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AbstratCathes of Atlanti salmon returning to Sottish rivers have delined steadilysine the 1960's and it is highly likely that spawning stoks in some loationsare now marginal in their apaity to replenish juvenile numbers. One method ofenhaning salmon prodution is to stok rivers with ova or fry in order to inreasethe number of juveniles emigrating. The timing, loation and sale of stoking islikely to a�et the size and age of the emigrants, so it is neessary to be able topredit growth rates in order to develop an eÆient stoking strategy.A funtional growth model for Atlanti salmon parr is developed and �tted toeletro-�shing data from the Girnok Burn, Sotland. A �tting funtion, �(t),is used to estimate the quality of the loal environment between years. Furtheradaptations enable the model to predit the mean weights, and their variation,for the di�erent age-lasses of the resident population. It also predits the meanlengths, and their variation, for the migrants from di�erent age-lasses, and theproportion of eah ohort that migrates eah year.�(t) is derived for di�erent parts of the Girnok Burn and indiates that, afterthe e�ets of temperature on growth have been removed, the quality of habitatavailable for juvenile salmon growth inreases with altitude. A model to esti-mate onsumption rates is also developed and integrated into the growth model,allowing the seasonal maximum and minimum feeding periods of the parr to bedetermined.The model an be used as a tool for habitat assessment and to develop optimalstoking strategies, and is part of a larger projet to enhane salmon produtionin Sotland. The appliations of this study to the onservation and managementof wild Atlanti salmon stoks is disussed.
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Chapter 1General Introdution
\For many years I have sarely done anything else either oÆially orprivately, exept to attend to and arefully wath the interests of theKing of Fish, the great Salmo salar."So wrote Buk�eld (1880), a sentiment ehoed by Jones (1959) many years later.Their fasination with the Atlanti salmon is one shared with many, as the salmonis a speies that has managed to apture the publi imagination. This is partly be-ause of the great variety they exhibit during their life, oupying several eosys-tems and embarking on migrations whih may be thousands of kilometres long,before returning to their natal rivers to spawn. They have also been hunted forsport for enturies, and as the number of salmon �shing rivers dereases, has ledto the sport beoming more exlusive and of great eonomi value to the regionswhih they still inhabit (Anon. 1997).Salmon have always been an important soure of food, and the last 30 years hasseen the growth of large sale salmon aquaulture, whih has oinided with aredution in the ommerial �shing of wild salmon, in partiular the o�-shore�sheries in the North Atlanti near Greenland and the Faeroe Island (Parrishet al. 1998). Wild Atlanti salmon are still onsidered a deliay, but therehave been further and more reent redutions in exploitation rates by oastaland freshwater �sheries. This has been in response to global delines in the wildAtlanti salmon population (Gross 1998).
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1.1 Life History of the Atlanti SalmonAtlanti salmon originally ourred in all the ountries whose rivers owed intothe North Atlanti Oean and the Balti Sea (Mills 1989). Now, however, thepopulations in some of Europe's major rivers, suh as those along the northernoast of ontinental Europe from Poland to Frane, and in southern England,have disappeared (Parrish et al. 1998). They are still to be found in Europefrom as far north as Norway, Finland and Russia to as far south as Portugaland Spain, and in North Ameria from Greenland and Arti Canada to NewEngland in the U.S.A. (Folt et al. 1998).The Atlanti salmon is an anadromous speies, whih means it breeds and spendsthe juvenile stages of its life in freshwater but migrates to the sea for part its adultlife. There are exeptions to this general rule, and several nonanadromous land-loked subspeies of salmon are known to exist (e.g. S. salar sebago). For thosethat do migrate to sea, salmon from both sides of the Atlanti onverge to similarfeeding grounds in the North Atlanti, exept for those from the Balti rivers,whih tend to feed in the Balti Sea and East Atlanti (Carlin 1969). Salmongenerally spend one or two (rarely three or four) years at sea before returningto freshwater to spawn (Huthings and Jones 1998). Those that return after onefull year at sea are alled grilse, those that return after more than one year arealled multi-sea-winter (MSW) salmon.Atlanti salmon possess a well developed homing ability enabling many of sur-viving adults to return to their natal rivers to spawn (Mills 1989), whih willusually our during autumn, the timing likely to be temperature dependent(Webb and Mlay (1996), Heggberget (1988)). During spawning, the adult fe-males will onstrut a nest into whih she will lay her eggs, alled a redd. Adultmales ompete for the best position along side the females in order to fertilise theeggs (Jones 1959). Also, sexually mature male parr ompete amongst themselves,and oasionally with the adult males, to fertilise ova (Fleming 1996). One fer-tilisation has taken plae, the female overs the redd with gravel, and may go onto onstrut another redd (Fleming et al. 1997). Most adults die shortly afterspawning, (on average 89% of the total, and 78% of the females and 96% of themales (Fleming 1998)), but the survivors, known as kelts, return to the sea, andmay spawn again. 2



The following spring, the eggs hath and the young salmon, alled the alevins,are born with a yolk sa whih they live o� whilst in the redd (Gorodilov 1996).One this is depleted they leave to redd as fry. The rates of developments ofthe eggs and the time of hathing and emergene from the redd are thought tobe dependent on temperature (Egglishaw and Shakley (1977), Brannas (1986),Jensen et al. (1989), Crisp (1981)).The fry disperse from the redd and seek to establish territories, whih they willdefend against intruders. During this time, ompetition is severe, and the mor-tality rates at their highest (Egglishaw and Shakley 1977), where death mayour through predation or starvation (Gardiner and Geddes 1980). When thefry are about 6.5-7.0 m in length, they start to develop dark blothes along theirsides, known as parr marks, and are now de�ned as parr (Mills 1989).It is within the defended territories that parr and fry apture and onsume theirfood (Kalleberg (1958), Keenleyside and Yamamoto (1962)). The majority oftheir diet onsists of invertebrates aptured from the water olumn (Allen (1941a),Egglishaw (1967)). They are also able to apture invertebrates of terrestrialorigin whih fall onto the water surfae, as well as being able to forage in thesubstrate for food, (Stradmeyer and Thorpe (1987a), Wankowski and Thorpe(1979a)) and the larger parr have been known to take fry and ova (Egglishaw1967). Rapid growth ours during this period, typially when temperaturesexeed 6-7oC (Allen (1940), Allen (1941b), Allen (1969), Gardiner and Geddes(1980), Cunjak (1988), Elliott (1991)). This period of growth, whih may lastfrom spring to autumn depending on altitude and latitude, is alled the growingseason.Egglishaw and Shakley (1977) found an inverse relationship between salmon frydensity and their lengths at the end of the growing season, whilst Prouzet (1978)found that the growth of fry was density dependent for one stream with a steepgradient, but in another stream with a lower gradient, the biomass was regulatedby emigration. However, in the Miramihi River, New Brunswik, growth ofsalmon fry was inversely related to population density, but growth of the parrwas not (Randall (1982), Randall and Paim (1982))The juvenile salmon live along side other �sh speies in most rivers, suh browntrout (Salmo trutta) and brook trout (Savelinus fontinalisMithill). Studies look-3



ing at the level of ompetition between juvenile wild salmon and brook trout ob-served depression in the growth rates of the salmon (MaCrimmon et al. (1983),Gibson and Dikson (1984)). These studies were onduted in habitats whihare preferential to brook trout, and the authors onluded that in the preferredsalmon habit, intraspei� ompetition within year lasses of salmon is moresevere than the interspe� ompetition from the brook trout. Competition be-tween salmon and brown trout was looked at by Gibson and Cunjak (1986) whofound that the two speies were spatially segregated, and they onluded thatthe two speies were eologially ompatible and ompetition appeared to beminimised by habitat segregation.As winter approahes, the juveniles appear to undergo a derease in feedingmotivation, and feeding ativity is redued or stops (Metalfe et al. (1986),Metalfe et al. (1988)). During this time their physiologial state hanges (Bergand Bremset (1998), Shakley et al. (1994)) whih oinides with the youngsalmon hanging their habitat. They leave the relatively shallow fast owingri�es preferring to spend long periods beneath the substrate (Rimmer et al.(1983), Gibson (1978)), whih lasts until the water beomes warmer the followingspring and they emerge to begin feeding again.It is possible for both male and female anadromous salmon to beome sexu-ally mature 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-reprodutivesurvival) 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 (Mills4



1989). At this time, they have yet to undergo the physiologial adaptation toseawater, alled smolting, 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). Symons (1979)points out that, with the exeption of the Ungava rivers, average smolt age ofany partiular river an be estimated from the number of days eah year on whihwater temperature reahes or exeeds 7oC. One they have left the rivers, theymigrate to their feeding grounds as post-smolts, and begin the marine phase ofthe life.1.2 The Status of Wild Salmon in SotlandThe wild Atlanti salmon of Sotland are an important natural resoure, botheonomially and environmentally. Although salmon are now extensively farmedfor food on the West Coast of Sotland (more than 94% of worldwide Atlantisalmon population has been estimated to be in aquaulture (Gross 1998)), thereare still ommerial �sheries for wild salmon. However, the main soure of revenuefor wild salmon is through sport. In 1995, it was estimated that salmon anglingon the River Dee in Sotland ontributed between $5 million and $6 million ayear to the loal eonomy of the Grampian region (Anon. 1997).The salmon also form an important part of the eosystem of Sotland as they arepreyed upon by a number of animals during all stages of their lives. During thejuvenile phase, older parr and brown trout will eat the fry, and the salmon parrand smolts may be eaten by burbot (Lota lota) and the pike (Esox luius) (Mills(1964), Mills (1989)). As parr and smolts, they are prey to �sh eating birds, suhas sawbill duks (Mergus merganser and M. serrator) and the ormorant (Pha-laroorax arbo) (Mills (1962), Mills (1965), Blakwell et al. (1997), Felthamand MaLean (1996), Kennedy and Greer (1988)). They have been found in thestomahs of many marine �sh whilst at sea, (See Wheeler and Gardner (1974)),5



and as adults, they are eaten by the grey seal (Halihoerus grypus) and the om-mon seal (Phoa vitulina) near estuaries (Rea (1960), Rea and Shearer (1965)).Further up stream, otters (Lutra lutra) are known to feed on the adult salmon(Carss et al. (1990), Hewson (1995)).Part of the MSW adult salmon population are alled springers. The springers aresalmon that have been at sea for at least two winters, but return to freshwaterin the spring, as opposed to autumn for the other MSW salmon. The springershave greater ommerial value, as they extend the �shing season, and is the grouppresently showing the greatest deline in Sotland (Youngson 1994). The numberof females ounted in the Girnok Burn, a tributary of the River Dee is shownin Fig. 1.1, where the adult population is dominated by springers. There is atpresent muh work being onduted to identify the reasons for the deline anddevelop management tehniques to enhane to urrent salmon stoks.
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Figure 1.1: Number of adult females aught at the Girnok burn from 1966 to1998. Data supplied by FFL.Sotland has a long history of salmon onservation, with legislation onerningsalmon in Sotland dating bak to the 14th and 15th enturies, whih involvedproteting smolts. Other early legislation was intended to allow salmon aessto spawning ground and prohibited to killing of �sh during the spawning season(Anon. 1997).The majority of management tehniques are applied at the freshwater stages ofthe salmon life yle. This is due to the marine phase being hard to manipulate,though exploitation at sea has been redued with the losure of many deep sea�sheries in the North Atlanti, angling organisation buying up deep sea �shing6



permits to protet wild stoks and international treaties aimed at reduing marineexploitation rates (Vigfusson and Ingolfsson 1993).The fate of the returning adults has been improved through attempts to inreasethe proportion of the population likely to spawn. This may be through theontrol of the numbers of predators, suh as mergansers (Elson 1962), (but thereis debate as to the e�etiveness and ethis of these measures (Davidson and Bielak1993)), and by restriting ativities of oastal and fresh water �sheries throughthe introdution of quotas (May 1993). The removal of �sh through anglinghas attempted to be minimised by apture-release programs, whereby the anglerreleases some or all the salmon whih are aught (Walker and Walker (1991),Webb (1998)) and also the �shing season in some rivers have been redued (Mills1993).Measures have also been taken to improve the habitat quality of spawning andnursery streams in the hope to improve survival rates and inrease the arryingapaity (Shearer 1993). The range of rivers available to salmon has been in-reased by the onstrution of �sh ladders that allow the adults to migrate tootherwise inaessible parts of the stream. They have been onstruted wheredams or other water works have impeded to upstream migration of the salmon(Skalski et al. (1996), Gowans et al. (1999)). Attempts to reintrodue salmonhave been made in rivers where they were one abundant, but have sine dis-appeared (Mkeon and Stolte 1993). These disappearanes may have been dueto pollution and the ativities of man, so the water quality has been improvedto levels suitable for salmon (Parrish et al. 1998). These methods are aimed atinreasing the smolt output in the hope of inreasing the numbers of returningadults.Many enhanement strategies involve stoking rivers where populations have de-lined below the estimated arrying apaities of the rivers. This may inludeplanting out ova or hathery reared fry into the rivers (Harris (1978), Kennedy(1988)). Studies have revealed that geneti di�erenes exist between the pop-ulations of di�erent rivers, and among �sh living in di�erent parts of the sameriver system (Jordan et al. 1997). This may due to adaptation to a partiularenvironment and introdution of the progeny from di�erent rivers may lower theoverall �tness of the �sh in that part of the river, with lower returned rates forthe stoked �sh than the native �sh (Garia de Leaniz et al. 1989).7



EÆient stoking strategies maximise the smolt output from the numbers ofeggs or fry planted into the river. This requires an understanding of the stok-reruitment relationship. There is at present debate over the shape of the stok-reruitment urve with some studies suggesting that it is domed shaped (Crozierand Kennedy (1995), Gee et al. (1978)) as proposed by Riker (1954), and oth-ers that it is asymptoti (Buk and Hay (1984), Jonsson et al. (1998)). Eitherway, both relationships imply that there is an optimal stoking density giventhat there are limited resoures. However, these relationships are of limited useas they do not take into aount hanging environmental onditions, whih willinuene growth rate and when the parr will smolt.A suessful stoking strategy will then require knowledge of when members ofthe population will smolt. This will be determined by how the soial and physialenvironment of a river e�ets the growth rate of the parr. In order to predit thegrowth rates of the members of the population, a model for individual growth ofjuvenile parr is required.1.3 Aims and ObjetivesThe life of the Atlanti salmon is very ompliated, with eah parr faing dif-ferent hoies at di�erent stages of its life. These may be when to migrate, tobeome preoious or where to hoose a territory. These hoies, whih e�et thedynamis of the population, invariably depend on the growth rate of the parr(Metalfe et al. 1990). If we are to understand the dynamis of the population,then we must �rst be able to understand the growth of the individuals in thepopulation.Growth of the parr will depend on the abioti as well as the bioti environment.It is also likely to depend on its interations with onspei�s within and betweenohorts (its soial environment). Thus, density may a�et growth through om-petition for limited resoures suh as territory spae. In the wild, suh e�ets arehard to isolate due to the number of other e�ets on growth, suh as temperatureand prey abundane. In order to examine growth in the soial environment, wemust �rst remove to the e�ets of the physial environment.An individual based growth model will be used to model the growth rate of the8



juvenile salmon. Whereas a stohasti model would have the advantage of al-lowing us to model the variability in the growth rate of the whole population,the most probable growth trajetory is likely to follow that predited by a deter-ministi model. This trajetory would be the one of primary interest to us, aswe would be initially looking at the performane of an average individual in theohort. It will also be best suited to the type of data that is available, whih isexamined in Chapter 2.The model will be designed to predit growth rates in the wild of the residentpopulation using fators in the physial environment as driving variables. It isalso intended to predit the dynamis of the smolts from eah ohort. This willallow sope for the examination of the soial environment on the growth rate,whih an then be used as a management tool for stoking rivers.1.4 Struture of the ThesisThe Girnok Burn, a tributary of the River Dee in Sotland, has been a monitor-ing site for salmon sine 1966. Historial data sets olleted there will form thebasis of the data that will be used in this thesis. Chapter 2 provides a desriptionof the site and methodology, and some exploratory data analysis that will enableus to adopt the most appropriate strategy.A number of growth models exist in the literature and Chapter 3 ontains areview of these models. A hybrid model is developed from two of these and isparameterised for Atlanti salmon reared at satiation in a tank environment.This model is adapted to predit the growth rates of wild salmon parr and amethod of �tting the model to the data is developed in Chapter 4. The sensitivityof the input variables on the �t of the model to the data is also examined.Additional data was olleted at the Girnok Burn for individuals that weremarked from June 1998 until Marh 1999. In Chapter 5, the model was �ttedto this data to test two things. The �rst was whether the model ould atuallyreprodue the observed growth trajetories of individual wild parr throughout theyear. The seond was whether �tting to the model to the weights of individualswas substantially di�erent to �tting to the mean weights of the population.9



Aspets of smolting are inluded into the growth model in Chapter 6, whihenables to model to predit the weights of the resident parr and lengths of thesmolts. Other aspets of the population are estimated, suh as the variation ofthe parr weights and smolt lengths, and the proportions of smolts leaving eahohort at di�erent age-lasses.The model was then �tted to additional data sets from the Girnok Burn, inChapter 7. Derived estimates of the growth rates in di�erent parts of the Burnwere then ompared.A foraging model to estimate onsumption rates is derived in Chapter 8 and is�tted to data olleted from parr in di�erent streams. The model is �tted tothe data by assuming di�erent harateristis of the prey populations availableto the salmon, suh as a temperature and seasonally dependent size-frequenydistribution of the prey.Chapter 9 ontains a summary of the work with a desription of what this anal-ysis an tell us about the salmon population. Improvements to the model aresuggested and future work proposed whih would improve the model to make ita more e�etive tool for management.
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Chapter 2Data Analysis
2.1 IntrodutionAtlanti salmon are widely distributed aross Sotland, among some 400 salmonrivers. Among salmon sport �shermen, these salmon rivers are amongst the mosthighly regarded in the world. Due to the physial landsape of Sotland, thelonger and more produtive rivers tend to be on the East Coast (Anon. 1997).The River Dee is one suh river, whih is about 126km long, owing from theCairngorm Mountains to the North Sea at Aberdeen. It has 17 major tributariesand a athment area of approximately 2,100 km2 whih rises to an altitude ofapproximately 1200m (Maizels 1985). It has been desribed as perhaps havingthe greatest length of �rst-lass salmon �shing in Britain (Ashley-Cooper 1987),and between 1952 and 1992 has yielded on average 39% of the total reportedSottish rod ath of MSW salmon landed before April (DSFIA 1994).Prodution on the River Dee is extensively monitored (Shearer 1985), partiularlyat the Girnok Burn, a tributary of the River Dee. This tributary has been keptfree from �shing and has been a monitoring site sine 1966, and is where manystudies have been onduted (Buk and Youngson (1982), Youngson et al. (1983),Buk and Hay (1984), Hay (1987), Armstrong and West (1994), Youngson et al.(1994), Moir et al. (1998)). The majority of the data that will be used in thisthesis are from the Girnok Burn and were olleted by FRS1, and overs theperiod from 1966 to 1999.1The Fisheries Researh Servies, The Freshwater Fisheries Laboratory, Faskally, Pitlohry,Perthshire, PH16 5LB 11



2.1.1 The Girnok Burn

Figure 2.1: Map of the Girnok Burn (Buk and Hay, 1984). The part of thestream between the �sh traps and A is the lower setion, between A and B is themiddle setion, and above B is the upper setion.The Girnok Burn ows from a athment of area 29.77km2 and joins the RiverDee at an altitude of 230m, and about 80km from the sea. The athment, whihrises to an altitude of 570m, ontains 32.68 km of streams, with an estimated11.05km to 13.32km being available to wild salmon (Webb and Baon 1999).Granite rok dominates the geology of the athment, partiularly in the upperpart of the athment, with shist's and other metamorphi rok being moreextensive in the lower reahes (Moir et al. 1998). A map of the burn is shown inFig. 2.1.Heather and `peatlands' (grouse moor) omprises 89% of the vegetation, with6% rough grass, 3% onifer, 1% broadleaf and mixed woodlands, the remaining1% being of other types. Deer stalking and grouse shooting takes plae dur-ing autumn and winter in the upper reahes of the athment, where heather12



dominates. Other �sh, as well as salmon, inhabit the Girnok Burn, and in-lude brown trout and sea trout, (Salmo trutta), eels (Anguilla anguilla), brooklampreys (Petromyzon planeri) and minnows (Phoxinus phoxinus) but omposeless than 3% of the �sh population. There is little vegetation within the streambut �lamentous algae are widespread in the spring and deaying leaves settle inthe lower reahes. The most ommon invertebrates are the larvae of Chironomi-dae and Simulidae, Ephemeroptera (mainly Baetis spp.) and Pleoptera (mainlyLeutra spp.) (Buk and Hay 1984)The limate and ow rates in the athment are highly variable and exhibitstrong seasonality. The athment reeives an average of 1100mm of preipitationannually, up to 25% of whih falls as snow, with the driest months being fromMayto August (Warren 1985). The river has a mean annual disharge of 0.5m3s�1although ow between June and August rarely exeeds 0.1m3s�1 (Moir et al.1998). The peak ow rates our during the spawning season (Otober andNovember) and the spring, due to snow melt, when the smolts are migratingdownstream.2.1.2 Data Colletion at the Girnok BurnThe Girnok Burn was hosen as a study site for the Dee as it represented whatwas viewed as a typial salmon spawning stream of the Dee. Adult salmon foundin the Girnok are both grilse and MSW salmon, typially 85% of whih are 2-sea winter �sh (Moir et al. 1998). The juveniles in the stream emigrate both inautumn, as preoious males and sexually immature parr, and during the springas smolts, the majority of whih leave two or three years after hathing (Bukand Youngson 1982).The salmon population was monitored using three methods. The �rst was byonduting �shing surveys in di�erent parts of the burn to assess the resident parrpopulation, whih is desribed in Setion 2.3. The other two were by olletingdata from an adult �sh trap at the lower end of the burn, whih would be ableto apture all the adults asending the burn in order to spawn, and from a smolttrap, near the adult trap, whih attempted to apture all the migrating �sh asthey desended the burn (Setion 2.4). In addition, water temperatures at theburn were monitored and are desribed in Setion 2.2.13



