide range of di�erent and often variable environ-ments (Thorpe 1994). One lassi problem in life-history theory is to determinethe strategies for alloating energy between growth, storage and reprodutionthat will be favoured by natural seletion (Lika and Nisbet 2000). For pre-reprodutive organisms this problem redues down to strategies for alloatingto growth and storage whih simultaneously optimise survival and growth. Highmortality rates during the early stages of salmonid �sh ensure the likelihood ofsurvival to adulthood is extremely low (Sogard 1997). Consequently, seletionpressures are very high.Within this thesis we have reviewed a broad body of literature whih reporton the energy alloation strategies of di�erent speies of juvenile salmonids ina range of di�erent environmental onditions. Rather than identifying majorinonsistenies between speies we have, in general, identi�ed more onsistentpatterns of resoure alloation. In this hapter we take the opportunity to dis-uss why juveniles adopt these (often initially perplexing) strategies of resourealloation. 242



11.1 Size Seletive MortalityOne of the major observations that were noted from part II (hapter 3) of thisthesis was the degree of importane salmonids plae on maintaining struturalgrowth. When faed with a growth restrition not only will salmonids redue therate of lipid aumulation but will even burn urrent lipid reserves to maintain adegree of strutural growth (Miglavs and Jobling (1989a,b); see table(3.5)). Ourmodelling analysis showed that slow growing smaller individuals most ertainlyinrease the risk of starvation by partaking of this strategy (see setion(4.7)).Most of the experiments we reviewed in hapter 3 were onduted under labora-tory onditions with onstant photoperiods and onstant temperatures. There-fore, it ould be argued that in their natural environments �sh may alloate theirresoures di�erently. However, suh patterns of alloation, namely, slower grow-ing smaller individuals maintaining lower levels of reserves than faster growingonspei�s have also been noted in their natural habitats (Post and Parkin-son 2001). With the inreased risk of death from starvation inurred by thisstrategy, one must ask why have suh alloation patterns evolved? and what isthis onstant pressure to grow? There are, however, a whole number of di�erentreasons why suh alloation patterns may exist for salmonids, whih mostly (weargue) our as an eologial impliation of body size.Lipids are a highly onentrated energy soure whih do not ontribute to anyinrease in �sh length. This means that high levels of lipid may inrease theweight for a given length but do not inrease �sh size in proportion to the energyinvestment. For instane, onsider again the results of Miglavs and Jobling(1989a,b) (see table(3.5)). Even though the wet weight of feed restrited �shhad inreased there was no hange in the total energy ontent. Therefore, itis lear that the aretion of leaner body masses results in an inreased �shwet weight ombined with length per unit of stored energy. That is, alloatingto struture inreases �sh size in muh greater proportions than alloating toreserves. 243



Stream dwelling salmonids are territorial reatures (Pukett and Dill (1985);Elliott (1990); Grant and Kramer (1990); Titus (1990); Youngson and Hay(1996)). Eah individual seeks to loate a desirable territory that will provideadequate shelter from predators and supply enough food to grow. Failure toseure suh a site will end in death either from starvation or predation (Youngsonand Hay 1996). Competition for suitable sites is �ere and one individuals haveseured a territory they will vehemently defend it against potential ompetitors.Territory size inreases allometrially with �sh length, and the pro�tability of aterritory to its resident is related to its size (Elliott (1990); Grant and Kramer(1990); Keeley and Grant (1994)).Physial dimensions are important in the ompetitive interations of youngsalmonids (Allen 1969), where, larger bodied individuals have a ompetitiveadvantage over smaller onspei�s. As individuals grow they need a largerterritory size. Consequently, there is ontinuous and strong ompetition forterritory spae. Therefore, slower growing, smaller less ompetitive individualsmay be fored to alloate more to strutural growth to inrease body size in ane�ort to sustain site attahment and/or inrease territory size.Competitive interations for spae and therefore food beome partiularly strongwhen the natural food supply is low. Periods of resoure sarity reinforefeeding hierarhies. There is a large body of literature reporting that largerindividuals are able to dominate the already sare food supply leading to adisproportionate distribution of nutritional resoures (Davis and Olla (1987);MCarthy et al. (1992); Thorpe and Huntingford (1992); Grant (1993); Jobling(1995); Jobling and Koskela (1996)). Individuals who adopt a more arefulstrategy to the threat of starvation by ontinuing a relatively high proportionalrate of alloation to reserves during periods of food sarity will do so at theost of maintaining strutural growth. Conspei�s alloating more to struturalgrowth would gain a ompetitive edge over these more areful individuals, allow-ing them to dominate the food supply, further reduing the food onsumptionof reserve areful individuals. 244



Another fator that will exaggerate ompetitive interations is the e�et of pop-ulation density. The general observation in stream systems is that growth isnot density dependent but that density dependent emigration or mortality isommon (see reviews in Newman (1993) and Keeley and Grant (1994) but seealso Jenkins et al. (1999)). This means that rather than �sh reduing territorysize they eah seek an area whih will suit there own individual needs (Youngsonand Hay 1996). These proesses are equivalent to the priniple of \self thinning"as developed in the botani literature (Norberg (1988); Elliott (1993); Bohlinet al. (1994)). In ontrast to streams, lake-dwelling salmonids annot emigratewhen subjeted to size-dependent aggressive interations and therefore may besubjeted to stronger density-dependent growth and size dependent mortality(Post et al. 1999). Nevertheless, in both situations, larger individuals posses anadvantage over smaller onspei�s.Predation is one of the major mortality agents within juvenile salmonids. Pre-dation is often size-biased whih an usually be attributed to gape limitation,behavioural seletion by the predator, or variation in esape ability with preysize (Sogard 1997). Under size-spetrum theory (Sheldon et al. (1997); Platt andDenman (1978)) the abundane of predators progressively dereases as predatorsize inreases. Thus, smaller prey will ontinually have a larger suite of poten-tial predators ompared to larger prey. In suh situations, alloation to morestrutural masses will inrease size (and growth rate) and therefore derease therange of potential predators earlier than a more reserve areful strategy.It must also not be forgotten that salmonids are themselves predators whoseseletion of prey is also restrited by their own gape limitation and retentiveapabilities. Salmonids feed by suking water and then squeezing the waterout through the gills. Food partiles too small will be expelled with the water.The gill rakers, whih sift the food items, sale with �sh length. Upper limitsimposed by the internal breadth of the mouth on prey size onsumption alsosale linearly with length. Wankowski (1979) estimated the morphologial upperand lower limitations to range from 0.0083 to 0.068 body lengths for juvenile245