2.1.3 The 1978 Experimental Manipulation of the GirnokBurnIn the autumn of 1978, a relatively low number of adult females were aught inthe adult trap as they asended the burn to spawn. It was deided that theseadults should be prevented from spawning above the trap, in order that there beno ohort born in 1979. The e�et of this `missing ohort' on the survival andgrowth rates of previous and future ohorts ould then be monitored, and wouldbe an indiation of how the resident �sh would be a�eted by a large hange intheir soial environment.2.2 Temperature Measurements at the GirnokBurnReords of water temperatures reorded at the Girnok burn �sh trap are avail-able from May 1968 until Deember 1996. The �rst part of this data set fromMay 1968 until May 1986 was olleted using a ontinuous water temperaturereorder whih traed out temperature measurements on rotating paper dissthat were hanged weekly. These reordings were summarised by averaging dailymaximum and minimum temperatures over the whole month. In 1986, the on-tinuos reorder was replaed by a digital reorder, whih took temperature mea-surements every 15 minutes and these temperatures were also summarised intomonthly averages. However, gaps remained in the data set due to mehanialfailure of the ontinuous reorder. Temperatures for these missing months wereestimated using polynomial interpolation aross months. Thus a data set wasompiled for the mean monthly temperatures from May 1968 until Deember1996, and the mean annual temperatures are plotted in Fig. 2.2.There is no signi�ant trend in these estimated annual temperatures, and theonly signi�ant monthly temperature hange with time in years was for April,whih inreased with year (F1;25 = 3:71; P < 0:01). However the general monthlytrends indiated that the summer temperatures (Marh to August) are inreasingwhilst the winter temperatures are dereasing (September to February). This isshown in Fig. 2.3, where the oeÆient for the slope of the regressions betweenmean monthly temperature and year are shown with the 95% on�dene intervals.14
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Figure 2.2: Estimated mean annual temperatures at the �sh trap on the GirnokBurn from 1969-1996.
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Figure 2.3: The values of the slope oeÆient with its 95% on�dene intervalsfrom regressions with mean monthly temperature as the predited variable and theyear as a ovariate.2.3 Eletro-Fishing Data from the Girnok BurnSamples of the resident parr population were olleted by eletro-�shing. Thisinvolves using an eletri devie to stun �sh so that they an be aught withease and without ausing permanent injury (Jones 1959). The reliability of thesesurveys may be highly variable and depends on the eÆieny of the equipmentand the harateristis of the environment in whih it is used, suh as the ondu-tivity, turbidity, water veloity and water depth (Mills 1989). The eletro-�shingmethodology of the surveys on the Girnok were shown to be reliable throughexperiments involving �shing to extintion by R. Chalmers of FRS (unpublisheddata) but there may still be unertainty assoiated with density estimates. How-ever, there is very little reason to believe that even ineÆient eletro-�shing wouldbias the sample olleted with regard to estimates of the parr sizes.The eletro-�shing data was olleted during July and August eah year from 1969to 1986 (exept 1980), from the Girnok Burn, in order to monitor population15



levels. The burn was divided into �ve di�erent habitat types, de�ned aordingto substrate type and urrent, whih are listed in Table 2.1. In 1969 all �vehabitat types were �shed after whih �shing in TP was abandoned due to the lownumbers aught. After 1977, only T1 and T1A were �shed.Table 2.1: De�nition of the �ve habitat types in the Girnok Burn.Name Current SubstrateT1 Rather deep and rapid owing Boulders and rough stonesT1A Shallow and fast owing Small boulders and rough stonesT2 Slow owing and rather deep Boulders, oarse gravel and siltT3 Median to fast ow Gravely spawning areaTP Deep and generally slow owingThe burn was also divided into four setions based on altitude, alled the upper,middle and lower setion for the main stem of the Girnok (see Fig. 2.1), and inaddition, a small tributary, the South Burn was �shed from 1969-71. The areasfor eah setion and eah habitat type within them are given in Table 2.2. From1977 to 1986, �shing was restrited exlusively to the middle setion.Table 2.2: Area of di�erent habitat types within di�erent stream setions, in m2,estimated by FRS. T1 T1A T2 T3 TP TotalLower Setion 13329 4728 2786 297 208 21348Middle Setion 7510 12077 813 4274 686 25360Upper Setion 4203 5037 1379 959 474 12052South Burn 3481 4416 1898 258 748 10801Total 28523 26259 6877 5788 2117 69565The age of the salmon an be determined by examining sale samples from the�sh, and thus its year of birth. As the salmon grow, a ringed pattern is produedon the sales. The distane between the rings depends on the rate of growthof the salmon. Periods where the spaes between the rings are relatively largeindiate summer growth, and the onverse for winter growth. Sale samples anaurately determine whih ohort a �sh is from. The age of a parr is de�nedby the number of periods when the rings are lose together (i.e. the number ofwinters), so a �sh whih was born in April and sampled the next February will16



be de�ned as a one year old �sh. If there is some summer growth on the youngestpart of the sale (indiating the �sh was aught when it was growing well) then a`+' is added to the age. Therefore a �sh born in April and sampled the followingSeptember will be de�ned as a `0+' �sh. This notation will be used throughoutthis thesis.The method of eletro-�shing has remained the same for eah site during everyyear. An area of between 100m2 and 150m2 was �shed three times with stopnets. The age of all �sh aught was determined either by inspetion or by takingsale samples. This was straightforward for the 0+ fry as there was a distintdi�erene in lengths between the largest 0+ and the smallest 1+ parr. The agesof the larger 1+ and all the 2+ and 3+ parr had to be determined by taking salesamples. Due to the large numbers of 0+ �sh aught, only a small subsamplehad their lengths measured, and these were hosen randomly from those aught.All the other parr aught had their lengths measured.There are gaps in the data set. For 1975 and 1976 there are no lengths availablefor the 0+ and only partial data for the 1+ �sh (only the proportion saled). Nosurvey was onduted in 1980 due to high urrents in the burn (this dereased thewater ondutivity and redued the e�etiveness of eletro-�shing). The missingohort from 1979 aused another gap in the data set.2.3.1 Weight-Length RelationshipsA useful funtional growth model would need to predit hanges in weight beforeit ould predit hanges in length, as the onsumption rate would be requiredto have the same units as the �sh weight. No weight measurements were takenduring the eletro-�shing surveys in the Girnok from 1969-1986, so a weight-length relationship was required to provide the link between the data and modelpreditions. This relationship is unlikely to be the same for parr throughout theyear due to variations in their biologial ondition, e.g. over winter weight loss,but it only needs to be orret when the data measurements are taken (i.e. duringthe periods of the surveys).The form of the weight-length relationship that we shall use will be the allometri
17



relationship of ln(W ) = ln(a) + x:ln(L); (2.1)whih has been frequently used for �sh (Manooh and Potts (1997), Duli andKraljevi (1996), Petrakis and Stergiou (1995), Potts et al. (1998), Planes et al.(1997)). W is the wet weight (g) and L is the fork length (m) of the �sh2, with abeing a saling onstant (also known as the ondition fator) and x the exponent(the allometri fator).There are two sets of weight-length data available from the tributaries of theRiver Dee. The �rst is from two eletro-�shing surveys arried out in the middlesetion of the Girnok burn on 27th July 1998 and 26th August 1998. Duringeah of these surveys, two sites were �shed one (both of habitat type T1A), andthe weights and fork lengths of all the parr aught were measured.In addition to this, data was available from the River Ey, a tributary of the Dee atthe top end of the athment. It is in a U-shaped valley, where heather moorlanddominates, and the main land use is grouse shooting. An eletro-�shing surveywas arried out at two di�erent habitat types in the River Ey on 7th August1996. The �rst site was habitat type T1, and the seond site was of type T1A. Atboth sites, there was little vegetation in the river and no overhanging vegetation.Eah site was �shed three times and had an area of about 100m2. A subsampleof the 0+ �sh and all of the older �sh aught were weighed and measured for forklength.Values of ln(a) and x were derived by �tting equation (2.1) to the data the RiverEy, and the two surveys from the Girnok Burn. The values found and theirstandard errors are shown in Table 2.3.Table 2.3: Parameters for equation.(2.1) to derive a weight-length relationship forjuvenile salmon. The oeÆients are shown with their standard errors brakets.River Date ln(a) x Sample SizeEy 7/8/96 -4.608 (0.072) 3.046 (0.036) 98Girnok 27/7/98 -4.734 (0.169) 3.115 (0.078) 72Girnok 26/8/98 -4.708 (0.155) 3.099 (0.071) 922The fork length is de�ned as the length of the �sh from its snout to the middle (the `fork')of its tail. Other measurements that may be used are total length, e.g. Potts et al. (1998).18



When the site was plaed as a fator in the regression model for the Ey data,it was found not to be signi�ant (F1;95 = 0:0013; P = 0:972). The derivedparameters shown in Table 2.3 and are the same irrespetive of habitat type ortributary. Their ondition would be expeted to hange during di�erent timesof the year (e.g. over winter) or during periods of physiologial hanges (e.g.smolting or early sexual maturation).It was therefore deided to onvert the length measurements from the Girnokeletro-�shing surveys into weights using equation 2.1 with the oeÆients fromthe Ey in Table 2.3 for all the parr aught in eah of the habitat types.2.3.2 Size Di�erenes of Parr Between Habitat TypesAll parts of the Girnok Burn that were available to salmon ould be lassi�edinto one of the habitat types de�ned in Table 2.1. Eah of them ontained parraged 0+ to 3+, apart from type TP . However, the density estimates variedbetween habitat types, to the extent that �shing was abandoned in type TP afterthe �rst year, and the data olleted from type TP will be omitted from thisanalysis. From 1978 to 1986, only the two most produtive habitat types, T1 andT1A (in terms of numbers aught), were �shed. The di�erenes in the habitattypes may be enough to alter the growth rates of the parr signi�antly. It istherefore important to know if this is likely to happen, and if so, to what extent.Box plots have been produed in Fig. 2.4 for eah age-lass in eah habitat typefor the years 1969-1977. In these plots, the entre line represents the medianof the data with the box as the interquartile distane (IQD). The error barsextend to the extreme values of the data or a distane 1:5�IQD from the entre,whihever is less. For data having a Guassian distribution, approximately 99.3%of the data would fall within the error bars. The horizontal lines outside of theerror bars are outlying values. These graphs also indiate whether the data maybe skewed.A one-way ANOVA was used to test if the variation within habitat types wasgreater than the variation between habitat types. This was shown to be true forthe 0+ (F3;858 = 18:73; P < 0:001), 1+ (F3;4235 = 89:19; P < 0:001) and 2+(F3;2455 = 30:24; P < 0:001) age-lasses, but not for the 3+ age-lass (F3;136 =19
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Figure 2.4: Box-plot of the weights of the parr from di�erent age-lasses dividedinto di�erent habitat types, from 1969-1976. For normally distributed data, ap-proximately 99.3% of the data would fall within the error bars, and the horizontallines outside of the error bars are outlying values.0:78; P = 0:507).The mean weights from the di�erent habitat are similar but there are systematidi�erenes aross the age-lasses between the habitat types. These di�erenesare emphasised in Table 2.4, whih shows the mean weights predited by theANOVA with their standard errors. With the exeption of the 3+ age-lass, themean weight of the �sh aught in T1 is always the largest, and the smallest �share always aught in T2. The �sh aught in T1A and T3 tend to be similar inweight for the 0+, 1+ and 3+ age-lasses and 2+ at T1A being larger than thoseat T3.2.3.3 Size Di�erenes of Parr Between Stream SetionsThe Burn was divided into di�erent setions based on altitude, whih are given inTable 2.5. Shakley and Donaghy (1992) found a signi�ant relationship between20



Table 2.4: Mean weights for di�erent age-lass predited using a one-way ANOVAfor the di�erent habitat types �shed from 1969-1976, with standard errors inbrakets.Age-Class T1 T1A T2 T30+ 1.034(0.023) 0.916(0.038) 0.743(0.031) 0.917(0.025)1+ 6.184(0.044) 5.547(0.126) 4.502(0.107) 5.500(0.046)2+ 12.80(0.088) 11.52(0.278) 10.66(0.269) 11.91(0.103)3+ 17.84(0.526) 16.86(2.026) 15.89(2.220) 18.80(0.785)the length of 1+ parr and altitude in the Dee athment, so it was important toknow if there were systemati di�erenes between in the weights of parr aughtin di�erent setions.Table 2.5: The maximum and minimum altitudes of the di�erent stream setionof the Girnok Burn.Stream Setion Min. Alt. (m) Max. Alt. (m)Lower 240 285Middle 285 320Upper 320 370The data was divided into di�erent age-lasses and setions and has been sum-marised in the box-plots in Fig. 2.5. The data from the South Burn is not areliable indiator of setion e�ets as it was only �shed in three years and sub-jet to strong year e�ets. There are onsistent di�erenes between the medianweights of parr from di�erent setions aross the three age-lasses. The largest�sh are found in the lowest setion of the burn, followed by the middle setionand then the upper setion.A one-way ANOVA was used to test if the variation within stream setions wasgreater than the variation between stream setions. This was shown to be truefor the 0+ (F2;859 = 161:26; P < 0:001), 1+ (F2;4236 = 351:16; P < 0:001), 2+(F2;2456 = 215:65; P < 0:001) and 3+ (F2;137 = 15:79; P < 0:001) age-lasses.The mean weight predited using the ANOVA are shown in Table 2.6, and foreah age-lass, the mean weight of the parr dereases with altitude.
21
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Figure 2.5: Box-plot of the weights of the parr from di�erent age-lasses dividedinto the di�erent stream setion, from 1969-1976. For normally distributed data,approximately 99.3% of the data would fall within the error bars, and the hori-zontal lines outside of the error bars are outlying values.2.3.4 The Test Eletro-Fishing Data SetThe data olletion an be divided into two parts: that olleted from 1969-77and from 1978-86. The mean weights of the parr from eah age-lass duringeah year will depend on whih habitat type and stream setion the data isfrom. Therefore taking the average weight for all the parr of a partiular age-lass eah year is inappropriate if we wish to examine hanges in weight arossyears. Corretion fators ould be inorporated into any analysis, but this wouldinrease its omplexity by the addition of many more parameters.A simpler way to remove the bias would be to remove the data that is ausing thebias. The sites that were onsistently �shed from 1969-1986 were habitat typesT1 and T1A in the middle setion. These are the two most populated habitattypes and the middle setion is the most representative of the burn, and eahyear was �shed to same number of times. The dates for eah of the mean weightswill be taken as the average date for that sample.22



Table 2.6: The means weights predited by the one-way ANOVA between thedi�erent setions of the stream with standard errors in brakets for the data from1969-1976. Age- Lower Middle Upperlass Setion Setion Setion0+ 1.262(0.025) 0.911(0.018) 0.657(0.023)1+ 4.796(0.063) 5.354(0.044) 4.796(0.063)2+ 13.89(0.105) 11.93(0.087) 10.49(0.134)3+ 21.55(0.821) 17.83(0.516) 15.25(0.771)The main ost in the redution of the data set will be the loss in degrees offreedom and a onsequent inrease in the standard errors of the mean weights.This will be most evident for the 3+ age-lass where the sample sizes are alreadysmall. However, the samples will be of a omparable size to those in the lateryears and the overall data set will be standardised.The test data set that will be used is shown in Fig. 2.6. It an be seen thatthere is missing data for the 0+ and 1+ age-lasses in 1975 and 1976, and forall age-lasses for 1980. There is also a gap where the missing ohort from 1979should be.
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Figure 2.6: Mean weights, with standard errors, of parr from ohorts, indiatedby solid lines, divided into di�erent age-lasses.
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2.4 Data from the Fish Traps at the GirnokBurn2.4.1 The Girnok Burn Fish TrapsThe adult �sh trap was situated 520m upstream from onuene of the River Deeand the Girnok Burn. The trap onsisted of a deeting fene and a holdingbox that allowed all the asending salmon to be aught. One aught, they wereweighed, their fork lengths were measured and sale samples taken to determineage. Sex was determined from external seondary sexual harateristis. The �shwere then released above the �sh traps and allowed to spawn naturally (exeptin 1978).Fish desending the burn were aught in a modi�ed Wolf trap (Wolf 1950) loated80m upstream from the adult trap. The �sh were sieved out of the stream intoa holding tank, and their fork lengths were measured. Sale samples were takenfrom every �fth �sh to determine age and �sh > 9m were tagged. Desendingkelts were also aught in the trap. A fuller desription of the �sh traps is given byBuk and Hay (1984). Oasionally during the autumn spates, the trap beamelogged with leaves, with meant that water, and possibly parr did not go throughthe trap as they were able to swim over it. Therefore, for these years, the numberof parr aught in the trap provided a lower bound of the total number of migrantsthat autumn.2.4.2 Data from the Adult TrapUltimately, from a management perspetive, the most important stage of thesalmon life yle is the adult's freshwater stage. This is when they have theirhighest eonomi value and these �sh will sustain the population.A minimum ova deposition is required to maintain the river at its arrying apa-ity, and for the Girnok, it is estimated that levels of more than approximately200,000 eggs would not result in an inreased migrant parr population underaverage (environmental) onditions (Buk and Hay 1984). Estimates of ova de-position (EOD) were alulated for the Girnok Burn from a relationship derivedfrom salmon in the Dee by Pope et al. (1961), and are shown in Fig. 2.7. There24
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Figure 2.7: Estimated ova deposition (EOD) above the �sh trap at the GirnokBurn, with the solid line representing the estimated deposition required to main-tain the Burn at arrying apaity.has been gradual deline in the EOD over the period when the trap has been inoperation, and in reent years has fallen below the estimated arrying apaity.Considering how the population responded to previous periods of low spawningmay enable us to determine how the present population is being a�eted.2.4.3 Data from the Spring SmoltsThe main migration period is from February to May, when the migrants beomesmolts and migrate downstream to the sea. The majority of smolts are three years
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Figure 2.8: The perentage of the age-lasses whih make up the spring migrationfrom 1968-1994.old, followed by two then four, the perentages being shown in Fig. 2.8. Exep-tions to this our two years after low egg depositions, as in 1970, 1979, 1984 andthe early 1990's, as an be seen in Fig. 2.7. In eah migration season, the mean25
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Figure 2.9: Mean lengths of two and three year old spring smolts from 1968-1995with standard errors.lengths of the older smolts are larger, as an be seen in Fig. 2.9, with the lengthsof the two and three year olds being highly orrelated (r = 0:801; P < 0:001).Typially, two years low EOD, the mean lengths of both two and three year oldspring smolts are larger than expeted, and the EOD is negatively orrelatedto with lag 2 to the lengths of the two (r = �0:352; P < 0:05) and the three(r = �0:643; P < 0:001) year olds. However, three years after low EOD, thereare no signi�ant orrelations with smolt length.2.4.4 Data from the Autumn ParrDuring the autumn of eah year, large numbers of parr are aught in the smolttrap as they are moving down stream, whih has been alled the autumn migra-tion. The autumn migrants will not have developed into smolts, though tagginghas shown that some will migrate to sea the following spring. Estimates of thenumbers of autumn migrants are not as aurate as for the spring smolts as thetrap an beome logged with leaves. This means that the auray of the es-timates varies from year to year. However, the sample sizes are large enoughto estimate the mean lengths and the proportion from eah age-lass, whih areshown in Figs. 2.10 and 2.11.As with the smolts, the older migrants are the generally larger and omprises thelargest proportion of the autumn migration, exept following periods followinglow spawning, when the 1+ dominate. The lengths of the 1+ and 2+ parr areorrelated with eah other (r = 0:397; P < 0:05) and the lengths of the 2+ are26
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Figure 2.10: Mean lengths of 1+ and 2+ autumn migrants whih were aught inthe smolt trap from 1968-1995 with standard errors.negatively orrelated to the EOD in the previous year (r = �0:536; P < 0:01).
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Figure 2.11: Perentage of di�erent age-lasses whih make up the autumn mi-gration.Both preoious parr (PP) and non-preoious parr (NPP) were aught in the�sh trap during the autumn migration from the Girnok Burn. For the years1968-1976, an average of 6.3% (s.e=0.022) of the 1+ and 18.6% (s.e=0.027) of2+ autumn migrants eah year were identi�ed as PP. This had risen onsiderablyto 26.4% (s.e=0.105) for the 1+ and 47.0% (s.e=0.109) for the 2+ for the years1989-1995, whih may be due to the PP migrating in searh of females as fewerasend the burn to spawn in later years. Data regarding the preoity of theautumn migrants was not available from 1977-1988.The lengths of a sample of PP and NPP aught in the trap during autumn from1989-1995 were measured. Comparisons within age-lasses within years revealed27



that the PP were not signi�antly di�erent in length to the NPP exept in 1989when the 2+ PP were greater (F1;103 = 11:545; P < 0:001).2.4.5 Comparing Data from Spring and AutumnMigrantsApproximately 23 of juveniles that leave the burn during any migration season(de�ned as from September until May), do so during the spring migration, asshown in Fig. 2.12.
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Figure 2.12: Ratio of the numbers of autumn to spring migrants leaving theGirnok Burn. Ratios are only given for the years where the numbers of autumnmigrants leaving are thought to be reliable, the mean being 0.575.The di�erenes in the lengths of the autumn and spring migrants from the sameohorts are shown in Fig. 2.13. The di�erene between the 1+ and 2 yr. olds,and between the 2+ and 3 yr. olds is fairly similar and onstant, with the springmigrants generally being larger. The only exeption being 1979 during the timeof the manipulation of the spawning ativities of the salmon. With no femalesabove the trap, large numbers of PP may have migrated in searh of females(Buk and Youngson 1982). Some of these migrants may have been �sh whihwould have otherwise hosen to migrate the following spring, as the mean weightof the migrants during autumn 1978 are relatively large, and those during spring1979 relatively small.Over the life of eah ohort, a number of the members leave at di�erent times.Fig. 2.14 shows what perentage of the migrants from ohorts born from 1968-1977 leave during di�erent migration seasons. Data were not available for later28
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Figure 2.13: Di�erene in the lengths of the autumn and spring migrants fromthe same ohorts.years due to unreliable estimates for the numbers of autumn migrants. On aver-age, 28.3% leave when they are either 1+ or 2 yr. olds, 70.0% leave at either 2+or 3 yr. olds, and 1.7% leave at either 3+ or 4 yr. olds.
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Figure 2.14: Perentages of migrants from the ohorts from 1968-1976 to haveemigrated during di�erent seasons.2.5 Summary and ConlusionsJuvenile salmon exhibit a great deal of exibility in terms of the deisions theymay take and their response to hanges in their environment. Temperature isan important fator in the physiologial proesses of growth, and as the li-mate hanges, the growth rate will be a�eted (Power and Power (1994), Mangel(1994)). Although the inreases in summer temperatures at the Girnok (Fig.29



2.3) have been o�set by dereases in the winter, the net e�et on the growth rateof parr in the wild is not known.Salmon are known to have preferred habitat types (Bult et al. (1999), Heggeneset al. (1999)), with the largest Girnok parr being found in the faster owingwaters with gravely substrates. These types are more suited to the salmons'foraging habits of taking food from the water olumn or foraging in the substrate.Altitude may be a surrogate for temperature, as larger parr are found in the lowerparts of the burn. However, these di�erenes may in part be due to other fatorsin the loal environment. The lower setion has more overhanging vegetation somore invertebrates of terrestrial origin are available as food for the salmon if theyfall onto the water surfae. There are also higher levels of detritus, whih providefood for the invertebrates on whih the salmon feed.Ova deposition is negatively orrelated with the lengths of the emigrant parr dur-ing autumn and spring, whih suggests that inreased density depresses growth.The sale of these soial e�ets annot be assessed without taking into aountother environmental e�ets suh as temperature. Also, Ova deposition may be re-lated to temperature (Webb and Mlay 1996). A method of aounting for growthdue to temperature is to develop a growth model dependent on temperature andonsumption as driving variables.Unfortunately, measurements of parr food are unavailable for the Girnok, sowill need to be inferred from the data via a model. Surrogates for onsumptionmay be in the form of limiting quantities suh as spae (territory size), and theseestimates of onsumption are likely to hange for parr from the di�erent habitattypes and stream setions. This would give an indiation of the di�erenes inthe quality of habitat between di�erent parts of the Burn and allow us to assessdi�erenes in suitability of di�erent parts of the stream for salmon growth.A growth model will have to onsider the e�ets of migration on the residentpopulation. Migration from the burn ours during autumn and spring when alarge proportion of the population leaves the stream. As these �sh leave, therewill be an e�et on the mean weight of the population within the stream if thedeision to migrate is based on the size attained by the parr.The PP are also moving around the burn during autumn. The PP that were30



aught at the trap were similar in length to the NPP migrating at the sametime. The ondition, and the weight-length relationship, for the PP is likely tobe di�erent from the NPP, as they are alloating resoures toward reprodutionrather than somati growth, but this annot be on�rmed for the Girnok asthese parr were not weighed. However, given that the lengths of the PP are notnotieably di�erent from the NPP, and that a growth model would be �tted topopulation mean weights, derived from the parr lengths, there is no need to treatthe PP di�erently from the other members of the population during the initialstages of the growth model.An energy balane model will be developed to determine the environmental e�etson the growth of the juvenile parr. It will �rst be tested on parr fed to satiation,then adapted to wild parr where smolting is ourring in the population. It willthen be used to predit the overall dynamis of the population.
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Chapter 3Growth Models
3.1 Modelling the Growth of FishAn important tool in �sheries management is use of growth models to preditthe weight and length of both for farmed and wild �sh. On �sh farms, modelsallow managers to make informed deisions regarding prodution (Seiwarth andSummerfelt (1993), Soderburg (1992)). In the wild, growth models are morefrequently beoming part of overall management strategies, whih aim to improve�sh prodution whilst maintaining a balaned eosystem. They have been usedto assess the impat of hanges to the environment on the growth rate of the �sh(Limburg (1996), Trebitz and Nibbelink (1996)), determine optimum stokingdensities �sh (Deangelis et al. (1993), Brek (1993)), and suitable feeding regimes(Yang 1998).A model is required for the Girnok burn, whih is able to predit the weight andlength of parr given temperature and estimates of initial weight. Juvenile parrlose weight during the winter (Metalfe and Thorpe 1992) so the model mustbe able to predit weight loss as well as gain. In the wild, the biomass of theinvertebrate drift available as food to the parr may hange, so the onsumptionrate must be able to vary. Rates of onsumption and maintenane are a�etedby both temperature and �sh size, so must be inluded in the model. Finally, themodel must be parameterised and be appliable throughout the juvenile phase ofthe Atlanti salmon lifeyle.
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3.1.1 Weight Based Empirial Growth ModelsThese models assume that the spei� growth rate, G, is a dependent on weight,W , as in equation (3.1), and a seletion of these types of models are shown inTable 3.1. G = dWWdt (3.1)Table 3.1: Growth models based on ahieved size, where spei� growth rate,G = dW=Wdt, is a funtion of weight, W .Model GyLogisti 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.They are �tted to data in order to determine the parameters, then used to preditthe growth of �sh raised in similar onditions (Baker et al. 1991), (Shnute 1981).However, these models give no insight into the auses of growth, or how growthvaries with hanges to the environment of the �sh. This problem began to beaddressed by Bertalan�y (1957), whose model took into aount di�erent aspetsof growth.3.1.2 The Bertalan�y Growth ModelBertalan�y (1957) developed a physiologially dependent growth model that wasused to predit weight and length. It was based on the priniple that the rate ofhange of weight equals the rate of anabolism less the rate of atabolism, suhthat dWdt = h1W n1 � h2W n2 (3.2)where h1 and h2 are the oeÆients for anabolism and atabolism, and n1 andn2 are how these quantities sale with weight.This model still laked any environmental input or dependene on rates of foodonsumption and is used more as a desriptive rather than a preditive model,33



e.g. Ismen (1995), Xiao (1994), Chen et al. (1992), Crisp and Beaumont (1995).Changes have been made to the Bertalan�y format, suh as making the anaboliand ataboli rates on dependent uptake and temperature, as well as body weight(From and Rasmussen 1984). Other adaptations have been used to predit densitydependent (Lorenzen 1996) and seasonal (Fontoura and Agostinho 1996) e�etson growth. The priniples of growth proposed by Bertalan�y have been extendedto bioenergeti models that take into aount more aspets of �sh growth.3.1.3 Bioenergeti Growth ModelsBioenergeti models for growth take the energy budget of the �sh and divide itup into its omponent parts, suh asCb = Fb + Ub +Rb + Pb (3.3)where Cb is the energy of the food onsumed, Fb and Ub are the energy lost infaees and exretion, Rb is the standard, digestive and ativity metabolism andPb is somati growth and gamete prodution (Wootton 1990). Typially, theseomponents are further subdivided in order to predit P (see Trans. Am. Fish.So. 122(5) (1993), Kithell et al. (1977), Stewart et al. (1983)). This type ofmodel has also been used to estimate onsumption rates (Brodeur et al. 1992),(Stokwell and Johnson 1997) and foraging behaviour (Brandt and Kirsh 1993),(Goyke and Brandt 1993).Due to the number of fators a�eting growth that are inluded in bioenergetimodels, they an beome very omplex. Funtions are required for eah fator,whih in turn may require many parameters. Feedbak into the system is hard toimplement as the models generally express the whole �sh as omposed of materialthat an be metabolised, so any weight loss will a�et the whole energy equationausing a redution in the proposed onsumption rate, due to its dependene ontotal weight. Weight loss is unlikely to redue the apaity for onsumption, asthe parts involved annot be metabolised, e.g. mouth parts and bones. Therefore,when suÆient food beomes available to enable growth, the model is unable tosimulate onsumption at its previous maximum rate.
34



3.1.4 A Carbon-Based Funtional Growth ModelA model that an be used for salmonids is a ompensatory growth model byBroekhuizen et al. (1994), with growth measured in units of arbon, rather thanenergy. Using units of energy ignores the fat that di�erent parts of the �sh havedi�erent energy ontent. Energy is assimilated and onverted into weight, andas the �sh is not homogeneous, di�erent parts of the �sh will require di�erentonversion rates. The same problem ours when the energy is remobilized.Using arbon bypasses these problems, as it is not onverted into other forms.This model is able to demonstrate weight loss and an easily be adapted forseasonal variations in temperature and food supply. More importantly, it is ableto simulate hanges in the behaviour of the �sh as it loses weight so that there isan element of ontrol, whih is reeted by the health and ondition of the �sh.Suh ontrols an mimi the hanges in uptake and metaboli rates that mayour at low temperatures or food supply.3.2 The Compensatory Growth Model3.2.1 IntrodutionCompensatory growth ours when an animal undergoes an aelerated growthrate after the period of starvation, whih results in a higher body mass thanwould have ourred had the starvation not taken plae. This has been ob-served for di�erent salmonid speies (Dobson and Holmes 1984), (Miglavs andJohnson, 1989a, b), and the ompensatory growth model (CGM) by Broekhuizenet al. (1994) has been used to suessfully predit weight hanges in tank rearedsalmonids aused by yli feeding patterns. It was originally tested on rain-bow trout (Onorhynhus mykiss) and Arti harr (Salvelinus alpinus L.) withparameters derived from the literature. This type of model will be suitable forparr, as they lose weight during the winter (Cunjak 1988), (Metalfe and Thorpe1992), (Berg and Bremset 1998). Salmon parr have been observed to experieneompensatory growth after periods of restrited temperature and photoperiod byMortense and Damsgard (1993) and restrited temperature and food by Niiezaand Metalfe (1997). 35



The model is based on two entral priniples, the �rst is that the total �shweight, W , an be divided into to two omponent materials in terms of arbon:those of strutural tissue, S, and reserve tissue, R. Strutural tissue an not beremobilized one it has been laid down so will never derease, and inludes bones,nerves and mouth parts. Reserve tissue an be remobilized one laid down, and isonverted into energy to meet the needs of the �sh and inludes lipids and partsof the musulature, so R is able to derease.The seond is that the �sh will seek to maintain a onstant ideal ratio betweenR and S. Any e�ets from starvation will lead to a derease in R but not S,so � = R=S an be taken as a measure of health. A healthy �sh will have anideal ratio of �0 and will alloate material to R and S in suh a way as to keep� as lose to �0 as possible. SuÆiently large dereases in � from �0 will leadto behavioural hanges in the �sh whih are its response to starvation. �0 isassumed to be onstant, although it may hange if parr beome sexually matureand alloate resoures to reprodution.3.2.2 Derivation of the CGMThe model assumes that the �sh assimilates material at a rate A and loses ma-terial due to maintenane osts at a rate of M . The di�erene between A and Mis then divided between R and S depending on a funtion of �, C(�). The ratesof hange of R and S are given in equations (3.4).dRdt = A�M � dSdt dSdt = C(�) [A�M ℄+ ; (3.4)(where [x℄+ denotes maxfx; 0g). C(�) must derease when � < �0 and inreasewhen � > �0. When � = �0, C(�) must remain onstant at the value in equation(3.5), C(�) = C0 = 11 + �0 : (3.5)Moreover, C(�) must have an upper limit so that when � is relatively high, allassimilated material will be alloated to S. Conversely, there must be a lowerlimit where all assimilated material must be alloated to R. Thus C(�) has beende�ned as a funtion whih varies between 0 and 1 and is given a gradient of C0�(� being the reserve ontrol sensitivity), whih determines how quikly the limits36



are reahed. C(�) is de�ned asC(�) = minf1; C0 [1 + �(�� �0)℄+g: (3.6)The assimilation rate is assumed to be dependent on the assimilation eÆieny,", food supply, � and the maximum uptake rate, Umax. Assimilation eÆieny isthe proportion of food onsumed that ends up as body tissue. It takes into a-ount the osts of digestion, inomplete absorption, and spei� dynami ation.As tank reared �sh are likely to feed at their maximum uptake rate if there issuÆient food available, the total assimilation rate an be de�ned by equation(3.7). A = " minf�; Umaxg (3.7)An important part of the model is to show how a �sh responds to being healthy,hungry or torpid. It assumes that the behaviour of the �sh hanges as it losesweight, whih a�ets both Umax and M . These hanges are shown in the modelby the starvation response funtions, (�) and �(�). UH and MH are de�ned asthe uptake and maintenane rates for a healthy �sh, and so Umax and M an bewritten as Umax = (�)UH M = �(�)MH : (3.8)(�) and �(�) are step funtions whih hange in value when � passes throughertain threshold values. When � dereases below the healthy/hungry threshold,the uptake rate inreases and M remains the same. Below the hungry/torpidthreshold, both osts and uptake rates derease. This is to simulate a strategythat the �sh may adopt until food beomes more abundant. An additional featureof the starvation response funtions is when � inreases from below to above thehungry/torpid threshold, the behaviour remains the same for a small inrement(�) of � above the threshold. This is intended to simulate observations where the�sh does not immediately resume the osts of a hungry �sh. These observationsmay be due to the �sh being unable to hange its physiologial or behaviouralstate instantaneously, or it might be a autious type of behaviour. These twofuntions are de�ned in Broekhuizen et al. (1994) Table 1.The model states that UH and MH vary as geometri funtions of body weightand exponential funtions of temperature. UH will be dependent on gut and37



mouth parts so will sale allometrially (with onstant �) with S. With thesaling onstant UHO and the harateristi temperature for uptake TA, UH isthus derived as equation (3.9).UH = UHOS�exp� TTA� (3.9)All body tissue will require maintenane so MH will sale allometrially withtotal weight (with allometri onstant �). The saling onstant is denoted asMHO and the harateristi temperature for maintenane TR. This yields theequation (3.10), whih ompletes the model.MH =MHO(R + S)�exp� TTR� (3.10)3.2.3 Parameterizing the CGM for Salmon ParrThe CGM was developed to predit growth rates for tank reared salmonids, andhanges need to be made in order to apply it to the wild. The de�nition of Agiven by equation (3.7) states that the �sh will eat all food presented to it if� < Umax, otherwise it will feed at Umax. This is a reasonable assumption in atank environment as the parr have no problem �nding food, but in the wild, theyare unlikely to be able to feed at Umax. Ideally, equation (3.7) would be rede�nedto inlude the type II funtional response, derived by Holling (1959) whih hasbeen used to estimates onsumption rates in wild freshwater �sh (Madenjian andCarpenter 1991), (Stokwell and Johnson 1997), (Eby et al. 1995). Unfortunately,there is insuÆient data regarding prey density in the Girnok Burn for this tobe done.An empirial growth model, developed by Elliott and Hurley (1997), has beenused to predit growth rates of wild salmon parr. It uses weight and temperatureto determine the spei� growth rate and was parameterised using data fromAtlanti salmon parr. In the next setion, this model will be applied to data fromthe Girnok Burn to assess its e�etiveness. Elements of the Elliott and Hurley(1997) model will then be ombined with the CGM to reate a new growth modelfor Atlanti salmon parr. 38



3.3 Elliott and Hurley Growth Model for Juve-nile Atlanti Salmon3.3.1 IntrodutionAn empirial growth model derived by Elliott (1975a, b) to predit the growthof brown trout, (Salmo trutta L.), has reently been modi�ed (Elliott and Hurley(1995), Elliott et al. (1995)). It has also been reparameterized for immaturestone-loah, (Barbatula barbatula L.) (Elliott et al. 1996) and juvenile Atlantisalmon, (Elliott and Hurley 1997). The model assumes that the �sh are feeding tosatiation and growing at their maximum rate for a given temperature. Preditionsfrom the model appear to be very good for well-fed tank reared salmon parr grownat onstant temperatures.The Elliott and Hurley (1997) (E&H) model an be used to simulate growthtrajetories for di�erent ohorts in the Girnok Burn. Predited weights anthen be ompared to the estimated mean weights of the resident parr, whihhave been derived from eletro-�shing data. The quality of the E&H model anthen be determined by examining the residuals between the model and the data.The E&H model desribes the proportional growth rate, Ge, as in equation (3.11),at a water temperature of T oC and at an instant in time when the live mass ofthe �sh is W grams. Ge � 1W dWdt = gW�b � T � T0TM � T0� ; (3.11)where T0 = � TL T � TMTU otherwise (3.12)There are �ve parameters in the model; three assoiated with water temperatureand two with �sh size. The temperature for optimum growth is set at TM withthe upper and lower temperatures when zero growth ours being TU and TL. Themass exponent b is the power transformation of mass that produes linear growthwith time and g is the growth rate of a 1g �sh at the optimum temperature.Thus in order to predit the weight of a �sh at time t using this model, we requireits initial weight at t0 and the water temperatures between t0 and t.39