Atlanti salmon parr ranging from 4 to 20m in length. This means that as�sh length inreases the range of potential prey items also inreases. Althoughtank based experiments have shown that salmonids exhibit prey size seletivity(Wankowski and Thorpe 1979), observations of salmonid behaviour in the wilddo not always agree (Stradmeyer and Thorpe 1987). Dill (1983) suggests thatmany �sh broaden their diet as an adaptive response, inluding less aeptableprey as the availability of preferred types delines, if this inreases their netenergy gain. Consequently, preferential alloation to struture, inreasing �shlength leads to an inrease in the number of potential prey items, whih may behighly bene�ial in periods of low food availability.All the above fators ontribute to size seletive mortality e�ets, where, largerbodied individuals have an advantage over smaller onspei�s. Sogard (1997)has reently reviewed the e�ets and mehanisms of size seletive mortality inthe juvenile stage of teleost �sh. She points out that the ourrene of sizeseletive mortality requires three onditions: 1) size variation in the population,2) non-random mortality, and 3) relatively high mortality rates. These threefators are all highly prevalent in the population dynamis of juvenile salmonids.There is a large body of literature reporting the inverse relationship betweensize and growth rate with survival in wild �sh (see Sogard (1997) and referenestherein). Studies report that even relatively small size di�erenes an ause largedi�erenes in seletive mortality rates (e.g. Healey (1982)).Therefore, in the fae of low potential growth rates, the bene�ts of maintainingstrutural growth and getting larger an often override the inreased risk ofstarvation. The importane of physial dimensions to juveniles has even lead anumber of authors to suggest that the uptake in water exhibited by salmonidsutilising their lipid stores is an attempt to maintain an appreiable size (Gardinerand Geddes (1980); Post and Parkinson (2001)).As an illustrative example of the eologial trade-o�s juveniles fae between al-loating to growth or storage within their natural environment we shall onsiderthe study onduted by Post and Parkinson (2001). They observed substantial246



variation in seasonal growth rates, autumn body size, and growing season sur-vival among eight experimental ohorts of young rainbow trout (Onorhynhusmykiss). Growing season survival was negatively orrelated with growing sea-son growth rate. Lipid onentration varied with growth rate suh that fastergrowing ohorts had higher lipid onentrations. By using independent assess-ments of the allometry of growing season survival and winter metabolism theyassessed the bene�ts of di�erent energy alloation strategies. For ohorts withlow growth rates they estimated a somati growth rate maximisation strategy toprodue a 5% survival advantage over an energy storage maximisation strategy.For fast growing ohorts the bene�ts of adopting an energy storage maximisationstrategy was estimated to give a net survival advantage of 7%.It was important to point out the above example in order to illustrate thatthe high degree of importane plaed on maintaining strutural growth (whenfaed with low potential growth rates) over alloation to storage is not simplya phenomena of tank based experiments. Size seletive (and therefore growthrate seletive) mortality has very important impliations for salmonids in theirnatural habitat. Individuals who grow fast redue the time they are suseptibleto a large number of predators, have a wider range of possible prey and dominateover smaller subordinate onspei�s. Although suh larger individuals havehigher metaboli osts, on a unit weight basis these osts are lower than forsmaller onspei�s.11.2 Trade-o�s in Rapid GrowthIn the natural environment, individuals of many speies are subjeted to periodsof high food availability inter-dispersed with periods of near or atual famine.Salmonids being aquati etotherms need pay no heating osts to maintain aonstant body temperature. Coupled with the ability to store high levels of re-serves, salmonids an survive for long periods of time with no externally derivednutritional sustenane. When the food supply is re-introdued, not only an247



salmonids fully reover from extremely harsh periods of nutritional restritionbut also show higher rates of growth than ontinually exess fed onspei�s.This phenomena of growth restrited �sh being able to make up growth lossesis referred to as \ath-up", \reovery" or \ompensatory" growth.Our modelling investigations showed us that ompensatory growth is a genuineompensation in strutural growth (although full reovery is rare) as well asa reovery of nutritional status (hapters 6 and 8). Thus, the ompensatoryresponse would allow �sh to bu�er the e�ets of variation in food availabilityon growth and levels of reserves (Wootton 1990). However, the existene ofompensatory growth illustrates that rates of growth (even in �sh fed to exess)are often sub-maximal. Why do individuals adopt this apparently sub-optimalstrategy?In the previous setion we explained a whole number of reasons why high rates ofgrowth should bene�t juvenile survival and therefore �tness. If bigger is gener-ally better, we should expet a ontinual diretional seletion toward large bodysize and fast growth rates. Obviously there must be onstraints or trade-o�sthat plae boundaries on suh seletion (Sogard 1997). We dediate this setionto disussing what the most likely physiologial and behavioural restraints ausetrade-o�s in rapid growth.Conover and Shultz (1997) provide a ompelling argument suggesting that phys-iologial onstraints prevent southern populations of Atlanti silverside (Meni-dia menidia) from attaining maximum growth potential, despite demonstratedadvantages of large size for avoiding predation and surviving over the winter.Beause of the shorter growing season, northern populations grow faster thantheir southern ounterparts allowing them to reah the same size at the onsetof winter (Conover and Present 1990). Why, if large body size is bene�ialdo southern individuals not attain the growth rates as that of their northernpopulation?Conover and Shultz (1997) have demonstrated through laboratory studies of248



performane that there is a ost to rapid growth: �sh that grow rapidly, and on-sume large meals to do so, have lower size-spei� swimming ability (both burstand sustained swimming) and they are more suseptible to predators. Hene,rapid growth trades-o� with defensive apabilities. Southern populations, withtheir extended growing season, an readily attain suÆient winter size with amoderate growth rate and maintain an energy reservoir for other ativities.It has been known for some time that endorine manipulation an indue fasterthan normal growth in �sh (reviewed in Tytler and Calow (1985)). For example,growth hormone injetions have been shown to inrease growth rate, appetiteand ompetitive ability under laboratory onditions (Johnsson and Bj�ornsson1994). To investigate why endogenous seretion of growth hormone is not higherin wild �sh, Johnsson et al. (1999) studied the performane of growth hormonetreated juvenile brown trout (Salmo trutta) and ontrol (plaebo) trout in anenlosed stream setion subjeted to natural predation. Four experiments wereonduted during all four seasons of the year.Growth hormone treated �sh did not have signi�antly di�erent mortality ratesthan ontrol �sh. However, there was an overall tendeny for higher mortality ingrowth hormone treated trout (33.5%) than in ontrol trout (28.7%). The majordi�erenes in experimental groups were in the levels in energy reserves presentwith the faster growing growth hormone treated trout possessing lower levelsof storage energy. Their results support the hypothesis the growth hormonepromotes growth (partiularly in length) at the expense of energy storage (Siblyand Calow 1986). Johnsson et al. (1999) further suggest that growth hormonepromotes growth at the expense of investment in maintenane.Fast rates of growth have also been related to high rates of resting metabolism(Priede (1985); Metalfe et al. (1995); Yamamoto et al. (1998); Cook et al.(2000); O'Connor et al. (2000)). Priede (1985) reviews and highlights thetrade-o�s in metaboli sope (maximum metaboli power-min metaboli power)in �sh. It would seem that a high value of metaboli power neessary to proesslarge amounts of food whilst still being able to remain ative (to avoid predators249