Table 3.2: Parameters for the E&H juvenile salmon growth modelParameter Symbol Value UnitsWeight exponent b 0:31 dimensionlessMaximum growth rate for 1gm �sh g 0:035 d�1gmbOptimum temperature TM 15:9 oCLow temperature limit TL 6:0 oCHigh temperature limit TU 22:5 oC3.3.2 Simulations using the Girnok dataEletro-�shing surveys were onduted during the summer from 1968 to 1986,with the exeption of 1981. From these reords, we have length measurementsof the resident parr at ages 0+, 1+, 2+ and 3+. Older �sh were too rare to beinluded in the analysis. There are no lengths for the 0+ and 1+ age-lasses forthe years 1975 and 1976 due to lost data. The weight-length relationship de-rived in Chapter 2 was used to onvert the lengths into weights, whih were thensummarised into mean weights for eah age-lass in eah ohort. The tempera-ture data has been summarised into monthly mean temperatures, as desribedpreviously.Simulated growth trajetories were produed using the E&H model with thetemperatures from the Girnok Burn, the parameters in Table 3.2, and initial�sh weights of 0.15g on the 1st April. The initial weight and starting data arethe nominal birth weights and dates for salmon in the Girnok Burn (D. W. Hay,pers. omm.). Simulations were arried out for eah ohort born from 1968-1986exept for 1979 when adult �sh were prevented from spawning the previous year,whih resulted in no ohort born that year. Fig. 3.1 shows the simulations withthe estimates of �sh weights from the eletro-�shing data, with standard errors.3.3.3 Analysis of the E&H ModelFig. 3.1 shows that there are large disrepanies between the model preditionsand the weight estimates from the eletro-�shing data. The parameters werederived from well-fed �sh reared in a ontrolled environment so the model shouldat least over-predit the parr weights and ideally be an upper bound for growthat the given temperature. Nearly all of the predited weights are less than the40
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Figure 3.1: Growth trajetories for ohorts of salmon parr in the Girnok Burnderived using the E&H model. Data points are the mean weights of eah age-lassfrom eah ohort, where the �lled irles are assoiated with the solid lines andthe open irles with the dotted lines.observed weights, and many substantially so. Also, the over winter weight losspredited by the model is very large and in some ases is roughly equivalent tothe weight gain during the summer. From the data, it an be seen that thepreditions for the Girnok are learly not realisti.Elliott & Hurley, (1997) used this model to simulate growth trajetories of wildparr in the R. Eden, a stream in Northwest England. These simulations did notprodue the large winter weight loses seen when using the Girnok temperaturedata and there was a tendeny for the weights of the 1+ age-lass to be under-predited, although the weights of the 2+ age-lass were over-predited. However,in general, the �t was realisti, so the model appears to be appropriate for theR. Eden but not the Girnok Burn. Possible reasons for this are that either theparameters are inorret, the model is struturally wrong, or both.
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3.4 Combining Aspets of the E&H model withthe CGM3.4.1 Restruturing the CGMThe E&H model is not suitable in its present form, but any redible model mustbe able to �t the data from Elliott and Hurley (1997) as well as the E&H model isable to. Due to the strutural inadequaies of the E&H model, the CGM modelwill form the basis of a new model.A well-fed �sh an be assumed to have � maintained at its optimum value �0, sothat S = W=(1 + �0), where W is the �sh weight in arbon. Rearranging theleft-hand member of (3.4) givesG � 1W dWdt = 1W (A�M) =W ��1 [	A �	M ℄ (3.15)where	A � "UH0(1 + �0)� exp� TTA� 	M � W ���MH0 exp� TTR� : (3.16)To harmonise the CGM and the E&H model requires two things. First � = � =1�b is set so that 	A and 	M depend only on temperature and G / Ge / W�b.This harmonises the weight saling of the two models. Seond, two funtions,	A(T ) and 	M(T ), are hosen suh that so that	A(T )�	M(T ) = g � T � T0TM � T0� : (3.17)Equation (3.17) is learly inompatible with both 	A and 	M having the formsgiven in equation (3.16). The standard metaboli rate (SMR) is often desribedas being exponentially dependent on temperature, (Wootton 1990), but this isnot always the ase with Umax. Van Winkle et al. (1998), Stokwell and Johnson(1997), Lantry and Stewart (1993) and Rand et al. (1993) all use the funtion	M for the SMR, but use a funtion developed by Thornton and Lessem (1978)to desribe how Umax is dependent on temperature. Sine the evidene for theSMR being exponentially dependent on temperature is stronger than that foruptake, 	M will remain as de�ned in equation (3.16), and have	A = 1(1 + �)� �(T ) (3.18)44



where �(T ) = (1 + �0)� �MH0 exp� TTR� + g � T � T0TM � T0��+ : (3.19)The `+' in this equation is there to avoid negative uptake. This leads to a �nalmodel in whihdRdt = A�M � dSdt dSdt = C(�) [A�M ℄+ ; (3.20)where C(�) is de�ned by equations (3.5) and (3.6), andA = �(�)S��(T ) M = (�)MH0(R + S)� exp (T=TR) (3.21)with �(T ) de�ned by equation (3.19), T0 as de�ned in equation (3.12), and � and are de�ned in Broekhuizen et al. (1994) (Table 1).Table 3.3: Main Parameters for the Modi�ed CGM salmon growth modelParameter Symbol Value UnitsWeight exponent � 0:69 dimensionlessMaximum growth rate for 1mg �sh  0:155 d�1mgC1��Optimum temperature TM 15:9 oCLow temperature limit TL 6:0 oCHigh temperature limit TU 22:5 oCSMR harateristi temperature TR 12:5 oCSMR at 0oC MH0 0:04 d�1mgC1��Ideal Reserve ratio �0 1:5 dimensionlessReserve ontrol sensitivity � 3 dimensionlessThe main parameter values for this model an be adopted from Elliott and Hurley(1997) and Broekhuizen et al. (1994). Sine the CGM is formulated in termsof arbon weight (mgC) and E&H in wet weight (g), the units of g must behanged from d�1gmb to d�1mgCb, and will be rede�ned as . Using the CGMparameters for the SMR, we arrive at the parameter set shown in Table 3.3. Theother model parameters, whih govern the behaviour of the starvation/reoverypart of the model, an be taken from CGM.Finally, in Fig. 3.4 the weight-saled assimilation and basal metaboli ratesagainst temperature are plotted. The `lipping' of the assimilation funtion doesnot at until T < 2:5oC, whih indiates that the model reprodues all of theregion of E&H's model whih is supported their data.45
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Figure 3.5: Mean weights by length lass (� s.e.) for �sh aught in Catamaranbrook in the autumn and spring of 1992-93 (upper) and 1993-94 (lower).Winter weight loss in Catamaran BrookEletro-�shing surveys were onduted at a single site in the Catamaran Brook,New Brunswik in autumn and spring of the years 1992/93 and 1993/94 (R.A.Cunjak, unpublished data).In eah survey, weights and fork lengths were mea-sured for the Atlanti salmon parr that were aught. In Fig. 3.5 the mean weightof autumn and spring �sh lassi�ed by length are shown. The spring �sh of agiven length lass are notieably lighter than autumn �sh of the same length.To on�rm this result, a weight length urve was �tted to eah data-set (Table3.4), suh that W = aLb where W is weight, L is fork length and a and b areonstants. Temperatures in the brook between the autumn and spring surveysare ontinuously below the TL = 6oC limit for growth, so this di�erene will beassumed to be due to over-winter weight loss.Table 3.4: Weight-length oeÆients for the Catamaran brook dataSeason a bAutumn 1992 0.0090 3.081Spring 1993 0.0092 2.990Autumn 1993 0.0108 2.972Spring 1994 0.0095 2.96447



Short term starvation experimentsTwo data sets in whih weight loss was measured over short periods of starvationby Carter et al. (1992) and Wainwood et al. (1992) were found in the literature.In the Wainwood et al. (1992) experiment, juvenile Canadian salmon were starvedfor 43 days at a onstant temperature of 13ÆC � 1oC. Sottish juvenile salmonwere used by Carter et al. (1992), and were starved for 30 days with varyingtemperatures of 5� 8ÆC. Details of the results are given in Table 3.5.A starvation-reovery experimentAnother data set that involved starvation was by Metalfe and Thorpe (1992).Over a 29 day period, �sh were starved for the �rst 21 days, then fed to satiationfor four days, then starved for a further two days before undergoing a two dayappetite trial. During the trial, the �sh were o�ered food and their growthresponse was noted. By the end of the trial, the �sh were refusing food, whihindiates that they were fed to satiation. Over the experimental period thetemperature hanged from 10:2 � 10:5ÆC at the beginning in 26-27 Otober to8:3�8:6ÆC by the end in 23-24 November. Estimates of the mean spei� growthrate per day over this period are given, as well fork lengths of the �sh.Parameterizing weight lossTo form a data set in order to parameterise the starvation response part of theCGMe, weight loss for three representative starting weights (5, 10 and 15 g)was alulated from the Catamaran brook data for 1992/3 and 1993/4 using thederived weight-length relationships in Table 3.4. The two short-term experimentswere added to this, resulting in the omplete data set shown in Table 3.5. TheMetalfe and Thorpe (1992) experiment was omitted from onsideration at thistime, sine its results are dominated by the reovery proess and only tell usabout weight loss indiretly.In the CGMe, the SMR is related to weight and temperature byM = (�)MHOW �exp� TTR� (3.22)48



Table 3.5: The parameterisation data set for SMR and starvation parametersExperiment Start Finish Initial Final TempDate Date Weight (g) Weight (g) ÆCCarter 3 Feb 5 Mar 12.30 (2.03) 11.12 (2.12) 6.2(1.0)Wainwood 5 Mar 17 Apr 20.2 (0.7) 16.9 (1.0) 13(1)13 Nov 3 May 15 12.47 01992/93 13 Nov 3 May 10 7.11 013 Nov 3 May 5 3.60 04 Nov 28 Apr 15 13.00 01993/94 4 Nov 28 Apr 10 8.68 04 Nov 28 Apr 5 4.34 0
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(d)Figure 3.6: Fits to the test dates using best �t parameters in Table 3.6 a)Carterb) Wainwood )Catamaran brook 1992/3 d) Catamaran brook 1993/4.where (�) = � 1 �=�0 > �2�L �2 � �=�0 (3.23)This attempt at parameterisation assumes that the weight and temperature sal-ing are orret, and treats MH0, �2 and �L as �tting parameters. Sine ananalyti solution for the weight trajetory under starvation onditions an be ob-tained, an automati optimisation by the downhill simplex method (Press et al.1989) was used and the parameters onstrained. Constraints of 0:026 � MH0and 0:4 � �2 � 1 needed to be plaed on these parameters to ensure the modelstill �tted the Elliott and Hurley (1997) data. The onstraint on 0:1 � �L � 1was set to prevent it from beoming negative. The best �t values are given inTable 3.6 and the quality of �t is shown in Fig. 3.6.49



Table 3.6: Best �t parameters - attempt 1Error Measure MHO �2 �L Error (g)Mean Absolute Error 0.0260 0.8580 0.1000 0.3400Root Mean Square Error 0.0260 0.8440 0.1000 0.5001Table 3.6 suggests that the quality of the optimal �t is not very good. Examina-tion of Fig. 3.6 shows that all the experiments are well �tted exept the Wainwoodet al. (1992) experiment, whih is the only one not arried out at low tempera-ture. This suggests that the temperature saling of SMR needs to be adjusted.This is not just a question of adjusting TR, sine this hanges both the slope ofthe urve and its absolute position on the axis. The present SMR will be assumedto be orret at the lower zero-growth temperature, TL, soM = (�)W � �MH0 exp (TL=TR)exp (TL=TRN )� exp� TTRN � : (3.24)TRN , �2, and �L are now the �tting parameters, with onstraints 3:8 � TRN ,0:4 � �2 � 1 and 0:1 � �L � 1. Downhill simplex �tting gives the resultsshown in Table 3.7. The resulting quality of �t is illustrated in Fig. 3.7 and ismuh better than the previous attempt, so these new parameters will be used todesribe SMR for Atlanti salmon parr.Table 3.7: Best �t parameters - attempt 2Error Measure TRN �2 �L Error (g)Mean Absolute Error 5.2465 0.8601 0.1008 0.1497Root Mean Square Error 4.8720 0.8744 0.1000 0.2685Parameterizing reovery from starvationWhen the �sh begin feeding after a period of starvation during whih they havelost suÆient weight to beome torpid, they reover to a healthy state, givenenough food and time. The funtion �(�) shows how uptake hanges with theondition of the �sh. The form that �(�) takes is�(�) = � 1 �=�0 > �2��L < 1:0 �2 � �=�0 (3.25)The model will be �tted to data from Metalfe and Thorpe (1992) by varyingthe parameters that are assoiated with reovery from starvation. These are50
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(d)(d)Figure 3.7: Fits to the test data set using best �t parameters in Table 3.7 a)Carterb) Wainwood )Catamaran brook 1992/3 d) Catamaran brook 1993/4.�, the reserve ontrol sensitivity and ��L, the torpid/hungry uptake ratio. Theseparameters were varied individually with the other parameters in the model beingheld onstant at their previous values. The errors between the model preditionand the data point as the parameters are varied are shown in Table 3.8.Changing the value of � will alter the alloation of assimilated material betweenR and S and hene a�et the rate of reovery of the �sh. Lower values of � meanmore material is alloated to S and reovery is slower. At a value of � = 1, the�sh remains in a torpid state throughout the period of feeding. Therefore it isuseful to derive the error at this value as any lower values of � would produethe same trajetory. As � is inreased, the �sh reovers from starvation quiker,whih dereases the error in the Metalfe and Thorpe (1992) data. Howeverlarge inreases in � produe inreasingly smaller dereases in the error, so onlyat unreasonably high values of � is the error at an aeptable level.Varying the ��L will produe an exellent �t to the data when ��L is hangedfrom its original value of 0.8 to 0.42. This implies that when salmon parr are fedto satiation after a period of starvation, their growth rate would be lower thanexpeted for rainbow trout, from whih the original parameter was derived. The51
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Figure 3.8: Simulation on the data from Metalfe and Thorpe (1992). The orig-inal value of ��L has been used in one simulation (solid line) and a value of��L = 0:42 for the other simulation. The error bar has been derived from errorsin the estimate of the daily spei� growth rate.simulations shown in Fig. 3.8 are for original set of parameters and with the newvalue of ��L = 0:42 that will be used in the model.Table 3.8: Errors assoiated with di�erent parameters when �tting the model tothe data from Metalfe and Thorpe (1992) starvation-reovery experiment. Pa-rameters in the model were varied one at a time whilst the others were kept attheir value in the CGM. Errors assoiated with varying that partiular parameterare given below. Parameter Value Error (grams)Original Parameters 0.071� = 100 0.005� = 5 0.01� = 1 0.193��L = 0:42 0.0013.4.3 Fully Parameterised CGMe ModelFinally, reverting to the parameterisations of SMR and the uptake response fun-tion given in equations (3.23) and (3.25), our urrent view of the best modelparameters is summarised in Table 3.9. Simulations using these parameters are52
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Figure 3.9: Simulations from the CGMe with data from the Girnok Burn. Thesolid lines orrespond to the data points with the �lled irles, and the dotted linesare the growth trajetories of the ohorts with the open irles.shown in Fig. 3.9 for ohorts born in 1968 to 1986 with the exeption of 1979,when no ohort was born, and the data from the eletro-�shing surveys ondutedon the Girnok Burn. As expeted, the model over-predits the weights of thewild salmon parr and more importantly, over winter weight loss is reasonable.Thus, the urrent parameters an be viewed as providing a reasonable upperlimit to the growth of juvenile salmon in the Girnok Burn.Table 3.9: Parameters for the CGMe salmon growth modelParameter Symbol Value UnitsWeight exponent � 0:69 dimensionlessMaximum growth rate for 1mg �sh  0:155 d�1mgC1��Optimum temperature TM 15:9 oCLow temperature limit TL 6:0 oCHigh temperature limit TU 22:5 oCSMR harateristi temperature TRN 5:3 oCSMR at 0oC for a healthy 1mgC �sh MH0 0:021 d�1mgC1��Ideal Reserve ratio �0 1:5 dimensionlessReserve ontrol sensitivity � 3 dimensionlessThreshold �=�0 for torpidity �2 0:86 dimensionlessTorpid SMR/Normal SMR �L 0:1 dimensionlessTorpid uptake/Normal uptake ��L 0:42 dimensionless
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Chapter 4Protools for Fitting the GrowthModel to Freshwater Data
4.1 IntrodutionThe model derived in Chapter 3 is able to simulate long term growth rates forwell-fed salmon parr given initial weight and water temperatures, and so estimatean upper bound for growth. In the wild, the �sh are unlikely to be feeding tosatiation so the e�ets on the growth rate of a limited food supply must beinluded in the model. These e�ets will be represented by a single funtion�(t), where t is time. As eah ohort grows throughout its juvenile phase, �(t)will aount for some of the di�erenes between the growth rates of well-fed andwild parr. In this hapter, a method will be developed for deduing �(t) usingeletro-�shing data from the Girnok Burn.4.1.1 Individual Observations and AveragesIdeally, measurements of individuals should be used to derive �(t). This is notpossible, as individuals were not identi�ed from one survey to the next for thehistorial data set. The weights of the �sh sampled from eah ohort needed tobe summarised in a way that take into aount variation in the weights of thepopulation. This was done by deriving the mean with the standard error (s.e.)and the median with the quartile values for eah age-lass in eah ohort. Fittingthe model to this data assumes that an individual will grow at the same rate as54



the average of eah age-lass. There is evidene to suggest that the growth rate ofwild parr is di�erent for di�erent members of the same ohort. Niieza and Brana(1993) observed that the smaller members of a ohort inreased their growth rateduring the spring and the larger members dereased theirs, whih resulted in eahgroup having similar sizes by the summer. The Girnok Burn data were olletedduring the summer and it will be assumed that the growth rates of the individualresident parr are not di�erent from the growth rate assoiated with the meanlengths from the samples of the ohort.The data were olleted from six eletro-�shing surveys spread aross the summer.As the mean weight of the �sh aught from eah age-lass during the surveys eahyear was being used as a summary of an individuals weight, a single date wasrequired to be assoiated with eah mean weight. As di�erent numbers of �shwere measured at eah survey, the mean apture date was used.4.1.2 Population Struture vs. Average IndividualAs the ohorts age, the numbers aught from eah age-lass in eah sample de-reases. This is not all due to mortality, as large numbers of parr leave the burnduring autumn and spring. The autumn migrants leave as either normal or pre-oious parr whilst the spring migrants leave as smolts. Therefore, by the timea ohort is two years old, there has been some emigration from the populationand when it is three years old most of the �sh from that ohort will have died ormigrated. This means that the eletro-�shing samples are not a true subsampleof the survivors of that partiular ohort at ages 2+ and 3+, but only of theresident parr in the stream.Fitting the model through the mean or median weights assumes that the averageweights of all the �sh aught are typial of the individuals in that ohort. Inpartiular, it does not take into aount any size seletive e�ets on removalfrom the population. Measurements of the lengths of the migratory juveniles areavailable, but for now, we shall onern ourselves solely with �tting the model tothe eletro-�shing data.
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4.1.3 Inorporating �(t) into the Growth ModelThe funtion �(t) is intended to indiate the di�erene between the growth ofparr in the wild and those fed to satiation and will be a fration (between 0 and 1)of the assimilation rate. �(t) = 1 indiates that a parr is assimilating material atits maximum rate and �(t) = 0 means that the �sh is not assimilating anything,at time t. The hange to the CGMe model, de�ned in Setion 3.4, is by hangingequation (3.20) todRdt = �(t)A�M � dSdt dSdt = C(�) [�(t)A�M ℄+ : (4.1)This hange will only a�et the growth rate when the parr are assimilating ma-terial: the rate of weight loss due to metaboli osts remains una�eted.4.1.4 The Data SetDi�erent data sets will produe di�erent values for �(t), as it is an indiation of theenvironmental state within whih the parr has grown. The best �tting proedureand form of �(t) will be determined using the data from the Girnok Burn. Thesubset of the Girnok data seleted in Chapter 2 will be used with standard errorsfor the means and quartile values for the medians. Temperature data and theweight-length relationship required for the model have been desribed in Chapter2 and the birth weights and dates will be those previously used in Chapter 3.4.2 Fitting the Model to Average Individualswith Time Dependent Temperature4.2.1 Fitting and the use of �(t)The model will initially be �tted to the means and medians of the data set with�(t) = k, where k will have a onstant value for all t. In order to �nd the best�t to the data, k will be varied between 0 and 1. The series of riteria desribedin Setion 4.2.3 are used to determine the best �t of the model to the data.
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4.2.2 Method of Deriving a Single Optimal kEstimates of k are most likely to be 0 < k � 1. Values of k < 0 are notappliable as they lead to a negative assimilation rate. k > 1 will indiate thatthe �sh grows better in the wild than in tanks where they are fed to satiation. Asthis is improbable, it might indiate that there is a aw in the model. The best�t to the data will be the value of k between 0 and 1 whih minimise an errorterm. In order to �nd the optimum value of k (the value of k at whih the errorterm is minimised), the error was evaluated from k = 0 to k = 1 at inrements of0.01. This is a robust method and will enable us to see how the error varies withk. The model will initially be �tted to both the mean and the median weightsof the di�erent age-lasses from the di�erent ohorts, in ase there is a skeweddistribution of the weights whih is able to bias k.4.2.3 Determining the Goodness of Fit of the Model tothe DataRunning the model produes a growth trajetory for eah ohort. Eah ohorthas at most four data points, one for eah age-lass from 0+ to 3+, where data isavailable. In order to examine to goodness of �t of the model to eah age-lass,a table of results has been omplied. The desriptions of what eah of thesestatistis indiate in Tables 4.2-4.5 is as follows.The �rst olumn is the age-lass for whih the rows of statistis apply. Theseond olumn is the average of the mean weights for that age-lass, whih anbe ompared with the average of the predited mean weights in olumn three.The range of the preditions is in olumn four. The absolute mean error is in thenext olumn and the perentage error in sixth, whih is the absolute mean errordivided by the observed mean weight multiplied by 100.The olumn Sign. same is derived using two-tailed paired t�test between thepredited weights and the observed mean weights. The observed mean weightsfrom eah age-lass approximate a normal distribution so the preditions shouldalso form a normal distribution indistinguishable from the observations. A t�testwill be used to test this. The term `Y' indiates that the two means annot bedistinguished, whih is what is required, whereas `N' indiates that the means57
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Figure 4.1: Graph showing the RMS error, for di�erent values of k, betweenthe model predition and the mean weights of the di�erent age-lasses from thedi�erent ohorts. There is a global minimum at k = 0:89� 0:005.are signi�antly di�erent.The �nal olumn, labelled Sign. orrel., whih determines whether the preditionsare orrelated with the observations, as desired. In this olumn, NS means theorrelation is not signi�ant, * means it is at P < 0:05, ** means it is at P < 0:01and *** means it is at P < 0:001.4.2.4 Estimating k by Fitting the Model to the Meansand the Median WeightsThe minimum root mean square (RMS) error was alulated for all likely possiblevalues of k with both the mean and the median data sets. Fig. 4.1 shows howthe RMS error between the model and the data varies with k. A global minimuman be seen at k = 0:89� 0:005 and there is unlikely to be a minimum at k > 1.A similar piture is produed when the model is �tted to the median weights.Optimum k and the RMS error for the mean and median weights are shown inTable 4.1, and a desription of the �t to the two data sets are given in Table 4.2.There is a strong tendeny for the 1+ and 2+ age-lasses to be under preditedwhilst 3+ age-lass weights are predited relatively well. Small hanges in kprodue inreasingly large hanges in the growth trajetories as time inreases.58



Table 4.1: The optimum values of k whih minimise the RMS error between themodel preditions and the observed mean and median weights.k RMS error (g)mean 0.89 3.24median 0.89 3.15Table 4.2: The �t of the model to the observed mean and median weights whenthe optimal value of k is found by minimising the RMS error.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.Fitted to the mean when k=0.890+ 0.82 0.75 0.42-1.38 0.24 29 Y NS1+ 5.35 3.63 2.21-5.30 1.81 34 N NS2+ 12.34 9.26 5.70-13.78 3.28 26 N NS3+ 18.92 20.07 14.41-27.67 3.49 18 Y NSFitted to the median when k=0.890+ 0.79 0.75 0.42-1.38 0.24 30 Y NS1+ 5.17 3.63 2.21-5.30 1.70 33 N NS2+ 12.12 9.26 5.70-13.78 3.13 26 N NS3+ 18.21 20.07 14.41-27.67 3.37 18 N NSThis results in a large hange in the error at the 3+ stage and smaller hanges inthe error for the 0+, 1+ and the 2+ parr. Therefore, the best �t will be heavilyinuened by the weights of the 3+ age-lass.In order to fore the model to �t the younger age-lasses better, whose samplesizes and abundane are muh larger, the �tting proedure an be altered so thatit would take into aount the sample sizes and the spread of the data.4.2.5 Estimating k by Fitting the Model to the Data byMinimising a Weighted FuntionTwo weighting funtions that take into aount the spread of the data and thesample sizes are W1 and W2 in equations (4.2) and (4.3). The RMS error isreplaed by the weighting funtion, whih will be alulated as k varies. The
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best �t will be the value of k whih minimises W1 or W2.W1 =Xj Xi �Pi;j �Di;jei;j �2 ; (4.2)W2 =Xj Xi jPi;j �Di;jjei;j : (4.3)The subsript j refers to the ohort and i to the age-lass. When used withthe means, Pi;j represents the predited weight whih orresponds with Di;j, theobserved mean weight, whih has a standard error of ei;j. These funtions analso be used with the median weights, where ei;j is derived from the quartilevalues, as in equation (4.4) ei;j = Q1i;j �Q3i;j2 : (4.4)where Q1i;j and Q3i;j are the upper and lower quartile values respetively andDi;j is the observed median weight.The two funtionsW1 andW2 were evaluated for values of 0 < k � 1 at inrementsof 0.01. The values of k whih minimise W1 and W2 for both the means andmedian weights are shown in Table 4.3, with desriptions of the �t given inTable 4.4. Use of the weighting funtions hanges the emphasis of the �ttingTable 4.3: Values of k whih minimise the weighting funtions when applied tothe means and the medians weights. W1 W2mean 0.89 0.90median 0.87 0.89proedure. In the ase of the means, it has aused an inrease in the value ofk when W2 is used. This is due to an optimum value of k being found that �tsbetter to the age-lasses with more aurate means (whih have a smaller s.e.),whih tend to be the 1+ and 2+ age-lasses. This e�et appears to be o�setwhen W1 is used as the squared term reates a bias towards reduing the errorsassoiated with the data points with the larger standard errors, whih tend to bethe 3+ age-lass.The optimal values of k derived when the model is �tted to the medians are lowerthan for the means. This is due to the di�erenes in the quartile values being60



Table 4.4: The �t of the model to the observed mean and median weights theoptimal value of k is found using the weighting funtions W1 and W2.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.Fitted to the mean when k=0.89 using W10+ 0.82 0.75 0.42-1.38 0.24 29 Y NS1+ 5.35 3.63 2.21-5.30 1.81 34 N NS2+ 12.34 9.26 5.70-13.78 3.28 26 N NS3+ 18.92 20.07 14.41-27.67 3.49 18 Y NSFitted to the mean when k=0.90 using W20+ 0.82 0.80 0.43-1.51 0.23 28 Y NS1+ 5.35 4.03 2.43-5.92 1.66 31 N NS2+ 12.34 10.44 6.38-15.62 2.88 23 N NS3+ 18.92 22.83 16.33-31.54 4.96 26 N NSFitted to the median when k=0.87 using W10+ 0.79 0.65 0.38-1.16 0.26 33 N NS1+ 5.17 2.91 1.81-4.20 2.25 43 N NS2+ 12.12 7.19 4.50-10.57 4.93 41 N NS3+ 18.21 15.26 11.04-20.96 3.45 19 N NSFitted to the median when k=0.89 using W20+ 0.79 0.75 0.42-1.38 0.24 30 Y NS1+ 5.17 3.63 2.21-5.30 1.70 33 N NS2+ 12.12 9.26 5.70-13.78 3.13 26 N NS3+ 18.21 20.07 14.41-27.67 3.37 18 N NSrelatively similar in size ompared to those of the standard errors. The weightingfuntions are de�ned as residual divided by eij so is relatively large when thequartiles are used, espeially for the larger �sh. Thus the weighting funtions areminimised with low values of k whih �t the 3+ parr better. As with the means,the squared term in W1 plaes greater weight on the larger errors whih tend tobe the larger �sh, whih further redues the value of optimal k.The sample size of the 3+ �sh form a small part of the whole data set, yet haveso far had a very inuential role in �nding optimal k. The next step will beto exlude the 3+ data from the �tting proedure to assess its inuene anddetermine whether a more satisfatory value of k an be derived.
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4.2.6 Estimating k by Fitting the Model to only the 0+,1+ and 2+ Age-Class DataAll the data for parr older than 2+ were exluded from the data set and the�tting proedure was applied to the mean and the median weights as in Setion4.2.4. and Setion 4.2.5. The di�erent error funtions were minimised in orderto derive the optimum values of k shown in Table 4.5, with desriptions of the�ts in Table 4.6.Table 4.5: Values of k whih minimise the weighting funtions and the RMS errorbetween the model and the observed mean and median weights when the 3+ datahave been exluded. RMS W1 W2mean 0.91 0.91 0.91median 0.91 0.90 0.90Table 4.6: Fit of the model to the observed weights when the 3+ data has beenexluded from the �tting proedure.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.Fitted to the mean when k=0.910+ 0.82 0.85 0.45-1.63 0.24 29 Y NS1+ 5.35 4.46 2.66-6.59 1.55 35 N NS2+ 12.34 11.73 7.11-17.62 2.83 23 Y NS3+ 18.92 25.86 18.43-35.78 7.33 39 N NSFitted to the median when k=0.910+ 0.79 0.85 0.45-1.63 0.24 30 Y NS1+ 5.17 4.46 2.66-6.59 1.54 30 Y NS2+ 12.12 11.73 7.11-17.62 2.80 23 Y NS3+ 18.21 25.86 18.43-35.78 7.68 42 N NSFitted to the median when k=0.900+ 0.79 0.80 0.43-1.51 0.23 29 Y NS1+ 5.17 4.03 2.43-5.92 1.59 31 N NS2+ 12.12 10.44 6.38-15.62 2.83 33 N NS3+ 18.21 22.83 16.33-31.54 5.04 28 N NSThe optimum values of k found have all inreased in value as a result of theexlusion of the 3+ data. This is to be expeted, as lower values of k are more62



suited to this age-lass. These rises do indiate that the 3+ have an e�et onthe values of k, even when funtions whih disriminate against them due totheir small sample sizes are used. However, those e�ets are quite small: themeans hange from 0.89 and 0.90 to 0.91; medians hange from 0.87 to 0.89 andbeome 0.90 to 0.91. These small hanges probably do not justify omitting theinformation from the 3+ data, as the bias is very small.4.2.7 Determining the Most Appropriate Fitting Proe-dure for Estimating kThe �tting proedures for k produe a narrow range of values, whih vary from0.87 to 0.91, none of whih provide an adequate �t of the model to the data.They all produe systemati errors in prediting the weights of di�erent age-lasses, with a tendeny for the 1+ and 2+ to be under predited or the 3+ to beover predited. The next stage will be to �t a di�erent value of �(t) for eah yearin order to indiate variation in the assimilation rate between years, by rede�ning�(t) = �y, where y represents the year. This an be done only after the hoiesof whether to �t means or the medians and whih �tting proedure to use hasbeen made.ANOVA tables an be produed to test if there are signi�ant improvements inthe �t of the model to the data for the di�erent methods of deriving optimal k.These would ompare the preditions when optimal k is derived from the dataand the preditions when the default value of k = 1 is used. For eah methodan F�statisti an be alulated, and it was found that the use of k provideda highly signi�ant improvement to the �t between the model and the data,with P < 0:001 in all ases. However, it would be inappropriate to ompare thedi�erent F�statistis due to their derivation. When the RMS error is minimised,the F�statisti is alulated from the sum of the squares, and when the weightedfuntions are used, the F�statistis is alulated from the sum of the weightedresiduals. Eah of these methods plaes a di�erent emphases on di�erent aspetsof the �t and so produe di�erent F�statistis. Therefore, other riteria will beused to deide on the best method.When k is derived by �tting the model to the means and medians of all thedata (Subsetion 4.2.4), there is a tendeny for the RMS optimisation proedure63



to �t the weights of the 3+ better than the 1+ and 2+ parr. This would beinappropriate as the 3+ form a very small part of the sample size, so simply�tting the data to all the medians or means by minimising the RMS error will bedisarded. The method of �tting k to only the 0+, 1+ and 2+ data will also bedisarded, as it ignores an important point on the growth trajetory. One of theweighting funtions will be used, as they take into aount the auray of theestimates of the mean weights.The weighting funtion W1 will be biased towards the points with the largesterrors, whih are from the 3+ age-lass. As the sample sizes for these �sh arerelatively small, it would be better to use a �t that was more assoiated withthe bulk of the data, whih are the 1+ and 2+ age-lasses. Therefore, the W2weighting funtion will be used to minimise the error between the model and thedata.Fitting to the mean and the median weights gives di�erent values of k, whihare a onsequene of the spread of the data and the sample sizes. The meansdo not reet the spread of the data as well as the median, but the medians areless inuened by the sample size. However, as the auray of the means an beestimated well, due to the large sample sizes, the W2 weighted funtion �tted tothe means will be used as the preferred �tting proedure. Thus, the �nal hoieis weighting funtion W2 �tted to the mean weights of all the age-lasses.The simulated growth trajetories estimated with the value of k = 0:90 are shownin Fig. 4.2 (with a desription to the �t in Table 4.4). There are still systematidi�erenes between the residuals and the data, where the 3+ are under preditedand the 1+ and 2+ are generally over predited. The model as it stands doesnot provide a good estimate of the growth rates for wild parr. Using a singleonstant value of �(t) = k assumes that the di�erene between the growth rateof wild parr and parr reared when fed to satiation is a onstant fration of themaximum assimilation rate. The next step will be to investigate what happensif this fration varies annually.
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Figure 4.2: Simulations produed when �(t)=0.90 in the CGMe with the eletro-�shing data summarised into the means with the standard errors for eah age-lassfrom the ohorts born from 1968-1986.4.3 Inferring Year Quality from the Model4.3.1 Estimating Annual Values of �yDeriving a onstant value of �(t) does not provide a good �t to the observedweights, but an optimal method has been developed to �t the model to the data.This method will be extended and use �(t) = �y, whih will be a set of disretevalues. Eah value will be onstant within eah year but will vary between yearsso that the value of �y will a�et the predited growth rate of all ohorts presentin year y.The values for �y will be derived by minimising W2 between the model and theobserved mean weights, using the downhill simplex method of optimisation, asdesribed in Appendix A, with the initial onditions desribed in Subsetion 4.3.2.The growth model has so far been �tted to the weights of the �sh. As it is atuallyestimating growth rates, it will also be �tted to the observed spei� growth rate(SGR) of parr. This is useful as many growth models, suh as the E&H model,are designed to predit SGR. In addition, we are at the looking diretly at thegrowth rates in the population, so �tting to growth rate may provide a better �tto the observed mean weights.The desriptions of the �ts between the model and the mean weights in Tables4.7-4.10 are the same as previously desribed in Subsetion 4.2.3. The �ts of the65



model to the SGR desribed in Tables 4.7 and 4.8 are similar to those desribedin Subsetion 4.2.3. exept they do not apply to weight but to growth in unitsof % day�1.4.3.2 The Fitting ProedureThe Downhill Simplex Method of Optimisation (DSO)There will be at least 18 values of �y that need to be found for the data from theGirnok Burn. The values are not independent, as �sh weight during one yearwill a�et their weight the next year, so the method previously desribed to �ndk is inappropriate. The DSO will be used as it an �nd this number of unknownparameter values more eÆiently.The DSO requires a set of initial values of �y and a step size to begin the �ttingproedure. The value of k = 0:90 was used as the initial value of �y, for all y,with a step size was 0.01. The value of k = 0:90 was hosen as it provided thebest �t of the model to the data in Setion 4.2. With these initial onditions, theDSO was able to minimise the error between the model preditions and the datato produe di�erent values for �y for eah year.Other initial onditions were used in order to see if the DSO would onverge tothe same values of �y. It was found that they did not, whih meant that theminimum found by the DSO was dependent on the initial onditions. The valuesof the error funtion, W2, found from eah set of initial onditions were omparedand varied little between them (< 2% from the average value). This indiatedthat the solutions produed from the di�erent initial onditions might have beentending towards the global minimum but that the error surfae was either tooat or too rough for it to be reahed.Five di�erent sets of initial onditions were used (with k=0.88, 0.89, 0.9, 0.91 and0.92 eah being the initial onditions for all years) to produe �ve sets of �y. Asthe �tting proedure did not onverge to the same minimum for di�erent initialonditions, then the values of �y assoiated with the lowest error value may notrepresent the global minimum but it indiated the best �t to the data that ouldbe found. The growth simulations were then produed using these values of �y.An error term was derived for eah value of �y based on the standard error of the66



values derived from the di�erent initial onditions. This would give an indiationof how aurately eah value of �y was known.4.3.3 Fitting the Model to the Mean Weights by Adjust-ing �yNow that the values of �y are being derived for eah year, the data that the modelis being �tted to needs to be de�ned more rigorously. For the simulations in thissubsetion, the �rst growth trajetories will start at the time of hathing of theohort that is born in 1968, whose �rst data point is in 1969, at the 1+ age-lass.The trajetory for the seond ohort will begin at hathing in 1969. The value of�69 will therefore be derived primarily from the 0+ and 1+ age-lass of 1969, butthis value will also aount for most of the growth in 1968. This means �68 = �69and that they are not estimated separately.In Table 4.7, the �t to the mean weights is shown. In addition to this is the�t between the observed and the predited SGR between onseutive age-lassesare shown. The values of �y have been derived by minimising the error funtionbetween the predited and the observed mean weights.Table 4.7: Fit of the model to the observed mean weights and SGR when �yis derived by minimising the weighted error between the observed and preditedweights. Fit of the model to the mean weightsAge- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.82 0.84 0.48-1.40 0.12 14 Y ***1+ 5.35 4.38 2.94-5.67 1.00 19 N *2+ 12.34 11.83 7.73-14.23 0.96 8 Y ***3+ 18.92 25.73 21.20-28.73 6.81 36 N NSFit of the model to the SGRAge- Average Predited Range of Mean Abs. % Sign. Sign.lasses SGR SGR Preditions Error Error same orrel.% day�1 % day�1 % day�1 % day�10+-1+ 0.40 0.36 0.31-0.41 0.05 11 N NS1+-2+ 0.22 0.25 0.21-0.31 0.04 21 N NS2+-3+ 0.11 0.20 0.16-0.26 0.09 87 N NS67



The �t of the model to the data has improved onsiderably by the hange from�(t) = k to �(t) = �y, with signi�ant positive orrelations between the observedand predited 0+, 1+ and 2+ weights and the absolute mean error lower by a largeamount, as shown by omparing Tables 4.7 and 4.4. for eah age-lass. Thereare di�erenes between the predited and observed weights of the 1+ age-lass.The �t of the model to the SGR has also been alulated and it an be seenthat the 0+ to 1+ growth rates have generally been under predited, whilst the1+ to 2+ growth rates are over predited. The 2+ to 3+ growth rates are overpredited, as would be expeted due to the weighting funtion. The model willnext be �tted to the SGR and the �t ompared to the table above.4.3.4 Fitting to the SGR by Adjusting �yThe model will be �tted to the SGR by minimising the weighting funtion W2in equation (4.3), with Pi;j as the predited SGR and Di;j as the observed SGR.The SGR will have a di�erent error in the weighting funtion and fewer datapoints than the mean weights so will produe di�erent values for �y. SGR willbe de�ned as SGRi;j = �Wi+1;j �Wi;jti+1;j � ti;j � =�Wi+1;j +Wi;j2 � ; (4.5)where j is the ohort, i is an age-lass andWi;j is the weight of the �sh. t has unitsof days and is the mean date of the survey for age-lass i in ohort j. Therefore,SGRi;j is the SGR between age-lasses i and i+ 1 of ohort j.The �tting proedure has to be weighted down so an error term for the SGR isrequired. This will not be straightforward as measurements for individual �sh donot exist. Also the sample sizes vary greatly between age-lasses so we are unableto use regression to determine the SGR beause there will be a bias towards theage-lasses with larger sample sizes.An error for the SGR between two mean weights was derived from the standarderrors of the mean weights. An upper limit for the error term was alulatedas the SGR between the point one s.e. below the mean weight of the youngerage-lass and one s.e. above the mean of the older age-lass. The lower limitwas the SGR between the point one s.e. above the mean weight of the younger68



age-lass and one s.e. below the mean of the older age-lass. This will not be thetrue s.e. of the observed SGR but will be adequate as a weighting funtion. Itis determine by the spread of the data and the size of the sample, is similar tothe weighting funtion used previously and provides an error that an be appliedonsistently and quikly aross the data set. The upper and lower limits thathave been derived for the SGR are di�erent sizes, so the average of the two wasused as the weight.A new set of �y was derived by minimising the error funtion between the pre-dited and observed SGR using the same initial values for �y and step sizesas for the means weights. The quality the �t between the preditions and theobservations shown in Table 4.8.Table 4.8: Fit of the model to the observed mean weights and observed SGR when�y is derived by minimising the weighted error between the observed and preditedSGR. Fit of the model to the mean weightsAge- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.82 0.87 0.19-2.86 0.48 59 NA NS1+ 5.35 6.10 0.80-27.73 3.99 74 NA NS2+ 12.34 15.43 1.88-61.99 10.04 81 NA NS3+ 18.92 30.85 7.08-116.37 20.13 106 NA NSFit of the model to the SGRAge- Average Predited Range of Mean Abs. % Sign. Sign.lasses SGR SGR Preditions Error Error same orrel.% day�1 % day�1 % day�1 % day�10+-1+ 0.40 0.35 0.24-0.42 0.05 11 N *1+-2+ 0.22 0.24 0.21-0.30 0.02 11 Y NS2+-3+ 0.11 0.18 0.14-0.26 0.07 62 N NSTable 4.8 shows an improvement in the �t of the model to the data when the SGRis �tted when ompared to the �t to the SGR in Table 4.7, as would be expeted,but the �t to the means is substantially worse. The paired t�test between theobservations and preditions is no longer appliable due to the unequal varianebetween these two quantities, as an be shown using an F�test. This ase isdenoted as NA in olumn seven of Table 4.8.When the model is �tted to the mean weights, the residuals between both the69



observed and predited SGR's and mean weights appear reasonable. This is notthe ase when the SGR is used to derive �y, where although the �t to the SGRhas improved, the �t to the mean weights has deteriorated onsiderably. Thisdeterioration may be due in part to the loss of a degree in freedom experienedwhen deriving the SGR but is probably mainly due to the fat that the SGR isa relative measure of growth rather than an absolute measure.In view of these results, the model will no longer be �tted to the SGR, butinstead to the mean weights. The next subsetion will look at how the �t isa�eted deriving separate values of �68 and �69.4.3.5 Fitting the Model to the Mean Weights with �68 and�69 Derived SeparatelyThis method of �tting the model to the data is very similar to the previousmethod exept that values for �68 and �69 are derived separately. Therefore �69is primarily dependent on the growth that is produed in 1969. As there is nodata for 1968, �68 is largely determined by the subsequent data for that ohort.Note that no value of �y is determined by the data from any single year as thevalues are not independent. This new method has been used to derive the resultsin Table 4.9, by minimising the error funtion between the predited and observedweights.Table 4.9: Fit of the model to the observed mean weights when �y is derived byminimising the weighted error between observed and predited mean weights when�68 and �69 are derived separately.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.Fit of the model to the mean weights0+ 0.82 0.86 0.49-1.42 0.13 16 Y **1+ 5.35 4.46 3.18-5.98 0.89 17 N *2+ 12.34 11.99 7.31-14.11 0.80 6 Y ***3+ 18.92 26.23 19.94-29.81 7.31 39 N NSThere is a slight improvement to the �t of the 1+ and 2+ age-lasses whenompared to Table 4.7, but there is also a derease in the quality of �t to the 0+and 3+. This has to be onsidered with the fat that there is an extra value of70