and fend o� or dominate ompetitors) omes at a prie of high rates of restingmetabolism. Suh individuals may well be more prone to starvation when en-during nutritional sarity. On the other hand, low rates of resting metabolismmay ome at a prie of a low maximum metaboli power output.In reviewing the literature it beomes lear that there are essentially two physi-ologial strategies that an be employed to inrease growth rates, both of whihhave there pries. A derease in maintenane expenditure will inrease growtheÆieny but will inur the osts to tissue repair and therefore most proba-bly inrease the threat of disease infetion.The ability to inrease onsumptionrates may require a greater metaboli sope whih means higher rates of restingmetaboli rates, therefore, inreasing the suseptibility of individuals to starva-tion (Cook et al. 2000). In addition, the metaboli requirement to proess highrates of food intake may enompass muh of the available metaboli sope redu-ing the energy available to other metaboli proesses suh as loomotor ativitywhih is essential to esape from predators and/or ompete with onspei�s.Aside from purely physiologial e�ets there are also behavioural onsiderations.Houston and MNamara (1992) showed that the avoidane of risk is frequentlyof paramount onsideration in foraging strategy. It seem plausible that ani-mals whose behaviour is determined by physiologial signals will have hungerresponses designed to produe foraging behaviour whih minimises long termrisk rather than short or medium term realised growth rates. There are nu-merous reports of �sh preferentially residing in less rewarding habitats in thepresene of predators (see Sogard (1997) and referenes therein). For example,L'Ab�ee-Lund et al. (1993) report that juvenile Arti harr (Salvelinus alpinus)forage preferentially in the more rewarding pelagi zone, but remain restritedto the benthi zone where growth rates are lower when they share a lake with(predatory) brown trout (Salmo trutta).Clearly, there are trade-o�s in realised rates of growth both on an evolutionaryand an eologial sale. When food is in relative abundane and despite theadvantages of growing fast, individuals may adopt this apparently sub-maximal250



growth strategy in an e�ort to maximise the bene�ts of maintaining a balanedphysiologial funtioning and dereasing potential predator ontats. However,when suh a balane is upset then the bene�ts in growing fast and reoveringlost reserves may override the assoiated osts leading to what we refer to as\ompensatory growth".Very rarely do workers report on the long term well-being of groups of �shsubjeted to growth manipulation experiments. However, very reent studiessuggest that there may be substantial physiologial osts in aelerated rates ofreovery growth. Morgan and Metalfe (2001) report that following an autumnalperiod of food shortage juvenile Atlanti salmon rapidly regained lost reservestatus by beoming hyperphagi. However, several months later they entered aprolonged phase of poorer growth performane (despite exess food provision),so that by the following spring they were substantially lower than ontrols andhad lower lipid reserves for their body size. In a follow up paper, entitled\Compensation for a bad start: grow now, pay later?", Metalfe and Monaghan(2001) review and disuss the physiologial osts (ranging from short to longterm) whih are often displayed by a wide range of taxa who have undergoneompensatory growth.The observations that have reently ome to light onerning assoiated physi-ologial osts leads us to question the potential utility of ompensatory growthto the aquaulture industry. Given that the general mehanism for inreasedgrowth rates seems to be an inrease in food onsumption and not inreasedgrowth eÆieny, oupled with the fat that inidenes of over-ompensationare extremely rare leads us to draw the onlusion that there is no pratial(and ertainly no onsistent) bene�t of feed yling to the aquaulture indus-try. Indeed, feed yling would probably be more likely to lead to a derease inprodution with no added bene�t of ost savings.
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11.3 Coping with a Seasonal EnvironmentOne of the most impressive harateristis of the salmonid family of �sh is theirability to adapt to a large range of di�erent environmental onditions { themost immediately obvious and most elebrated, being their ability to traversebetween marine and freshwater environments. However, for obvious pratialreasons, very little is known about the life history strategies adopted by anadro-mous salmonids within their oean going phase. Arguably, however, it is in thefreshwater phase of life where juveniles may have to ope with a larger arrayof di�erent environmental extremes, whih not only hange with the seasonsbut also vary on an annual and daily basis. To survive, grow and ourish insuh variable and prearious environments neessitates a speialised life historystrategy that is not only adapted to the geographial loation but also to theloal environment.Our study of the seasonal growth and alloation strategy of juvenile Atlantisalmon parr from the Girnok burn is a very good illustration of how salmonidsmake the best of seasonally harsh, energy limiting environments (Part IV). Ex-perimental observations illustrate that juvenile salmonids have seasonal rhythmsof appetite whih are in antiipation of the natural food supply (Metalfe et al.(1986); Metalfe and Thorpe (1992); Errikson and Alan�ar�a (1992); Bull et al.(1996); Simpson et al. (1996); Simpson and Thorpe (1997)). Our modellinganalysis (hapter 10) highlights the less noted onomitant seasonal hanges inenergy alloation strategy.At the onset of spring, reserve levels of juveniles in the Burn are at their low-est levels of the year. However, when the food supply beomes more abun-dant, juveniles are prinipally alloating their resoures to building struture.This would make sense beause there is simply no need for high levels of re-serves when individuals are pretty muh guaranteed a meal, if not today, to-morrow. Zonneveld and Kooijman (1989) point out a similar prudent seasonalenergy alloation strategy in pond snails (Lymnaea stagnalis), onerning en-252



ergy alloation to reprodution (Bohlen and Joose 1982). In simulated summeronditions (long photoperiod) starved snails ontinue alloation to (energeti-ally expensive) reprodution in the (misguided) antiipation of an abundantfood supply. Under simulated autumn onditions (shorter photoperiod) starvedsnails ease alloation to reprodution in an e�ort to inrease survival time whenthe food supply is of lower abundane.There is evidene to suggest that high levels of reserves may inrease preda-tion among juveniles in their natural environment. Johnsson et al. (1999) (seeprevious setion) found that hathery-raised trout with higher initial onditionfator values su�ered higher rates of mortality than more slender �sh. Severalstudies suggest that birds redue their fat reserves when predation risk inreases,as high levels may inhibit esape ability (e.g. Gosler et al. (1995)). Johnssonet al. (1999) tentatively point out that �sh nutritional ondition ould also be afator in governing the esape ability of salmonids and also predator preferenes.Sine risk-taking behaviour may well be inreased during the spring period (asa result of an inreased appetite) then it would be important that �sh maintainthe best morphologial ondition neessary to avoid predation. In other words,leaner more slender �sh may well have a redued risk of predation.If there is one property that all three of our di�erent alloation shemes havein ommon is that individuals who alloate more to struture in an environ-ment with a plentiful supply of food grow appreiably faster than onspei�salloating less to struture. The reason, of ourse, being that the inreased in-vestment in struture allows individuals to onsume more of the plentiful foodsupply. This may be an espeially prudent strategy for the Girnok parr, sinehigh food abundane may only be available for a very short period of time. Insuh a senario, an inreased investment to strutural tissues in antiipation ofthe natural food supply would allow individuals to apitalise on this valuableenergy soure.It is also important to note that during spring, older, larger parr are leavingthe Burn and beginning their seaward migration. Therefore, prime territory253