�y used in this method.Other data does exist from the eletro-�shing surveys from 1969 and 1970, whihhas yet to be used, may produe a better preditions and will be used in the nextsubsetion.4.3.6 Deriving �y with an Extended Data SetData exists for the four age-lasses aught in 1969 and 1970 but not all of whihhas been used previously in prediting �y. This has been beause the temperaturedata does not extend bak beyond 1968, so no omplete growth trajetories (frombirth) for ohorts born before 1968 an be produed and extended forward to thedata for 1969. The following method requires data from the 0+, 1+ and 2+ age-lasses from 1969 and all four age-lasses in 1970 to be inluded in the analysis.The starting weights for simulated growth trajetories for the ohorts born from1967-1969 will be the mean weights of the 0+, 1+ and 2+ age-lasses from the1969 eletro-�shing survey. The 3+ mean weight annot be used as it is the onlydata point for that ohort. As the data is olleted during the summer, �69 willbe alulated for the period from the eletro-�shing survey to the end of the year,rather than for the whole year as with the subsequent values of �y. This methodrequires that the reserve to strutural tissue ratio be known. During the summer,the �sh are growing at a rate where � = �0, as shown by the model. When thetrajetories for the ohorts born from 1967-1969 are started, it will be assumedthat this is the ase.This method �ts to fewer data points as the data from the �rst year (1969) isused as starting points for the trajetories and so the model is no longer being�tted to this data. The �t of the model to this new data set is shown in Table4.10.Table 4.10 does not produe a lear di�erene from the previous two methodsof �tting to the mean, both in terms of the residuals between the predited andobserved means or orrelations.
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Table 4.10: Fit of the model to the observed mean weights when �y is derived byminimising the weighted error between the observed and predited weights whenthe extended data set is used.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.Fit of the model to the mean weights0+ 0.81 0.87 0.42-1.35 0.15 19 Y **1+ 5.39 4.40 4.07-6.56 0.99 18 N *2+ 12.34 11.97 10.75-13.62 0.85 7 Y ***3+ 18.67 25.71 13.00-22.56 7.04 38 N *
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Figure 4.3: Values of �y derived when minimising the error funtion betweenthe observed and predited weights: the open irles are from the �rst methodoutlined in this setion, the �lled diamonds are from the seond method and theopen squares are from the third method.4.3.7 Comparison of FitsThe most suitable method of minimising the error between the observed meanweights and the model in order to derive �y needs to be hosen. The values of �yfrom the �rst two methods vary little, as shown in Fig. 4.3. Tables 4.7 and 4.872



show that there is little di�erene in the quality of �t. When the third method isused, more of the values for �y are di�erent, but the quality of �t is very similar,so it is hard to determine whih is the best method on this basis.Tables 4.11 to 4.13 are the ANOVA tables whih desribe the signi�ane of theparameters whih have been used to �t the model to the data. They show thatthe improvement by �y has signi�ane around the 5% level. The F�values havebeen alulated from the total weighted deviane, whih is a more robust methodthan using the total sum of the square. However, as the signi�ane levels are allsimilar, we require other riteria to determine whih is the best method.Table 4.11: ANOVA table alulated from the weighted sum of devianies (WSD)using the �tting proedure outlined in Subsetion 4.3.3.d.f. WSD MD F Pk 1 1318.0 1318.0 156.4 < 0:001�y 17 259.4 15.3 1.811 0.0616Residual 40 337.0 8.4Total 58 1914.4Table 4.12: ANOVA table alulated from the weighted sum of devianies (WSD)using the �tting proedure outlined in Subsetion 4.3.5.d.f. WSD MD F Pk 1 1318.0 1318.0 161.5 < 0:001�y 18 278.2 15.5 1.894 0.0474Residual 39 318.2 8.2Total 58 1914.4The third method desribed in Subsetion 4.3.6. has a number of advantagesover the others. The �rst is that the values of �y are derived with as muh of thedata as possible so the derivation of values with age-lasses missing is minimised.The seond advantage is that the temperature reord required is only from thedate of the �rst mean weight measurement. This will be useful when �tting toother data sets where temperature data may not exist before the eletro-�shingsurveys were onduted.Therefore, the method of deriving �y that will beome the default proedure for�tting the model to the mean weights will use the method de�ned in Subsetion73



Table 4.13: ANOVA table alulated from the weighted sum of devianies (WSD)using the �tting proedure outlined in Subsetion 4.3.6. Note that the d.f. hangewhih is due to using di�erent starting onditions that redue the data points used.d.f. WSD MD F Pk 1 1268.1 1268.1 149.2 < 0:001�y 17 270.1 15.9 1.876 0.0520Residual 39 330.6 8.476Total 57 1858.4
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Figure 4.4: Simulations produed with the values of �y derived by �tting the modelto the mean weights with the extended data set (as in Subsetion 4.3.6). Traje-tories with broken lines refer to the ohorts with open irles.4.3.6. Fig. 4.4 shows the simulations produed using this method with the data.The overall �t is now learly better, as, for the �rst time, it is obvious whihurve �ts whih data points and to whih trajetories the few disrepant pointsshould �t. Table 4.14 shows how the �t of the model has improved as the �ttingproedure has developed from the E&H model to the CGMe when �y is used inSubsetion 4.3.6.4.4 Sensitivity AnalysisVariation of the input variables will a�et the values of �y and the extent towhih this happens needs to be known. The input variables are approximations,and in order to predit �y with suÆient auray, their e�et on �y needs to beknown and understood in order to prevent misleading results. In this setion, thefour input variables will be varied, and their e�et on �y examined. These are74



Table 4.14: R2 values derived from the �t of the model to the data for the variousmodels used. n represents the numbers of data points to whih the R2 value ap-plies. These values were derived by orrelating observations with the preditions.Age� Class E&H CGMe �(t) = k �(t) = �yR2 n R2 n R2 n R2 n0+ 0.126 14 0.166 14 0.154 14 0.512 131+ 0.104 15 0.001 15 0.001 15 0.242 142+ 0.114 15 0.005 15 0.006 15 0.735 153+ 0.006 14 0.125 14 0.124 14 0.235 15All 0.418 58 0.834 58 0.854 58 0.915 57the temperature, time of hathing, the weight-length relationship and the weightat �rst feeding.In order to test the sensitivity of the model to these quantities, how well eahof these quantities has been approximated needs to be known. Then the fatorsoutlined in the previous paragraph will be varied and di�erent values of �y de-rived. These will then be ompared to eah other in order to see if the magnitudeand the relative values of �y are preserved.4.4.1 Sensitivity of the �y to TemperatureThe model uses average mean monthly temperatures, derived from the maxi-mum and minimum daily temperatures throughout the month. The resolution ofmonthly temperature was taken as the atual daily temperatures did not exist forall months. For these months, summaries were available as monthly means whihhad previously been alulated by D.W. Hay using the method above. In orderto have a uniform data set, all monthly temperatures were used and alulatedusing this method.Subsequent data from the Girnok (from May 1986 to Deember 1996) has beentaken by an eletroni measuring devie that takes the temperature every 45 min-utes, whih an be regarded as a ontinuous reord. From this, more aurateestimates of monthly mean temperature were alulated, and these were om-pared to estimates made using the previous method. From this, an idea of theerror assoiated with the original method ould be dedued.75
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Figure 4.5: Values of �y with their standard errors when the temperature is low-ered (O) and raised (M) by 0.2oC ompared to the original values (Æ).Results from Di�erent Temperature RegimesThe error between approximating the monthly mean by averaging the daily mini-mum and maximum temperatures and by taking the average of the temperaturesin a month when they are measured every 45 minutes was always less than 0:2oCfor eah month. Therefore, �y was derived with temperatures raised and loweredby 0:2oC.When the temperatures are varied by �0:2oC, the sets of �y , whih are shownin Fig. 4.5, were highly orrelated (P < 0:001, R2 > 0:9). This implies that theerror assoiated with the method of estimating the temperature from the datais not large enough to perturb the relative values of �y suÆiently to hangetheir pattern. The absolute values of �y do hange beause lower temperaturesderease growth rates whih is ompensated by an inrease in �y. A two-wayANOVA with year and temperature regime as fators shows that temperature isa signi�ant fator. However, the di�erenes in the average values of �y are lessthan 0.016, whih is unlikely to perturb the growth trajetory by a large amount.4.4.2 Sensitivity of �y to the Weight-Length RelationshipThe weight-length relationship that has been used was derived using data fromthe River Eye is in the form of equation (4.6),W = �L� (4.6)where � and � are onstants. Altering the weight-length relationship wouldprodue new data sets to whih the model an be �tted, by adjusting �y.76



Deriving �y with Di�erent Weight-Length RelationshipsFour sets of �y were derived with di�erent oeÆients for the weight-length re-lationship. �y was derived with � lowered by one s.e. and inreased by one s.e.,then with � was lowered by one s.e. and inreased by one s.e.An additional two sets of �y were alulated. The �rst used weights alulatedat the upper 95% on�dene interval of the weight-length relationship, so thatthey all weights inreased. The seond used weights alulated at the lower 95%on�dene interval so they all dereased.Results Using Di�erent Weight-Length RelationshipsThe six new sets of �y ould be ompared to the values derived in Setion 4.3.and are shown in Fig. 4.6. It was found that all the sets of �y were highly or-related (P < 0:001, R2 > 0:8 in all ases) with eah other. A two-way ANOVAshowed that there were signi�ant di�erenes between �y derived with the di�er-ent weight-length relationships. This is beause the data to whih the model isbeing �tted has hanged in a systemati way. However, the mean absolute di�er-ene is very small, being less than 2% of �y derived from the original weight-lengthrelationship. This indiates that the error assoiated with the weight-length re-lation is small enough not to distort the general pattern of the values of �y.4.4.3 Deriving �y Using the Variable Hathing WeightsThe initial weight of an emerged hathed �sh is urrently assumed to be 0.15g. This is the assumed hath weight of the live alevins. The initial weight maya�et �y, so this will be tested by varying the initial weights and omparing theresulting values of �y.Estimates of the emergene weights of alevins exist in the literature for Atlantisalmon. Gunnes (1979) reared Norwegian salmon eggs from fertilisation to emer-gene at di�erent temperature regimes and found their weight at hathing to varybetween 0.062 and 0.16. Peterson and Martin-Robihaud (1989) used CanadianAtlanti salmon fry that had been raised at various temperatures with initial77
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Figure 4.6: Values of �y with their standard errors when the when di�erent weight-length relationships are used. (a) has the saling onstant � lowered (�) andraised (�) by one s.e. In (b) the exponent � is lowered (�) and raised (�) byone s.e. For () weights were derived using the upper (�) and lower (�) 95%on�dene intervals. These were all ompared to the original values (Æ).weights of between 0.171 and 0.181 g.The sensitivity analysis requires two extreme sizes of Atlanti salmon for thederivation of �y. Based on the sizes above, they will be a lower limit of 0.05 gand an upper limit of 0.2g.Results Using Di�erent Hathing WeightThe values of �y derived by using di�erent hathing weights are highly orrelatedwith (P < 0:001, R2 > 0:895), and a two-way ANOVA, with year and hathweight as fators, does not show hath weight to be a signi�ant fator. Thissize of variation in the starting weights does not have a signi�ant e�et on the78
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Figure 4.7: Values of �y with their standard errors when the when di�erent birthweights are used. The O represents �y derived from a low birth weight and M arethe �y derived from a high birth weight. �y derived when birth weight is 0.15g areshown by Æ.derived values of �y.4.4.4 Sensitivity of �y to a Temperature Dependent Emer-gene DateA nominal hathing date has been used as the starting date for ohorts whosegrowth is being predited from birth. A more appropriate starting time may bethe date of emergene. After the eggs have hathed, the alevins stay in the gravelfor a period, after whih they emerge to disperse and feed (Crisp 1981). Duringthe period when they are in the gravel, they are able to survive from nutrimentsfrom a yolk sa with whih they are born (Brannas 1988). The length of thegrowing season is de�ned from the date of emergene and it is possible that itwill have a large inuene on the weight of the �sh at the end of the growingseason (Shakley and Donaghy 1992).�y is a measure of year quality, so emergene date ould one of its omponents.Introduing emergene date into the model will allow us to see if this is true byjudging the hanges of �y, as the variation of �y should derease. Therefore, avariable growing season will be introdued into the model.A variety of methods an be applied to estimate the time of emergene. Egglishawand Shakley (1977) alulated the degree-days from 1stDeember to emergenefor a population of salmon in Shelligan Burn in southern Perthshire, Sotland.This was alulated as 622 degree-days from eggs fertilised in 1972 to emergene79



as fry the following year. This estimate has sine been used to estimate emergenetimes in the River Dee (Shakley and Donaghy 1992).Other methods exist to alulate the time from fertilisation to hathing (Crisp1981), hath date to emergene (Brannas (1988), Jensen et al. (1989)), andfertilisation date to emergene (Crisp 1988). These were derived from experimentswhere temperature was regulated.A more ompliated model exists to predit emergene period for sea trout, Salmotrutta L. by Elliott and Hurley (1998), but there is insuÆient �eld data fromthe Girnok to reparameterize and use this model for Atlanti salmon.Deriving �y Using Temperature Dependent Emergene DatesSpawning usually takes plae in the Girnok during November and oinides withthe autumn spates. Buk and Youngson (1981) and Webb and Mlay (1996)observed that spawning ourred between 28th Otober and 20th November.Temperature and estimates of the spawning time are available for the Girnokso the equation by Crisp (1981) an be used to predit time from fertilisation tohathing, de�ned as D in days, from temperature, T (oC). It is given below as(4.7), log D = �2:6562 log(T + 11) + 5:1908: (4.7)Then equation (4.8), whih is taken from Jensen et al. (1989), an be used toestimate the time from hathing to emergene, E,E = 472T�1:27: (4.8)This method has previously been used by Jensen et al. (1991) to estimate time be-tween fertilisation and hathing, given temperature reords, for Atlanti salmon.Equations(4.7) and (4.8) were alulated for �sh reared at onstant temperatures,and in the wild over this period, there are large hanges in temperature.D was alulated �rst by taking a range of dates between fertilisation and anassumed maximum hathing date, D0. The average temperature between fertili-sation and eah date up to D0 was alulated and was then used in equation (3.7.)to produe a series of values of D. The hathing date was taken when D0 = D.80



A similar proess was used to alulate E. This was repeated for all the yearsfrom 1970-1986 for three di�erent fertilisation dates.Three sets of �y were produed using this method. They orresponded to an early,middle and late fertilisation date (1st , 10th and 21st November respetively) whihprodued emergene dates that ranged from 16th April to 23rd June. A fourthset of �y was produed using the method desribed by Egglishaw and Shakley(1977) whih was based on degree-days, whih gave emergene dates between 2ndMarh and 1st April.Results Using Di�erent Emergene DatesThese simulations represented a large range of starting dates yet produed verysimilar and highly orrelated values of �y, whih are shown in Fig. 4.8. Whenorrelated with eah other and the values of �y derived in Subsetion 4.3.6, P <0:001 and R2 > 0:73. A two-way ANOVA with year and emergene date asfators showed that emergene date was not a signi�ant fator for the values of�y.4.4.5 Overall Robustness of the modelThe pattern of �y produed by the original data set has been preserved well forall the simulations in this setion. This indiates that the model's preditionsof �y are robust for the magnitude of measurement error of the input variables.The values of �y from the simulations are shown in Fig. 4.9 and have also beensummarised into mean values with 95% on�dene limits.The model now needs to be tested on data that has more than one data pointfor eah ohort per year so that we an see if the growth trajetories withinyears represent the growth of the population within years. The assumption thatthe mean growth rate of the population an represent the growth rate of anindividual needs to be tested. These will be done using data for individual �shin the Chapter 5.
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Chapter 5Fitting the Growth Model toData from Individual Parr
5.1 IntrodutionThe model developed in Chapters 3 and 4 has been used to predit the meanweights of di�erent age-lasses for di�erent ohorts. The mean weight of the parrfrom eah age-lass in eah year has been used to represent the weights of theindividuals of the population. Also, the growth trajetories have only been �ttedto the mean weights for parr sampled during the summer. These trajetorieshave been assumed to be appliable to an individual in that population all yearround.In this hapter, we aim to test two aspets of the model. The �rst will be: Howwell an the model predit the mean weights of the population during monthsbetween summer surveys? The seond will be: Is the model able to predit thegrowth trajetories of individual parr?These aspets will be tested using a set of data that was olleted at approx-imately monthly intervals from summer 1998 until spring 1999. It onsists ofeletro-�shing samples taken in the middle setion of the Girnok Burn. A sele-tion of parr at eah survey were individually marked, so if they were subsequentlyreaptured at a later survey, they ould be identi�ed. This would then give anindiation of the growth rates of individual parr over this period.Previously, the model has been �tted to the data by adjusting the funtion �(t) =84



�y, an annual step funtion whih hanges at the start of eah year. The modelwill now be �tted to the data by adjusting a single onstant value of �(t) = �mapplied from June 1998 until Marh 1999. This single annual value will makeomparisons between di�erent parr straight forward, partiularly for parr onlyaptured before or after 1st January 1999 whih would have had only one valuewhereas the other parr would have had two. One the model has been �tted tothe mean weights and to the individual parr weights, the predited growth ratesan be ompared by seeing if �(t) di�ers for individuals and the population.5.2 Data from the Girnok Burn from 1998-995.2.1 Data from Individual Salmon ParrTen eletro-�shing surveys were onduted from June 1998 to Marh 1999 at twosites in the middle setion of the Girnok Burn. During eah survey, salmon parrhad their length and weight measured. Unmarked parr longer than 80mm weremarked using a long lasting panjet marking ode that was individually unique.They were often re-aught at subsequent surveys. Sale samples were taken todetermine the parr's age, and most of the parr aught were from the 1996 or 1997ohorts. Parr from other ohorts omprised too small a sample to use. Markedparr aptured at the �sh trap during the autumn and spring migrations also hadmeasurements were taken in the same way.5.2.2 Temperature DataThe water temperature over the period of the surveys was measured using a digitalreorder every 45 minutes, whih was loated downstream at the �sh trap. Thereordings for eah month were summarised into monthly temperatures by takingtheir average. These average monthly temperatures were then used in the model.
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5.3 Fitting the Model to the Population MeanWeights5.3.1 Fitting the Model to the DataA method was required to test whether the growth trajetories produed by themodel were similar to those that are observed in the wild population. The modelhad previously been �tted to the mean weights during the summer, representedby just one measurement eah year. It ould now be �tted to mean weights fromthe population sampled on a monthly basis from June 1998 until Marh 1999.Three �tting parameters were used. The �rst was the annual year quality es-timator, �(t) = �m, whih would be kept onstant aross all age-lasses. Theother two were the starting weights for the growth trajetories of the age-lasses,denoted W0;97 and W0;96, for the 1997 and 1996 ohorts respetively. The tra-jetories would start at the time of the measurement of the �rst mean weightfor eah age lass, whih was on 8th June. The starting weights were �tted pa-rameters rather than �xed points from whih the trajetory ould start as thereis some unertainty assoiated with eah data point. The reserve to struturalweight ratio was assumed to be at its ideal value during the summer when thegrowth simulations were started.The parameters were found using the DSO proedure and minimising the weightederror funtion,W2 desribed in equation (4.3). The initial onditions for the DSOproedure were varied and always onverged to the same minimum, and the �ttedparameters are shown in Table 5.1.Table 5.1: Parameters derived from �tting the model to the mean weights of thepopulation by minimising the W2 weighting funtion.W0;97 (g) W0;96 (g) �m Mean weighted error4.852 10.016 0.76656 1.26295.3.2 The Predited Mean WeightsThe model has been �tted to mean weights of the population sampled at varioustimes from June until Marh, a period that overs the autumn migration and86
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Figure 5.1: Fit of the model to the mean weights for the 1996 and 1997 ohortfrom the eletro-�shing surveys. The observations are shown with their standarderrors and the parameters used in the model are those in Table 5.1.the start of the spring migration. Individuals from the marked population werefound to have migrated during this time as they were reaptured downstream atthe smolt trap. As the older parr form the majority of the migrants, the 1996ohort will be the one whih is most a�eted.The data to whih the model was �tted, with the standard error of the means,and the preditions from the model using the parameters in Table 5.1, are shownin Fig. 5.1. There are two aspets of the ohort's mean weights that the model isunable to reprodue. The �rst is the derease in the mean weights from Septemberuntil Deember for the 1996 ohort: the model over predits observed weights.This is not apparent for the 1997 ohort, where the hanges in the mean weightsare predited well. As the spring migration is beginning, the model is able topredit the mean weights of the resident parr from the 1996 ohort on the �naltwo surveys during the 17th and 18th Marh but not for the weights for theprevious survey, on the 5th Marh. The observed weights of the 1996 ohortfall between 5th Marh and 18th Marh 1999 may be due to the larger membersof the population smolting, and the derease in the mean weights of the ohortduring autumn may be due to the autumn migration.There are no mehanisms in plae in the model to ope with the e�ets of mi-gration on mean weights of the resident population. If the deision to migration87



is based on the growth rate, whih it is generally thought to be (Elson (1957),Metalfe et al. (1990), �kland et al. (1993), Osterdalh (1969)), then this willlower the weight of the resident population, and the model will over predit theirweight, whih appears to be the ase.The seond aspet that the model fails to predit is a large inrease in the meanweight during the spring. This ours between the January and the �rst Marhsurvey for the 1996 ohort, and between the �rst and the �nal two Marh surveysfor the 1997 ohort. Over this period the model predits weight loss due to thewater temperature being less than 6oC. The reasons why these data are �ttedbadly are disussed in Setion 5.5.Another large error ours between the predition and observation of the meanweights of the 1997 ohort on 8th June 1998. The model over predits by a largeamount, and the errors of the subsequent preditions over the summer for theohort are relatively small. As the spring weights are under predited, the periodof rapid growth may last from Marh until June. This would indiate that thepredited growth rate was too low and that, over this period, �m is too low.5.4 Fitting the Model to Individuals' WeightsThe aim of the model is to predit the growth rates of individual parr, and wehave so far assumed that �tting the model to the mean weights of the populationis representative of �tting to the weights of individuals. We will be able to testthis assumption by �tting the model to data from individual parr. During theeletro-�shing surveys on the Girnok from 8th June 1998 to 18th Marh 1999,124 marked parr were aught more than one. This meant that we were able to �tthe model to eah individual by adjusting �(t) = �i. From these parr, we wouldbe able to ompare �m to the values of �i and also examine the distribution ofthe residuals to assess the goodness of �t.
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5.4.1 Derivation of �iApplying the DSO proedureA growth trajetory was �tted to eah individual parr whih was aught at leasttwie using the weight at �rst apture as a starting point for the trajetory andadjusting �i to �t the observations. Four di�erent initial values of �i were used inthe �tting proedure (�i=0.65, 0.75, 0.85 and 0.95) in order to see if they wouldonverge to the same solution. The starting value of � needed to be adjusted forthose parr �rst aught late in the season, as the parr ould no longer be assumedto be healthy (i.e. � = �0). They were assumed healthy in June, and fromthe parr aught in June, � was estimated at the dates of the following surveys.Therefore, as the season progressed, these values of � were used at the start ofthe simulations for newly aught parr. The weighting funtion ould not be usedas there was no standard error assoiated with eah data point, so the RMS errorwas minimised. Using this proedure, a value of �i was derived whih ould beused to produe a growth trajetory for eah parr.Using the four di�erent initial onditions of �i mentioned above, it was foundthat the DSO did not always onverge to a unique solutions. Moreover, the valueof �i for all the parr �rst aught after the August survey was highly sensitive tothe initial onditions. No parr were �rst aught during the September survey, butthose from the Otober survey required simulations to begin on the 30th Otober1998, whih is six days before the predited assimilation rate beomes and staysat zero until 12th Marh 1999. This means that �i will have little or no e�et onthe growth trajetory over this period, so all parr whih were �rst aught afterthe August survey were exluded from further analysis.Summary of Individual DataWe shall be using the trajetories �tted to the �nal data set of 71 individual parr.Table 5.2 shows when the parr were �rst aught, and the numbers reaptured atsubsequent surveys, with the dates of all the surveys. Of the 71 parr, 45 wereaught more than twie, 26 more than three times, 14 more than four times andseven more than �ve times. The parr whih were aught the most often tendedto be those whih were aught the earliest.89



Table 5.2: Summary of the apture dates for the parr to whih the model was�tted. Date of Number Number of marked Mean numberSurvey �rst aught parr aught of reaptures8-Jun-98 23 - 2.43527-Jul-98 37 11 2.32426-Aug-98 11 43 2.27330-Sep-98 0 38 -30-Ot-98 0 16 -15-De-98 0 15 -29-Jan-99 0 11 -5-Mar-99 0 10 -17-Mar-99 0 11 -18-Mar-99 0 12 -5.4.2 Analysis of �iThe values of �i derived from the individuals ranged from 0.592 to 0.905 and aredisplayed in Fig. 5.2. Eah of these histograms represents a di�erent subsampleof parr, whih are de�ned by the minimum number of times eah parr was aught.The values of �i are approximately normally distributed, and as the parr whihare aught least are removed, the standard deviation of the distribution tends toderease, as shown in Fig. 5.3.As the resolution of the data inreases, the less variation there is in the derivedvalues of �i, and indiates that there may be a single `site' value of �i, and theobserved variation is this site value perturbed by experimental error. This an betested by looking at the size of perturbations required to produe the observeddistribution of �i for the individual parr whih were aught most often.Error Assoiated with Reorded WeightsDeduing the size of the perturbation to the data that would produe the spread�i whih is seen in Fig. 5.2.e. would allow us determine if the spread of �i wasthe result of measurement error or due to another proess. In order to do this,the size of the experimental error needed to be determined.Parr aught during the surveys were plaed in a holding tank for between half an90
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Figure 5.2: Histograms of �i derived from individual parr. The top histogram(a) is for all 71 individuals, (b) is from parr whih were aught more than twie,() from parr whih were aught more than three times, (d) for parr whih wereaught more than four times and (e) is from parr whih were aught greater than�ve times.hour and three hours before being weighed. During this time, it was possible thatthe parr may have beome lighter through evauation of the gut. If the parr wasreaptured on a subsequent survey, and weighed after a di�erent amount of timein the tank, then the level of evauation would be di�erent. These di�ereneswould them produe random errors in the data set, so it was important to knowwhat the sale of this error was likely to be.91
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We shall further assume that the weight loss due to metaboli ost in the tank isnegligible. The parr were weighed on a balane with an auray of 0.1g, whihgives an error of �0:05g. This gives a ombined estimate of the experimentalerror of approximately < �0:09g for a large parr.The E�et of the Perturbations to the Data on �iUsing the data from the seven parr for whih were aught more than �ve times,the weight at eah apture was perturbed by a random amount taken from auniform distribution between �0:2g. The model was re�tted to this new dataset, and this proess repeated 50 times for eah parr. From the 50 values of �ifrom eah of the seven parr, the variane was alulated and ompared to thevariane of the distribution in Fig. 5.2.e. using an F -test to ompare samplevarianes.It was found that assuming a random error of�0:2g, the variane of the simulateddistributions were signi�antly less than for the distribution in Fig. 5.2.e, and foreah parr P < 0:001. Further to this, simulations were arried out with a randomerror of �1:0g, and the variane was signi�antly less for four of the seven parr(P < 0:01). This indiates that the variation in the distribution of �i annotbe aounted for by random variations of < �0:2, and so annot be explainedthrough experimental error alone.Correlating �i with Final Predited WeightThe model may be used to predit the weight of the parr at any time, andpredited weights an be used as a omparison between �sh. The �nal preditedweight, WT , will be used as an estimate of the size of a �sh relative to others.Other fators that an be assoiated with eah parr are its age-lass and if andwhen it was aught in the �sh trap, implying that it was emigrating. Thesefators may be used to explain some of the variation in �i.A one-way ANOVA was used to look for di�erenes between the values of �ibetween the age-lasses, and was found not to be signi�ant (F1;69 = 0:53; P =0:469).The values of �i an be orrelated with the �nal predited weights of the parr. As93



�i is a measure of the quality with whih the parr grows, it may indiate if parrof di�erent sizes grew at di�erent rates. Table 5.3 is the aumulated ANOVAtable from a regression model whih �ts �i with the �nal predited weights of theparr as a ovariate and age-lass as a fator. Although the �t is signi�ant, itonly explained 20.7% of the variane. Whether or not the parr migrated, and theTable 5.3: Aumulated analysis of variane table for the �t between �i and thepredited weight from the CGMe model, WT . Age-lass is a fator and WT is aovariate. d.f. SS MSS F -value P % Var.WT 1 0.0266 0.02662 8.51 0.005 9.90Age-Class 1 0.0292 0.02922 9.34 0.003 10.87Residual 68 0.2128 0.00313Total 70 0.2687 0.00384season in whih they migrated were other fators used in the regression model,neither of whih was signi�ant.Comparing �(t) from the Mean and IndividualsThe value of �m derived from the mean weights of the population, in Table 5.1was ompared to the mean �i from the individuals using a t-test for the di�erentsubgroups of parr. The results are in Table 5.4, and show that �m is not di�erentwhen ompared to the mean of di�erent subsets based on the least number oftimes the parr were aught.Table 5.4: Results from using a two tailed t-test to look at the di�erenes between�m = 0:767 and �i. Times Caught n Mean of �i P> 2 46 0.755 0.14> 3 26 0.759 0.51> 4 14 0.754 0.30> 5 7 0.772 0.68
94



27
.7

.9
8

26
.8

.9
8

30
.9

.9
8

30
.1

0.
98

15
.1

2.
98

29
.1

.9
9

5.
3.

99

18
.3

.9
9

Date of Surveys

−2

−1

0

1

2

R
aw

 R
es

id
ua

l (
g)

Figure 5.4: Residuals from �tting the model to the individual data summarisedinto means with their 95% CI for parr aught more than twie (residuals shownare observations-preditions).5.4.3 Analysis of the ResidualsThe residuals from all of the parr that were aught more than twie were alu-lated and indiate how well the model �ts to the individual data. Fig. 5.4 showsthe mean raw residuals, alulated as the predition subtrated from the observa-tion, with 95% CI. The tests in Table 5.5 are based on the normalised residuals,whih were alulated from the raw residuals divided by observed weight. Thiswas done so that the preditions would not be biased by �sh size, as they ontaintwo di�erent age-lasses. The t-tests in Table 5.5 indiate whether the means ofthe normalised residuals are di�erent from zero.Table 5.5: Results from t-tests for the normalised residuals from the model forparr aught more than twie.No. Date n Mean normalised residual P2 27-Jul-98 8 0.0343 < 0:013 26-Aug-98 31 -0.0075 0.414 30-Sep-98 31 -0.0726 < 0:0015 30-Ot-98 15 -0.0320 0.236 15-De-98 15 -0.0066 0.517 29-Jan-99 11 0.0166 0.608 05-Mar-99 10 0.0048 0.909 17-Mar-99 11 0.0858 < 0:0110 18-Mar-99 10 0.0806 0.05595



The residuals from survey 2 are all positive and 14/15 from survey 4 are negative.Trajetories with large residuals annot be aounted for by individuals with fewdata points, and orrelations between normalised residuals and number of timesaught indiate that for survey 4, the larger normalised residuals are assoiatedwith parr whih were aught the most often (R2 = 0:67; P = 0:011). The patternof these residuals suggest that for the period between survey 1 until survey 3, thevalue of �i is too low, and between survey 3 to 5, it is too high.The predited weights of the parr during the late autumn and winter �t theobserved weights well. Over this period, the assimilation rate is lose to or atzero. This indiates that the funtion for the maintenane rate of individuals andthe parameters derived for it are able to predit over winter weight loss in thewild.The residuals for the �nal two surveys in Marh are both greater than zero, andthe reasons why this might be are disussed in Setion 5.5.5.5 Summary and Conlusions5.5.1 Di�erenes between the Preditions and the Obser-vationsWhen the model is �tted to both the mean weights of the population and theweights for the individuals, it under predits the weights in spring. This is theperiod when the water begins to warm and the parr are able to resume feeding.If the parr were not eating during the winter, then it is likely that they havean empty gut. The model only predits somati growth, so the under preditionby the model may in part be a result of the gut ontents of the parr. A roughestimate of gut ontent an be derived from six parr, whih were aught and heldin the �sh trap at the Girnok for a period of three days. They were weighedon 19th Marh and reweighed on 22nd Marh, and the mean weight di�ereneand standard error was 0.48g�0:048 lower after three days, whih is enough toaount for the signi�ane of the residuals of surveys 9 and 10 from zero.If the gut ontents are having a large e�et on the overall weight in spring, thenthere must be a orresponding weight loss when the parr ease feeding during96



autumn and over winter. This may be seen as the model over prediting the parrweight at survey 4 (30/9/98).However, during Marh, the model predits that the parr are still in a torpidstate, where the predited assimilation rate is at a very low level, lower thanits predited metaboli rate. Under these onditions, the parr are still in thebehavioural state that they adopt to survive over winter and the model preditsthat they are losing weight.When the E&H model was �tted to the data for the River Eden by Elliott andHurley (1997) they found that they under predited the weight during spring andover predited during late autumn. This was explained by seasonal hanges inappetite (Metalfe and Thorpe 1992). As the CGMe uses the same funtion forthe assimilation rate as the E&H model, the same problem may be ourring.The CGMe is unable to distinguish hanges in appetite, food availability or foodassimilation within years, whih have been generalised into the funtion �(t).5.5.2 Variation in �iThe variation of �i annot be explained by random measurement errors of theappropriate magnitude, whih indiates that not all the observed variation in �ian be explained by measurement error around a site value, whih is a onstantand the average for all individuals. However, a signi�ant part of the variationan be explained by the �nal predited weight of the individual parr (Table 5.3),and the �sh that manage to ahieve higher values of �i are heavier than otherwiseexpeted at the end of the surveys.During the surveys, no parr less than 80mm in length were marked. This meantthat as the surveys progressed, a greater proportion of the parr aught ouldbe marked and the marked individuals beame more representative of the entirepopulation. The marked parr that were most frequently reaptured were thosewhih were marked earliest in the season, and the lengths of these parr werebiased high with respet to the whole population.The mean value of �i tends to inrease with frequeny of apture. As boththe residuals and the �t to the mean weights indiate, higher values of �i arerequired to �t the period of summer growth. If a �sh was just sampled during97



this period, its value of �i would be high ompared to a �sh whih was morefrequently sampled after late autumn. This was be tested by orrelating theaverage survey date (ASD) with �i, as the ASD an be used as a relative measureof when the parr were sampled. The relationship was found to be signi�ant(r70 = 0:222; P < 0:05) whih indiates that the variation in �i may be a resultof the size seletive marking proedure.We are therefore unable to determine if the variation in �i is due to the sizeseletive marking proedure or the variation in the sizes of the individual parr.In order to determine this would require all of the individual parr to be markedat a similar time.5.5.3 Di�erenes in �(t) Between Data SetsWhen the values of �i are ompared to �m, the signi�ane of the di�erenedepends on the number of times the parr are aught. It is more appropriate toompare �m to the �i for the parr most frequently sampled as these parr over alonger time span and are better able to approximate the growth trajetory overa similar time span. This would imply that �(t) is similar when �tting to meanweights and individual weights. The values of �i vary greatly from those derivedfrom �tting the model to the histori eletro-�shing data from 1969-86, where theaverage annual value of �y was 0.9127. Three possible reasons why this might beare listed below.The �rst is that the onditions for growth within the stream have dereased overthis period. We are unable to tell if there has been a hange in the stream ondi-tions, as suÆient data do not exist. However, we are aware that the temperaturepro�le is hanging, as shown in Chapter 2, whih would alter the onditions forgrowth in the Burn. These temperature hanges are the largest in the spring,whih is the period for whih individual data is unavailable. As the model at-tempts to predit growth having aounted for temperature, there may be otherenvironmental hanges (suh as food or density) whih have aused a redutionin �(t)In 1998/99, �i has only �tted aross two age-lasses and in Chapter 4 it is �ttedaross four, where the weights of the 1+ age-lass during the summer were gen-98



erally under predited, whilst the 2+ age-lass were �tted well. In order for themodel to �t both these age-lasses equally well for the 1969-86 data would require�y to inrease in value. It is by �tting to the 3+ age-lass whih prevents thisinrease, so the relatively low values of �i and �m in 1998/99 annot be explainedby �tting to just the 1+ and 2+ age-lasses.The most likely explanation is that the di�erenes our beause �i is �tted onlyto the part of the year that misses the growth spurt during spring. This appearsreasonable as �i is a measure of the average growth potential over a period of time,and if this time period exludes a short but vital part of the growing season, thenit would be expeted to be lower than a value whih inludes the entire growingseason.5.5.4 Improvements to the ModelThe model fails to predit the inrease in weight during the spring and the pre-dited growth trajetories over this period are too low. This would require stru-tural hanges to the model, but individual data do not exist for a suÆiently longperiod of time to parameterise suh a new model, and the eletro-�shing datafrom 1969-86 does not over this part of the season.When �tting the model for data within years, a variable funtion for �(t), allowingit to hange on a monthly basis, would seen more appropriate. This would allowfor the hanges in onsumption throughout the year. However, with the 1969-1986 Girnok data, there is only one data point per age-lass per year, so �ttinga variable �m would not be feasible. The values of �i derived for the di�erentage-lasses do not di�er signi�antly, so the same value an probably be usedaross all age-lasses.There are drawbaks in �tting to the mean weights of age-lasses rather thanto individual weights, partiularly in a population with size seletive migration.The model needs to be adapted to aount for the e�ets of migration on themean weights of the resident parr. This means that a mehanism needs to beintrodued into the model that will alter the predition of the mean weights ofthe 2+ and 3+ resident parr. This amended model will more aurately preditthe growth of the smaller parr that do not migrate and we shall develop suh a99



model in Chapter 6.
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Chapter 6Adapting the Model to InludeSize Seletive Migration
6.1 IntrodutionThe CGMe model has not been able to �t all the age-lasses equally well, inpartiular the 3+ �sh whih are always over predited. The 1+ age-lass is alsobadly �tted, in general being under predited.A major feature of the juvenile life history has yet to be inluded in the model,whih is emigration from the population. Migration from a ohort begins duringthe autumn when the parr are approximately 18 months old. There is a lullover winter and few are aught in the �sh trap between Deember and February.There in an inrease in the number of migrants the following spring, when theparr beome smolts, at around 24 months old. The same migration pattern oursin the ohort the following year.It is unlear what proportion of the ohort migrates during the autumn beausenot all of them are aught at the �sh trap, but for the years for whih good datadoes exist approximately a third leave in autumn and the rest in spring. Theaverage annual perentage of autumn migrants that are 1+ is 32%, and 65% are2+ parr, the rest (3%) being mostly 3+. Of the spring smolts, an average of 34%leave annually when they are two year olds and 64% when they are three yearolds, the remaining 2% being four and �ve year old �sh.Di�erent fators will a�et the season the parr in the Girnok migrate, suh as101