sites (previously dominated by larger �sh) will beome available to the parrthat will remain in the burn for at least another year. Consequently, we shouldexpet a high degree of jostling and antagonisti behaviour through ompetitionfor these vaated territories. As noted in the previous setion, an inreasedommitment to struture will inrease size and therefore inrease individualompetitive performane.There is a substantial body of literature reporting that larger bodied �sh, andthose with enhaned energy stores are more able to survive intense periods ofresoure sarity (see review in Shuter and Post (1990)). As spring turns intosummer the natural food supply beomes less abundant and already individualsfrom the Burn are beginning to aumulate reserve provisions for the ensuingwinter period. The seasonal hange in energy alloation seems to be a gradualhange over the summer period, probably as an insurane against unpreditableinter-annual environmental utuations, whih may leave less areful individualsleaving reserve aumulation until very late in the growing season faing thewinter with low lipid stores. Reserve levels among stream dwelling salmonidsusually peaks in late summer (Gardiner and Geddes (1980); Higgins and Talbot(1985); Berg and Bremset (1998)) and for the Girnok individuals there seemsto be no exeption (see �gure(10.8)).As winter approahes, studies have illustrated that juveniles appear to undergo aderease in appetite whih oinides with a shift in habitat preferene (Metalfeet al. (1986); Metalfe et al. (1988)). Juveniles leave the relatively shallow fastowing ri�es preferring to spend long periods beneath the substrate (Rimmeret al. (1983); Cunjak (1988); Valdimarsson and Metalfe (1998)). Feeding mayontinue over the winter but juveniles have been reported to hange from a diel toa less pro�table noturnal feeding pattern. This may be in response to a lowerburst swimming apaity at lower temperatures (Webb 1978) inreasing thethreat of predation in daylight hours (e.g. see Heggenes et al. (1993)). Duringthe winter period, the low rates of food onsumption are not suÆient to meetmetaboli expenditure. Therefore, no signi�ant resoure is direted to struture254



and lipid reserves are drawn upon in a gradual and regulated manner over thewinter period, in an e�ort to simultaneously minimise the risk of starvation andpredation (Metalfe and Thorpe (1992); Bull et al. (1996)).The seasonal pattern of energy alloation exhibited by Girnok parr has evolvedin suh a way to make the very best of a seasonally harsh, energy limitingenvironment. This seasonal yle of energy alloation leads to a ontinuous butgradual hange in reserve levels throughout the year. Suh seasonal patternsof energy alloation are widespread amongst other speies of �sh, as well asthe salmonids, whom also fae the same mortality threats (e.g. GriÆths andKirkwood (1995); Hurst et al. (2000)).
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Chapter 12
Modelling Overview
12.1 Thesis Modelling ObjetivesWhether an individual hooses to alloate its (often limited) resoures to growthor storage has some enormous impliations for its survival and therefore �tness.Nevertheless, most �sh growth modellers have adopted sub-lasses of modelswhih are simply not apable of expressing this hoie in energy investment(see setion(2.2)). On the other hand, workers whom are interested in energyalloation have mostly onentrated their e�orts on the problems assoiatedwith alloation to reprodution (Kooijman (1993); Noonburg et al. (1998); Likaand Nisbet (2000)). As a onsequene of this, the (potentially less ompliated)resoure alloation modelling of juveniles has reeived very little attention, evenbordering on neglet. Most surprisingly, there is a distint lak of a standardiseddynami modelling framework whih an be used to investigate the patterns ofenergy alloation adopted by the life-history diverse and enormously researhedjuvenile salmonids. The main aim of this thesis has been to address and makeprogress in this relatively unexplored modelling researh area.
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12.2 The Modelling FrameworkTo investigate the resoure partitioning strategies of juveniles we deided uponusing the modelling framework initiated by Broekhuizen et al. (1994). The stateof an organism is desribed by two state variables; strutural arbon weightS, mainly in the form of proteins and inorgani minerals, and reserve arbonweight R, mainly in the form of lipids and arbohydrates (see setion(2.3)). Byde�nition strutural arbon weight S is non-dereasing (i.e. ommitment tostruture is irreoverable) and is therefore a useful surrogate for length, whihalso does not derease with either short or prolonged periods of food deprivation.As a useful measure of nutritional status we used the ratio of reserve to struturalarbon weight given by X � R=S. In this modelling framework an organismdies when it annot meet the ost of living, whih orresponds to X falling tozero.Having presented the modelling framework we then went on to derive funtionalforms whih related the model state variables and the environmental onditionsof the juvenile to the rate at whih arbon is lost from the body (maintenane),together with the rate at whih arbon an possibly be (under normal healthyonditions) assimilated into the body (see setion(2.4)). By far the most in-uential environmental fator whih a�ets the proesses of maintenane andmaximum uptake is water temperature. Ignoring thermal extremes, whih even-tually redues uptake apaity, we modelled the proesses of maintenane andmaximum uptake as both being exponentially dependent upon temperature.Both maintenane and maximum uptake exhibit a negative allometri relation-ship with size. However, whereas all tissues require maintenane not all tissuesare involved in the proesses of gathering and proessing of food. Therefore,maintenane was desribed as being a funtion of total arbon weight, but inreognition that struture inludes suh body onstituents as the gut and mouthparts, uptake apability was modelled as being solely a funtion of struturalarbon weight. Thus we derived a funtional form for maintenane M , standing257



for the olletion of proesses neessary to remain alive but independent of theproesses of growth. To obtain the realised assimilation rate A we multipliedthe �sh's uptake of arbon U by an assimilation eÆieny onstant ", whih rep-resented losses inurred by inomplete absorption and spei� dynami ation.At this stage we were in possession of an intuitive modelling framework, togetherwith equations for desribing the physiologial proesses of assimilation andmaintenane. The next stage was to present three di�erent modes of resourealloation whih ould all be applied to the same modelling framework, render-ing all subsequent analysis to be mathematially onsistent (see setion(2.5)).The one overriding onstraint plaed on all these alloation shemes was that,wherever possible (i.e. X > 0), maintenane osts must be met. This meantthat the total hange in arbon weight of the organism was equal to the di�er-ene in urrent assimilation and maintenane rates. The net prodution, reserveand assimilation alloation shemes di�er in their assumptions onerning theway juveniles alloate their resoures to the proesses of maintenane, growth(struture) and storage (reserves). We shall now, in turn, disuss the suess ofeah of these three di�erent alloation shemes to model the resoure alloationdynamis of juvenile salmonids subjeted to a range of di�erent environmentalonditions.12.3 Net Prodution AlloationThe priniple assumption of the net prodution alloation sheme we presentedin setion(2.5.1) is that maintenane always has �rst and omplete all on assim-ilate. By assuming that a onstant proportion of net prodution is alloated tostruture we arrive at a sheme whih predits that individuals who an sustaingrowth head towards a onstant steady state reserve ratio that is independentof both ration and temperature (see setion(4.4)). This means that a reduedopportunity for positive growth is met with a redution in strutural growthrate but no redution in reserve status. When the organism annot maintain a258



positive energy balane then ommitment to struture eases, immediately andindependently of reserve status.From the above, it is lear that the net prodution sheme is a a areful growthstrategy in whih strutural aumulation is only maintained when the ondi-tions for growth are good. Suh an alloation sheme may well be appliableto other speies of animals who onsistently adopt a more areful strategy toperiods of nutritional restrition than that of the often reserve risking juvenilesalmonid.One of the major impliations of hoosing this sheme is that an organism main-taining a stationary or even negative energy balane annot arete any newstrutural tissues, whih is in ontrast to literature reports. The assumptionthat maintenane always has �rst all on assimilate is almost onsidered to besarosant amongst many growth modellers, although, the exat reasons whyare rarely disussed. There is no refuting that, wherever possible, maintenaneosts must be met. This means that the hange in the total energy ontentwithin an organism predited by any model must reet this { as all our dif-ferent alloation shemes do. Most growth models that have been applied to�sh use a single state variable suh as weight or energy. Sine these models arebased on the priniples of onservation, all single state variable models must,by de�nition, be net prodution models. There is no intrinsi reason why theolletion of metaboli proesses known under the guise of maintenane musthave �rst and omplete all on the immediate assimilate when an organism'sbody onstituents are modelled using more than one state variable.12.4 Reserve AlloationThe reserve alloation model, �rst presented in setion(2.5.2), was derived to testthe hypothesis that salmonids prinipally ontrol the rate and degree of om-mitment to irreoverable strutural tissues through a monitoring of nutritionalstatus. Individuals in a poorer nutritional state would onsider ommitting less259



to struture than individuals in a better nutritional status. In prinipal, thishypothesis ould have automatially explained why experimental observations ofgrowth rate and nutritional ondition are orrelated with one another (hapter3).Using the reserve alloation sheme we derived a andidate model in whih thesteady state reserve ratio was a funtion of net prodution (see setion(4.5)).This model was apable of exhibiting the qualitative features of how growthrate and nutritional ondition are orrelated with one another, as eliited bya onstant growth regime. However, it was the response to hanges in theenvironment that this model gave poor preditions, partiularly with regards tostarvation.When salmonids are starved of food, strutural growth is for all intents andpurposes, immediately essated, even in initially reserve rih individuals. Thereserve alloation sheme predits a ontinued deposition of strutural tissuesat the onset of the starvation period (see setion(4.7)). Indeed, at the verybeginning of the starvation period the instantaneous strutural growth rate isexatly equal to that eliited by the previous growth regime. This ontinuedgrowth in starving �sh essentially negates any nutritional advantage possessedat the onset of starvation period. This results in initially reserve rih onlyinreasing their survival time by a very small amount ompared to initiallyreserve poorer individuals of similar size (see �gure(4.39)).The fat that salmonids do not exhibit any signi�ant strutural growth duringstarvation hints at only a weak ability for the propensity of reserve tissues tobe diretly onverted into strutural body onstituents. The e�ets of di�erentdiet formulations on growth and nutrient partitioning gives further redenethis hypothesis. If strutural growth was solely a funtion of reserve statusthen why do diet manipulation experiments onsistently show onspei�s (fedfeeds di�ering in lipid onentrations) to maintain idential strutural growthrates yet posses signi�antly di�erent reserve levels (see for example �gures(3.5)and (3.6)). In suh a situation, the reserve alloation model would predit the260



individual with the highest reserve status to be growing more rapidly.The reserve alloation model assumes that all assimilable arbon an be on-verted into strutural body onstituents, whih basially assumes that lipids anbe freely onverted into protein. The reserve alloation model is therefore basedpurely on energeti assumptions and does not onsider in any shape or form thephysiologial onstraints imposed by the possible routes of nutrient alloationin �sh. For this reason, the reserve alloation model annot hope to explain thee�ets of di�erent diet formulations on growth and alloation.We argued in our review in hapter 6 that ompensatory growth was prinipallymotivated by an inreased uptake of food as opposed to an inrease in growtheÆieny. In hapter 7 we inorporated a ompensatory growth response bystating that individuals beame hyperphagi when reserve status fell below thesteady state reserve ratio value maintained when food was in relative abun-dane (see setion(7.4)). Individuals would remain hyperphagi until they hadreovered their previous nutritional ondition.With the reserve alloation sheme, the rate and degree of ommitment to stru-ture is governed by reserve status. This means that an inrease in uptake, trig-gered by a poor nutritional ondition, �rst results in a reovery of nutritionalondition and only then does ommitment to strutural body masses begin toinrease (see setion(7.4.2)). This quikly ablates the hyperphagi response re-sulting in no genuine strutural ompensation, in ontrast to literature reports.Attempts to �t the reserve alloation model (inorporating a hyperphagi re-sponse) to the ompensatory growth tank-based data, proved unsuessful (un-published data). The model onsistently and grossly over predited length gainsin starving �sh. Furthermore, the model onsistently under predited reoverygrowth responses, both in weight and length, prinipally beause reovery ofnutritional ondition was extremely quik.The reserve alloation sheme is a very poor reetion of the growth andalloation dynamis of juvenile salmonids, partiularly with regards to abrupt261



hanges in environmental onditions. It is lear that salmonids have a struturalgrowth dynami whih is very muh more related to the immediate food supplyand not to stored internal reserves.12.5 Assimilation AlloationThe net prodution model proved unsatisfatory beause it is a restritive andareful growth alloation sheme whih does not omply with the often reserverisking growth strategy adopted by juvenile salmonids. The reserve alloationsheme was unsatisfatory beause of its preditions to hanges in the environ-ment whih we mostly attribute to its poor nutritional priniples. Faed withthe inadequaies of these tried and tested alloation shemes, and also the lakof any other (pre-reprodutive) alloation models that ould be applied to ourmodelling framework, we were fored to derive a new alloation model. The �nalresult is a simple and novel alloation sheme whih has some highly desirableproperties.The assimilation alloationmodel was derived purely on the simple priniple thatsome nutrients an at as both an energy soure and a nutrient soure (proteins)whilst others (lipids and arbohydrates) an only mainly at as energy soures.This hypothesis immediately plaes strong onstraints on the possible routesof alloation. It implies that there exists strong and non-reversible nutritionalpathways.Up until now, we have asked the reader to believe the above hypothesis. Thestrongest piees of evidene for this hypothesis was gleaned from the e�ets ofdi�erent diet formulations on growth and alloation. Furthermore, by turningthis hypothesis into a working assumption in hapter 5 our resulting modelpreditions were in good qualitative agreement with experimental results. Weshall now o�er biohemial evidene to further support this hypothesis of strongnutritional onstraints on the possible routes of resoure alloation in �sh.262



The major strutural body onstituent of �sh are proteins and various miner-als neessary to build the skelature (Morgan et al. (2000); Post and Parkinson(2001)). Proteins are large organi moleules that ontain arbon, hydrogen,oxygen, nitrogen and sulphur. The elementary omposition of most proteins isvery similar, approximate perentages being C = 50-55%, H = 6-8%, N = 15-18%, S = 0-4% (Jobling 1994). The fundamental strutural unit of the proteinmoleule is the amino aid of whih there are twenty naturally ourring formsthat are inorporated into protein. Fish are able to synthesise and inter-onvertsome of the amino aids, but are inapable of de novo synthesis of ten others.Thus, from a nutritional standpoint amino aids an be divided into essentialand nonessential (indispensable) groups. Certain amino aids seem to be essen-tial beause the �sh lak the biohemial mahinery required to manufaturethe hemial on�gurations of the arbon hain skeletons of these amino aids(Jobling 1994).Figure(12.1) displays the various proesses involved in the amino aidmetabolism of �sh. The supply of proteins in the diet is �rst digested intoits amino aid omponent forms and added into the total free amino aid pool.From this pool there are two routes whih the amino aids an take. The aminoaids an either be synthesised into body proteins or be onverted into a lassof ompounds known as keto aids. These keto aids an be burnt diretly tofuel metaboli proesses or be onverted into reserves in the form of lipid andarbohydrate. The proess of onverting amino aids into keto aids requiresthe removal of nitrogen from the nitrogen rih amino aids.The most important point to note here is that the total free amino aid pool in�sh is very small (equivalent to 2% of the protein pool). The dietary amino aidssupplied by a normal sized meal is approximately double the size of the totalfree amino aid pool in �sh (Hohahka and Mommsen 1995). Furthermore, ithas been noted that the aumulation of essential amino aids is harmful to the�sh, and are therefore maintained at low levels (Millward and Rivers 1988).Considering the elemental omposition of the �sh as a whole, the amount of263
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Glucose LipidCO , H O2 2Figure 12.1: Amino aid metabolism in Fish. Taken from Hohahka andMommsen (1995).non-protein nitrogen is very small, approximately 0.12% of wet body weight(Niimi (1972); From and Rasmussen (1984); Brett et al. (1969)).From the above biohemial fats we an make a surprising number of quitepowerful dedutions:1. The ombination of the �sh's inability to synthesise 10 essential aminoaids from a total of 20, oupled with the fat that the non-protein nitrogenpresent in the body is very small means that the ability of lipids andarbohydrates to be diretly onverted into protein is, for all intents andpurposes, negligible (pers. omm. Kim Jauney 1). This is one reasonwhy we don't see any signi�ant strutural growth during starvation, evenin initially reserve rih �sh. The �sh simply lak the nitrogen to areteany signi�ant amounts of new proteins.1Kim Jauney, Institute of Aquaulture, University of Stirling, Stirling, FK9 4LA264



2. From the above, it is lear that salmonids who manage to maintain proteingrowth (positive nitrogen balane) whilst remaining in a stationary energybalane (e.g. Miglavs and Jobling (1989b); see table(3.5)) must be usingthe amino aids in the \maintenane" ration to build new protein andusing reserves to meet metaboli osts. This has already been noted byJobling et al. (1993).3. The fat that the total free amino aid pool is very small, means thatthe �sh's ability to store amino aids is very small. This implies thatprotein growth is a \fast" proess (pers. omm. Kim Jauney). That is,when the food supply is withdrawn, protein growth is almost immediatelyessated (give or take the remaining food in the gut). In a similar manner,when food is re-introdued, amino aid onentrations an be very quiklyreovered, whih means that protein growth an almost immediately berestarted.How do we emulate these strong strutural growth harateristis? We makealloation to struture within our modelling framework a funtion of the imme-diate assimilate.The assimilation alloation model was �rst presented in setion(2.5.3). We par-titioned the �sh's assimilate into two di�erent nutrient lasses; strutural nutri-ents, mainly in the form of proteins and inorgani minerals, and reserve nutri-ents, mainly in the form of lipids and arbohydrates. Strutural nutrients anbe used to build struture but an also be onverted into reserves and/or meetmaintenane. On the other hand, reserve nutrients an only be used to meetmaintenane and be stored in reserves.In part II (setion(4.6)) we introdued a partiular ase of the assimilationalloation model in whih we assumed a healthy well-fed individual alloatesa onstant proportion of the strutural nutrients in the assimilate to buildingstruture. For a onstant diet formulation this means that a onstant proportionof the total assimilate is direted to building struture. The resultant steady265



state reserve ratio behaviour was negatively related to the ratio of maintenaneto assimilation. This meant that �sh managing to maintain growth sustain anutritional ondition whih is a funtion of ration level and temperature andthus growth rate, as desribed by the literature.When a healthy well-fed organism is supplied with a maintenane ration, stru-tural growth ontinues beause alloation is made in proportion to the immediateassimilate. However, the rate of strutural growth is relatively slow in ompar-ison to the reserve alloation model beause ommitment to struture is beingonstrained by the already low ration of food. Nevertheless, for biologial real-ism we reognised that the assimilation alloation model required a mehanismto redue and eventually ease any further alloation to struture. In the ab-sene of any evidene to the ontrary we deided upon a funtion whih variedlinearly with reserve ratio between zero and the nominal proportion of the totalassimilate direted to struture. Hene, when a maintenane ration is supplied,strutural growth ontinues slowly until the reserve ratio falls to the defendedvalue �S, at whih point any further ommitment to struture eases.In an idential fashion to the net prodution model the absene of a food supplyeases strutural growth, immediately and independently of reserve status. Theresultant model dynamis allowed us to derive an analyti solution for the timeto death from starvation. From this we predited that low temperatures, highinitial nutritional ondition and more interestingly size all lengthened the timeto starvation. All these preditions are supported by the literature.In hapter 5 we investigated the preditions of the assimilation alloation modelwith regards to hanges in the formulation of the diet. We manipulated theomposition of the diet by hanging a small number of exogenous parameterswhih ontrolled the proportions of strutural and reserve nutrients in the �sh'suptake. As a �rst approximation we assumed that the onversion of reserve andstrutural nutrients to their respetive assimilate omponents inurred equalproessing osts. In reognition that protein growth an reah a reasonably wellde�ned maximum rate we imposed an upper limit on strutural growth rate266



whih we assumed to be proportional to the �sh's maximum uptake. Followingthis, we demonstrated that the addition of lipids in the diet serves only toinrease the rate of reserve aumulation. We also demonstrated the importaneof supplying enough strutural nutrients in the diet to maintain a fast growthrate.To add more realism we inorporated di�erential proessing osts for reserveand strutural nutrient proessing. An analysis of this modi�ation revealedthe major a�ets of adjusting the formulation of the diet to to remain verysimilar, exept, however, that equal proessing osts under predits the rateat whih the more easily synthesised reserves are aumulated. In addition,we also identi�ed a mehanism whih ould explain how high lipid levels ouldinrease strutural nutrient retention eÆieny, ommonly referred to as protein`sparing'. The easier to synthesise reserve nutrients help the �sh maintain agood nutritional ondition thus avoiding any extraneous atabolism of struturalnutrients whih may be neessary to meet energeti requirements or defend anutritional ondition.In the �nal setion of this hapter we outlined the major goals aquaulturists areseeking to maximise when studying the e�ets of diet formulation. Our modelhomed in on an optimal diet formulation and ration level. The optimal rationand feed formulation supplies enough strutural nutrients to keep struturalgrowth near maximum whilst simultaneously supplying enough energy in theform of the more digestible reserve nutrients (primarily in the form of lipids) tomeet energeti requirements and maintain a healthy reserve status, thus avoidingany extraneous atabolism of proteins.In setion(7.4.3) we investigated the dynamis of the assimilation alloationmodel with the inlusion of a hyperphagi ompensatory response funtion fol-lowing periods of growth restrition (see setion(7.4)). Beause ommitment tostruture is made from the immediate assimilate, an inreased uptake serves toinrease the strutural growth rate beyond normal ontrol levels. This inreasedommitment to struture prolonged the hyperphagi response in omparison to267



the reserve alloation model and therefore resulted in a muh stronger ompen-satory growth response.Based upon the qualitative suess of the assimilation alloation model, we wenton to �t a number of feed yling tank-based experimental data sets. For allstudies, the model �tted the ontrol portions of the data in an exellent man-ner. Forward extrapolation of these growth trajetories to inlude the re-feedingportion of the data revealed that, with the exeption of one study, ohorts hadundergone an aelerated growth response, both in wet weight and length. Bysimply stating that individuals were hyperphagi until the previous nutritionalondition was reovered, we obtained an exellent �t to the remaining portionof the data sets, both in wet weight and length.Based upon its qualitative and now quantitative suess, the assimilationalloation model was the most natural hoie to investigate the growth andenergy alloation dynamis of juvenile salmonids in their natural habitat. We�rst arried out a simple budget analysis to identify the major temporal pat-tern of assimilation exhibited by juvenile Atlanti salmon parr from the GirnokBurn. The inferred temporal pattern of assimilation was lear enough to beharaterised by a simple funtional form. The saled annual assimilation fun-tion, together with the independently parameterised maintenane funtion wasused to drive a simple individual based model whih assumed non-seasonal as-similation alloation to struture. Although the �t was good, there was a learand systemati trend in the model length and ondition fator residuals, butnot weight residuals. This signi�ed that the within year pattern of alloationwas being misrepresented. A simple modi�ation, whih allowed alloation tohange with the hanging seasons, eradiated the systemati pattern of residu-als in length and ondition fator. The best �t seasonal defended reserve ratio�S was eologially sensible and illustrated how salmonids make the best ofseasonally harsh energy limiting environments.
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12.6 Suggestions for Future ResearhOne of the most obvious suggestions for future researh is to inorporate energyalloation to reprodution within our modelling framework. The reprodutivedynamis of the net prodution model and a ousin of our reserve alloationmodel have been analysed in detail within Kooijman's dynami energy bud-get (DEB) modelling framework. Indeed, Kooijman's energy alloation sheme(ommonly referred to as the �-rule for alloation) analogous to our reservealloation sheme was spei�ally derived to explain how individuals alloateenergy alloation to reprodution but also still maintain growth. The DEBframework uses the analogous state variables of reserves and biovolume, there-fore we should not expet any major di�ering modelling onlusions onerningthese alloation shemes. However, the assimilation alloation model is origi-nal and as suh no reprodutive modelling investigations have been ondutedbased on its assumptions onerning alloation to growth and storage. Given thesuess of the assimilation alloation sheme over its ounterparts in preditingthe energy alloation dynamis of juvenile salmonids then it would also be thenatural hoie.Reprodution is energetially very expensive and the greatest demand in spawn-ing salmonids is for lipids (Sedgwik 1988). Therefore, energy alloation to re-prodution ould reasonably be expeted to be made from reserves. Feundityis related to body size in �sh (Wootton 1990), however, diets high in lipid havebeen shown to inrease the inidene of early maturity (Silverstein et al. 1997).This implies that size and nutritional status are both important fators in gov-erning when it is advantageous to beome fully sexually mature. As mentionedat the very beginning of this thesis in setion(1.2), it is now lear why it is hardto identify between �sh size, growth rate and nutritional ondition as being themajor determinants of sexual maturation, prinipally beause these fators allovary with one another.The assimilation alloation model enapsulates the relationship between growth269



rate and nutritional ondition. Furthermore, the assimilation alloation modelan model the e�ets of di�erent diet formulations making it a highly desir-able mathematial tool for investigating what fators or indeed, ombinationof fators whih mostly govern the onset of sexual maturity. A areful set ofexperiments noting the inidenes of sexual maturity in �sh subjeted to dif-ferent growth regimes and diet formulations ould be arefully analysed usingthe assimilation alloation model. Suh an experimental protool, oupled withthe aid of our model ould lead to a more aurate estimate of what ombi-nation of size and nutritional ondition initiates sexual maturity. This may beespeially useful for the aquaulture industry beause the biohemial hangesduring spawning render �sh useless to farmers (Sedgwik 1988). The formula-tion of the diet ould possibly be modi�ed to delay the onset of sexual maturityand therefore inrease yield.
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Appendix A
The Downhill Simplex Methodof Optimisation
The downhill method of optimisation (DSO) was developed by Nelder and Mead(1965). The method is a multidimensional proedure to minimise any presribederror funtion whih an evaluated by a vetor of real parameters. There isno requirement for funtion derivatives to be evaluated, making it espeiallysuitable in ases when the �rst order derivatives are diÆult to alulate ordisontinuous.The DSO algorithm that will be used is from Press et al. (1989) and is best de-sribed from a geometri perspetive. Consider a �tting objetive f(P;Y) whihis a funtion of the dataY = (Y1; Y2; :::YM)0 and parameters P = (P1; P2; :::PN)0.The user must initially speify N + 1 di�erent trial parameter vetors P. Sineeah of the N + 1 trial parameter vetors P has a orresponding funtion valuethen they are best viewed as being the verties of a simplex in an N + 1 di-mensional error spae, where, the "highest point" of the simplex exists at thelargest funtion value. The downhill simplex method then takes a series of steps,whih inlude reetions, expansions and ontrations of the simplex designedto move the simplex downhill, thus, minimising the objetive funtion. Thisproess is ontinued until the verties of the simplex have onverged to within301



a user supplied tolerane resulting in the best �t parameter vetor P̂.In a smooth and well behaved error spae the DSO will disover the global min-imum in the majority of ases. However, with inreasing error spae omplexityand a greater number of �tting parameters global minimisation ours less fre-quently. In suh situations it is neessary to utilise the method of bootstraprestarting.
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Appendix B
Bootstrap Restarting
The bootstrap restarting method is a tehnique very reently developed by Wood(2001). Bootstrap restarting an be used in onjuntion with most minimisationtehniques to help avoid onverging in spurious loal minima. The trik is tostohastially perturb the objetive funtion by taking bootstrap resamples fromthe �tting data.Bootstrap resampling is a proess of randomly resampling from the originaldata with replaement. For example, onsider the data Y = (2; 6; 9; 3; 7; 0; 6)0,a bootstrap resample would look something like Y� = (2; 2; 9; 3; 0; 0; 6)0. Thebootstrap resample has the same sample size but the same data point an ourone, more than one or not at all. Bootstrapping methodology is overedextensively in Efron and Tibshirani (1993) and Davidson and Hinkley (1997).Consider a �tting objetive f(P;Y) whih is a funtion of the data Y =(Y1; Y2; :::YM)0 and parameters P = (P1; P2; :::PN)0 . The boostrap restartingapproah is an iterative method whih is summarised as follows:1. Given a starting vetor P0, �nd the parameters whih are at a minimumof f(P;Y) : P̂0.2. Repeat steps 2-5 for i = 1; ::::; k.303



3. Create a bootstrap resample Y�i . From starting parameters P̂i�1 �nd theparameters whih are at a minimum of f(P;Y�i ) : P̂�i .4. From starting parameters P̂�i , �nd parameters that are at a minimum off(P;Y) : Pi.5. If f(Pi;Y) � f(Pi�1;Y) set P̂i = Pi otherwise set P̂i = P̂i�1P̂k ontains the best �t parameters after k iterations. The idea is that althoughf(P;Y�) will usually preserve the large sale features of f(P;Y) small saledetail apable of trapping minimisation will di�er. Hene the method providesa way of esaping spurious loal minima in a way that automatially takesaount of the large sale struture of the objetive.The downhill simplex method of optimisation (appendix A) uses N + 1 trialparameter vetors (P) whih all onverge to a single parameter vetor P̂ whena minimum has been loated. Bootstrap restarting requires that minimisationproeeds from a parameter vetor spei�ed by either step 3 or 4. This is easilyaomplished with the downhill simplex method by ensuring that one of theinitial N + 1 parameter vetors is set equal to parameter vetor spei�ed byeither step 3 or 4.
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Appendix C
Nested Minimisation
In this appendix we desribe the method we developed to �t our individual basedgrowth and alloation model to the individual eletro-�shing data as desribed inhapter 9. The grand minimising objetive funtion inluded a large total num-ber of free �tting parameters (> 190), whih meant it was simply not feasible toattempt to minimise all parameters simultaneously using a single minimisationproedure. However, the parameters ould be partitioned into global parameters(whih are ommon to all individuals) and loal parameters (with eah beingunique to a partiular individual and independent of any other individual). Thisspeial property of the free �tting parameter set, together with a lever hoieof error measure (see equations(10.10) and (10.11)) allowed us to break-up thegrand minimisation sheme into a series of smaller minimisation shemes, whihmeant we ould �nd a muh more reliable estimate of the best-�t parametervalues. The following is a rigorous mathematial explanation of this tehnique.Consider the �tting objetive F (P;Y) whih is a funtion of all the individualsalmon parr data Y within our study period and parameters P whih inludeglobal and loal parameters. We an express the vetor of individual data Y asonsisting of subsets of data whih orrespond to eah individual. Therefore, wean write Y = (y1;y2; :::;ym)0 (C.1)305



where, yj denotes the ombined length and weight free �tting data for individualj. We an also subset the vetor of parameters P into global parameters (whihare ommon to all individuals) and loal parameters (with eah being unique toa partiular individual) as followsP = (PG;	) = (P1; P2; :::; Pg;	1;	2; :::;	m)0 (C.2)where, PG denotes the vetor of global parameters and 	 denotes the vetor ofindividual parameters (see equation(10.7)).The best �t parameter values P̂ are the set of parameters values whih minimiseF (P;Y), that is F (P̂;Y) = minfF (P;Y)g (C.3)The grand objetive funtion F (P;Y) has been de�ned suh that the best �tparameter values of P minimises the error displayed in equation(10.11). Thiserror funtion is the error funtion given by equation(10.10) summed over allindividuals. This means we an express the grand objetive funtion as a sumof loal objetive funtions as followsF (P;Y) = Xall j fj(P;Y) (C.4)where, fj(P;Y) is the loal objetive funtion (see equation(10.10)) assoiatedwith individual j.Eah individual shares a ommon set of global parameters with every otherindividual. However, eah individual also has a loal �tting parameter 	j whihis unique to itself and independent of any other value of 	j. Furthermore, theloal objetive funtion assoiated with individual j is only a funtion of the datafor that partiular individual yj (see equation(C.1)). The above observationsmeans that we an writefj(P;Y) = fj(PG;	j;yj); 8 j (C.5)306



that is, eah loal objetive funtion is a funtion of all the global �tting pa-rameters PG, only a single individual �tting parameter 	j and only the dataassoiated with this individual yj.Therefore, using equation(C.4) and equation(C.5) we an now express the grandobjetive funtion asF (P(PG;	);Y) = f1(PG;	1;y1) + f2(PG;	2;y2) + ::+ fm(PG;	m;ym):(C.6)Eah term on the right hand side of equation(C.6) is a loal minimising objetivefuntion with a unique loal �tting single parameter 	j. This means for anyarbitrary set of global trial parameter valuesPG we an independently determinethe value of 	j whih minimises the loal objetive funtion fj(PG;	j;yj).Furthermore, sine eah independent loal minimisation only requires we �nda single best �t value of 	j then we an almost ertainly guarantee that wean �nd the very best �t value of 	j for any partiular values of global �ttingparameters PG.If we now de�ne a set of new loal objetive funtions gj(PG; 	̂j;yj) suh thateah refers to the independent loal objetive funtion one the minimisation ofparameter 	j has taken plae then we an express the grand objetive funtionas followsF (P(PG; 	̂);Y) = g1(PG; 	̂1;y1) + g2(PG; 	̂2;y2) + ::+ gm(PG; 	̂m;ym):(C.7)The grand objetive funtion is now only a funtion of the global parametersPG beause the best �t vetor of loal parameter values 	̂ are suh that theyminimise eah loal objetive funtion for any given arbitrary hoie of globalparameter values. By applying a minimisation sheme solely to the global pa-rameters suh that they minimise the objetive funtion given by equation(C.7)then we shall �nd the best �t global parameters P̂G. However, beause we areguaranteed to �nd the best �t vetor 	̂ for any hoie of PG then we shallalso �nd F (P(P̂G; 	̂);Y) = F (P̂;Y) and thus we minimise the grand objetive307



funtion.To evoke this method we applied a downhill simplex minimisationmethod (DSO,see appendix A) to the global �tting parameters. With eah set of trial global�tting parameter values we independently minimised eah of the loal objetiveassoiated with eah individual by adjusting 	j, again in eah ase using theDSO algorithm. Eah of the loal errors were summed up to obtain a totalerror whih was in turn asribed to the global �tting parameters minimisationproedure, allowing the global minimisation to proeed with another trial globalset of parameter values until a minimum was reahed. Therefore, this methodinvolved independent loal minimisations for eah funtion evaluation of a singleglobal minimisation proedure. Hene, the reason why we refer to this methodas nested minimisation. Very similar iterative methods have been developed tosolve this type of nested minimisation problem in the ontext of B-spline surfae�tting by Rogers and Fog (1989) and Hoshek et al. (1989).
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