the numbers of adult females above the �sh trap, whih a�ets the numbers ofpreoious parr migrating, or the ow rates within the burn (Buk and Youngson(1982), Youngson et al. (1983)). The ritial fator whih determines the seasonin whih the parr migrate appears to be growth rate, and if the parr are too small,they an postpone migration until the following year (Metalfe et al. (1990),�kland et al. (1993)). The result of this behaviour is that the timing of theparr's migration is not dependent on the age of the �sh, but on its size, and thatmigration from the ohort is size seletive.Therefore, as the ohort ages, the mean weights of the resident parr beome lessrepresentative of the mean weight of the entire ohort. The growth model wasparameterised with juvenile salmon data that exluded the e�ets of migrationon the population. When the model was �tted to data from wild parr, it was�tted to the mean weights of the resident parr, whih may hange due to e�etsof migration. At present, there is no mehanism within that model to aountfor this.In order to inlude size seletive migration from the population in the model,we must be able to model the variation in the weights within the age-lasses ineah ohort. Previously, the model has predited hanges in the mean weight ofage-lasses from eah ohort, and now it will be adapted to predit the growthof the weight-frequeny distribution (WFD) of the ohort.The �rst step to modelling the variation in the WFD of the ohort will be to�t the model to the data from the 0+ and 1+ summer eletro-�shing surveys.There will have been no seaward migration from these age-lasses as they are toosmall to undergo smolting. Parr from these age-lasses have been observed in the�sh trap at the Girnok over the period from 1969-86, whih may have been duethem dispersing in searh of territories. Fitting to these age-lasses will indiatehow the population grows before parr begin to migrate.
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6.2 Modelling the Variation in the Weight ofthe Population6.2.1 Fitting the model to the Quartile Values of the 0+and 1+ DataThe data for eah age-lass within eah ohort shows that eah has a di�erentrange of weights. If we are to assume that the proportion of the 2+ and 3+age-lasses that migrate is based on WFD of the population, then we must beable to model the atual hanges in the WFD of the ohort, rather than justprediting the mean weight of the resident parr population.We have so far assumed that the initial weight for all the members of a ohorthas been onstant at 0.15g and that the growth rate of all the members of thepopulation has been the same. We shall now look at the growth rates of thedistribution of the 0+ weights by �tting the quartile values of this age-lass tothe quartile values of the 1+ age-lass of the same ohort by adjusting �y. Thiswill indiate di�erenes in the growth rate of di�erent parts of the 0+ distribution.Growth simulations were produed with starting weights from the 0+ data. Thesewere the median, upper and lower quartile values of the 0+ WFD. The DSOproedure was used to �nd the values of �y, and the initial onditions were thevalues of �y found previously in Chapter 4, whih were varied between �y � 0:02at inrements of 0.01. The �tting proedure minimised the RMS error as eahtrajetory was only being �tted to a single point.The model ould only be �tted to 12 ohorts as this was the number for whihdata for the 0+ and 1+ were available, and the values of �y with their standarderrors are shown in Fig. 6.1. Eah of the sets of �y from the �ts to the di�erentquartiles are highly orrelated, with r > 0:7 and P < 0:01 in eah ase.6.2.2 Analysis of �y from the Quartile ValuesWhen �tting to the quartile values of the mean weights of 0+ and 1+ parr sampledin the eletro-�shing surveys from 1969-1986, the values of �y are not di�erentfor the di�erent quartile values. A two-way ANOVA an be used to show that,103
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Figure 6.1: The optimal values of �y derived from �tting the model to di�erentquartile values of the 1+ WFD, with their standard errors.although the between year di�erenes in �y are signi�ant (F17;34 = 9:303; P <0:001), the di�erenes between the values derived for the di�erent quartile valuesare not (F2;34 = 0:839; P = 0:441). This an be seen from Fig. 6.1, where thevalues are similar for most years and they are not systematially di�erent basedon the quartiles to whih the model was �tted. The mean values of �y with theirstandard deviation are given in Table 6.1 along with the RMS error from the �tbetween the model and the data.Table 6.1: Mean values of �y when the model is �tted to the di�erent quartilevalues of the 1+ WFD, with their standard deviations, in brakets, and the RMSerror. Lower Quartile Median Quartile Upper QuartileMean (S.D.) 0.906 (0.112) 0.931 (0.112) 0.925 (0.130)RMS Error 1.34E-03 5.22E-06 5.87E-04The �t to the data is very good as an be seen by the RMS errors and for eahset of quartile values, 18 parameters are being �tted to 24 data points. Thevalues of �y are not independent and �tting to the mean weights of the 0+ and1+ age-lasses for eah ohort will involve two values of �y (i.e. one for the �rstyear and another for the seond year). There are also gaps in the data, and someof the values of �y are determined by the data in the proeeding or subsequentyears.For the years 1970-4, 1978 and 1982-5, �y is derived when both 0+ and 1+ age-lasses are present, and when the 0+ and 1+ data are available for these twoohorts. For these years, there are still not systemati di�erenes between the104



values of �y for the di�erent quartiles. If the values of �y for the di�erent quartileswere found to be systematially di�erent, then this would indiate that the WFDof the parr was hanging. These results imply that the WFD is not hanging forthe ohorts between the 0+ and 1+ age-lasses.6.2.3 The WFD of the 0+ and 1+ ParrIn Chapter 5 we observed that the values of �i were positively orrelated withthe �nal predited weights of the parr when derived over the period from June1998 until Marh 1999. This variation in �i may be too subtle to be detetedwhen �tting to mean weights and when �y is derived over a di�erent period oftime. The variation in the shape of the WFD an be examined by omparing theoeÆient of variation (.v.) of the 0+ and 1+ parr. These have been plotted inFig. 6.2 for the ohorts from whih the data is available.A two-tailed paired t-test an be used to show that the .v. from 0+ and the 1+do not vary signi�antly, (t11 = 2:201; P = 0:184) and so are not systematiallydi�erent. Although this supports the �ndings that �y should be the same arossthe 0+ and 1+ age-lasses, it does not negate the �nding that �i is orrelatedwith size if there is size seletive mortality ourring in the population.
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was parameterised. Eah value of �y represents an annual growth index and, aswe have seen in Chapter 5, the model under predits spring growth. In order toompensate for this, the value of �y inreases during the summer. They may alsobe greater than 1 beause of size seletive mortality. If the smaller members of0+ age-lass died before the population was resampled at 1+, then the medianweights would hange towards that for the larger members of the population.However, the values of �y are a measure of the relative growth of the population.We are unable to determine if size seletive mortality is ourring in the popula-tion, as the appropriate data do not exist. Given that �y appears to be onstantover age-lasses when �tted to the data that is available and that the variation inthe population does not hange signi�antly from the 0+ to 1+ age-lasses, weshall assume that the di�erent variations in the sizes of the parr within age-lassesare not due to di�ering growth rates but from the initial WFD of the population.6.3 Fitting the Model to the Data with Thresh-old Weights for SmoltingThe two main periods of migration for any ohort will be between the summermeasurements of the 1+ and 2+, and the 2+ and 3+ age-lasses. If the �sh are toosmall to migrate during the �rst period, they may wait until the following year.This will give the majority of them suÆient time to attain a suitable weight. Inthis setion, the model will be adapted to take into aount the fat that a largeproportion of the population will leave during migration, and that proportionwill be dependent on the distribution of weights of the parr population.6.3.1 Changes to the Model to Allow Size Dependent Mi-grationChanges to the ModelWe shall use the following assumptions to adapt the model to take into aountthe e�ets of migration on the mean weight of the resident parr in the stream. Weshall de�ne residents as those �sh that are in the stream when the eletro-�shingdata is olleted. The mean weights to whih the model is �tted are those of the106



resident parr, and will be denoted byWr(t) at time t. The present model preditsthe growth trajetories of all individuals. We shall assume that this trajetory,denoted Wp(t) at time t, is the mean weight of the whole population, regardlessof whether members have smolted. Thus we would expet Wp(t) to �t to the 0+and 1+ data well, but over predit the 2+ and 3+ age-lasses.We shall assume that migration will take plae on a �xed date between onse-utive summers. This date is fairly arbitrary, as we are interested in the e�et ofthe migrants on the mean weight of the resident population, whih is measuredduring the summer. The date of migration will be set at the 1st April eah yearas it is about the peak time of migration.The distribution of the weights of the population about Wp(t) will be assumedto be Gaussian and its oeÆient of variation, , is onstant for the populationat all times.We shall assume that there are two onstant threshold weights above whih parrwill migrate. These will be denoted by W1 for the �rst set of migrants froma ohort and W2 for the seond set. Therefore, at the migration date, all �shabove the threshold weights will leave the population. The two migration datesare denoted m1 and m2 for the �rst and seond migration respetively. We antherefore dedue the mean weight of the resident population at migration, denotedWr(m1) and Wr(m2), given that we know the weight of the whole population atthe migration dates, where Wp(m1) is the mean population weight at the �rstmigration and Wp(m2) is the population weight at the seond migration date.Given that we have a onstant , if we de�ner1 = Wr(m1)Wp(m1) r2 = Wr(m2)Wp(m2) (6.1)then we an say that Wr(t) = 8<: Wp(t) t < m1r1Wp(t) m1 � t < m2r2Wp(t) t � m2 (6.2)Note that r1 � r2 to ensure that the parr whih migrate at m1 are not `reintro-dued' at m2. Fig. 6.3 give a shemati view of the hanges whih the ohortundergoes. 107
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Fitting with Constant �(t) = kThe model was �rst �tted to the eletro-�shing data from 1969-1986 by adjusting, W1, W2, and �(t) = k representing a onstant value of �(t) aross all years.The DSO was used with a variety of initial onditions, and the parameter valueswhih minimised the mean weighted error (MWE) shown in Table 6.2. Thetrajetories are plotted out in Fig. 6.4 and the �t of the model to the di�erentage-lasses is shown in Table 6.3.Table 6.2: Parameters found from �tting the model to the data by adjusting ,W1 , W2 and k. Also shown is the MWE.k W1(g) W2(g)  MWE0.933 12.1 19.3 0.568 9.04
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Figure 6.4: Simulations of parr weights produed with the parameters in Table 6.2.Trajetories with broken lines refer to the ohorts with open irles.In Fig. 6.4, the ut-o� point for the three year old migrants an learly be seen,but is less obvious for the two year olds (these are not atual growth trajetoriesfor individuals, but rather the mean weights of the resident population assumingthat migrations ours at a spei� date). The �t to the age-lasses has notimproved over the model with �y exept for the �t to the 3+ age-lass, where theperentage error has dereased from 38% to 14% (see Tables 4.10 and 6.3).From Table 6.4, we an see that the sale of the redution in the MWE from�tting with the single parameter and ompare it to �tting with �y. Looking at109



Table 6.3: The �t of the 4 parameter model to the mean weights of the di�erentage-lasses of the eletro-�shed parr.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.81 0.73 0.35-1.43 0.26 32 Y NS1+ 5.39 4.57 2.68-7.20 1.61 30 N NS2+ 12.24 11.12 7.50-15.92 2.19 18 N NS3+ 18.92 18.12 14.02-22.25 2.70 14 Y NSthe aumulated ANOVA table, in Table 6.5, we see that there is not a signi�antimprovement to the model.Table 6.4: Comparison of the MWE for the di�erent models.Fitted Parameters MWE1 parameter of �(t) = k 10.357Current 4 parameter model 9.03518 parameters when �(t) = �y 5.832Table 6.5: ANOVA table alulated from the total weighted deviane from the fourparameter model. R2 = 0:723.d.f. WSD MD F P�(t)=k 1 1268 1268 128 < 0:001W1; W2 ;  3 75 25 2.35 > 0:05Residual 52 515 9.9Total 56 1858Using the ut-o� points for the migration of individuals does have the desirede�et of reduing the error assoiated with the least well �tted age-lass, theannual mean weights of the 3+ parr. We shall now ombine these parametersinto a model where we �t �(t) = �y instead of �y = k.Fitting with Annual �(t) = �yThe next stage was to �t the model to the data by adjusting the values of �y aswell as , W1, W2 . This would involve �tting 21 parameters and was done usingthe DSO. Again, a variety of initial onditions were used, and the parameters110



that gave the best �t are in Table 6.6 with the trajetories shown in Fig. 6.5.This version of the model will be de�ned as SSVN1.Table 6.6: Parameters derived from �tting the model with the new parameters ,W1 , W2 and �y to the data. W1(g) W2(g) Range of �y MWE0.428 13.761 16.948 0.809-1.042 4.9
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Figure 6.5: Simulations of parr weights produed with the parameters in Table 6.6.Trajetories with broken lines refer to the ohorts with open irles.The �t of the model to the separate age-lasses is shown in Table 6.7 and the �tfor the 0+, 1+ and 2+ is as good as formerly, though not better. However, the�t to the 3+ is onsiderably improved, as expeted.Table 6.7: The �t of the model with the new parameters , W1, W2 and �y tothe mean weights of the di�erent age-lasses.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.81 0.92 0.57-1.55 0.17 21 Y **1+ 5.39 4.54 3.35-5.59 0.95 18 N NS2+ 12.34 12.35 7.14-14.93 0.84 7 Y ***3+ 18.92 18.32 15.52-23.31 2.46 13 Y NSTable 6.8 shows that there is not signi�ant improvement to the �t when �y is usedwith the new parameters. Also, the preditions for the 1+ mean weights are stilltoo low and the preditions of the 3+ are not orrelated with the observations.111



Table 6.8: ANOVA table alulated from the total weighted deviane from themodel with the new parameters , W1, W2 and �y. R2 = 0:853 andMWE=4.88.d.f. WSD MD F Pk 1 1268 1268 161.3 < 0:001�y 17 258 15.2 1.95 < 0:05W1 ; W2;  3 59 19.7 2.53 > 0:05Residual 35 273 7.8Total 56 1858The model has �tted a ommon value for the oeÆient of variation (.v.) for allof the ohorts. This value of 0.428 higher than the observed values of the .v. forthe 0+ and 1+ age-lasses in Fig. 6.2, whih range from 0.210-0.404 for the 0+parr and 0.189-0.376 for the 1+ parr. Therefore, the variation in the WFD of theohort is being over predited. The assumption of a onstant .v. appears to betoo ridged a onstraint given the variation in the observed .v. In the followingsubsetion, we shall look more losely at the shape of the WFD to �nd a moreappropriate method of prediting its hange.6.3.2 Assuming Di�erent WFD's for PopulationFitting the Data with Di�erent WFD'sThe WFD has so far been assumed to be Gaussian for the 0+ and 1+ age-lasses.The growth of a ohort was de�ned by the growth of the mean of a Gaussiandistribution, whih beame trunated at the migration dates de�ned as times m1and m2. We shall onsider using di�erent distributions as the starting points forthe ohorts.The WFD's of the 1+ age-lass for whih data was available was �tted with threedi�erent probability density funtions (PDFs). The PDFs, whih were �tted tothe data by minimising the log likelihood funtion, were the Gaussian, Gammaand Weibull, eah of whih are de�ned by two parameters. The Gamma andWeibull PDFs were hosen as they were skewed to the right, whih would be thease for a population with di�erential growth rates and similar initial weights.For eah ohort, the 1+ data was normalised before the �tting proedure began.112



For all of the ohorts �tted, the Gaussian provided the best �t to the data,followed by the Gamma then the Weibull. Using the Weibull distribution todesribe the spread of the 1+ data was disarded as it �tted the data least well.The Gamma and Gaussian distributions would be used to de�ne the WFD of the1+ parr from eah ohort. For the Gaussian, the spread of the data would bebased on the .v. For the Gamma, the spread of the data would be determinedby the shape parameter of the distribution. Due to the missing data for the 1974and 1975 ohorts, the spread of these 1+ distributions were approximated bytaking the average value from the other ohorts.Fitting the Data with a Gaussian Distribution with Variable C.V.The model was re�tted to the eletro-�shing data as before but with the followinghanges. Instead of �tting the parameter , eah ohort will have a value of the.v. determined from the observations. This version of the model will be de�nedas SSVN2.Table 6.9: Parameters derived from �tting the model SSVN2 with the parametersW1 , W2 and �y to the data.W1(g) W2(g) Range of �y MWE8.81 13.79 0.821-1.080 2.56The parameters whih provided the best �t to the data are shown in Table 6.9.Both of the threshold values for smolting have dereased substantially and thevalues for the MWE has dereased by 48% in spite of the model being �tted tothe data with one less parameter. The aumulated ANOVA table in Table 6.10shows that the parameters now aount for a signi�ant amount of the variationbetween the mean weights.The �t of the model to the di�erent age-lasses are shown in Table 6.11. Thepredited weights of all of the age-lasses are orrelated with the observations andthere are no longer systemati di�erenes between the data and the preditions.
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Table 6.10: ANOVA table alulated from the total weighted deviane fromthe model SSVN2 with the parameters W1, W2 and �y. R2 = 0:923 andMWE=2.55. d.f. WSD MD F Pk 1 1268 1268 317 < 0:001�y 17 258 15 3.75 < 0:001W1 ; W2 2 189 95 23.75 < 0:001Residual 36 143 4Total 56 1858Table 6.11: The �t of the model SSVN2 with the new parameters W1, W2 and�y to the mean weights of the di�erent age-lasses.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.81 0.76 0.41-1.23 0.12 15 Y **1+ 5.39 5.15 3.44-6.58 0.26 5 Y ***2+ 12.34 12.39 9.13-15.16 0.77 6 Y ***3+ 18.92 18.27 14.26-23.35 2.05 11 Y *Fitting the Data with Gamma Distribution with Variable Shape Pa-rameterWe have thus far assumed that the WFD of the population is Gaussian. Thedistributions of the ohorts will now be assumed to be Gamma, with the averagegrowth trajetory up to the 1+ data being that of the mean of the Gammadistribution. As smolting ours, the distribution will be trunated as previously,with the mean of the remaining part of the distribution being �tted to the data.As the ohort grows in size, the shape parameter of the distribution will remainonstant. The �tting proedure will otherwise remain the same as for SSVN2.This version of the model will be de�ned as SSVG1.Table 6.12: Parameters derived from �tting the model SSVG1 with the parametersW1 , W2 and �y to the data.W1(g) W2(g) Range of �y MWE8.22 12.68 0.745-1.102 2.98The parameters whih provide the best �t to the data are shown in Table 6.12114



and shows a large improvement over SSVN1 and similar to SSVN2. The variationin the data aounted for by the two smolting thresholds is signi�ant, as an beseen from Table 6.13.Table 6.13: ANOVA table alulated from the total weighted deviane fromthe model SSVG1 with the parameters W1 , W2 and �y. R2 = 0:910 andMWE=2.98. d.f. WSD MD F Pk 1 1268 1268 273 < 0:001�y 17 258 15 3.23 < 0:01W1 ; W2 2 165 82.5 17.78 < 0:001Residual 36 167 4.64Total 56 1858The preditions from the model and the observations from the di�erent age-lasses are now orrelated, and also the preditions and the observations are notsystematially di�erent for any of the age-lasses.Table 6.14: The �t of the model SSVG1 with the parameters W1, W2 and �y tothe mean weights of the di�erent age-lasses.Age- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.81 0.76 0.24-1.25 0.14 4 Y ***1+ 5.39 5.29 4.07-6.56 0.21 4 Y ***2+ 12.34 12.75 9.64-15.68 1.07 9 Y **3+ 18.92 18.19 14.41-22.09 2.33 12 Y *Determining the Best ModelOf the three models tested in this setion, SSVN1 is learly the worst as theMWE is the highest and the �t to the age-lasses the worst in spite of using anextra parameter. The models SSVN2 and SSVG1 both have similar MWE aresigni�ant improvements over �tting with only �y. In addition, they are able topredit the weight well aross all age-lasses.As the model is able to predit the WFD of the 2+ and 3+ age-lasses, we areable to derive an estimate of its variation that an be ompared to the observed115



variation in the data from the 2+ and 3+ age-lasses. The .v. was hosenas a measure of variation, and derived for the 2+ and 3+ observations and thepreditions from the two models. The observed and predited .v. from themodels for the 2+ and 3+ age-lasses are plotted in Fig. 6.6.
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Figure 6.6: Predited and observed .v. of the 2+ and 3+ age-lasses. Theobservations are the open squares, the preditions from SSVN2 are the losedirles, and the preditions from SSVG1 are the stars.The preditions of the .v. for the 2+ are orrelated with the observation for bothSSVN2 (r = 0:736; P < 0:05) and SSVG1 (r = 0:588; P < 0:05), but not for the3+. The preditions from the model SSVG1 are learly systematially lower forboth age-lasses, whih is not the ase with SSVN2. This indiates that using aGamma distribution would not be appropriate as it underestimates the variationin the weights of the resident 2+ and 3+ parr. Also, the 1+ data are betterapproximated by a Gaussian distribution than by a Gamma, as was seen earlier.As this is the ase, we shall model the population using a Gaussian distributionand the model SSVN2 will be used to predit other aspets of the population.6.4 Comparing Preditions to the Smolt DataOne of the bene�ts of having the threshold weight for smolting is that as well asenabling preditions to be made regarding the resident population, preditionsan also be made about the migrants. The proportion of the ohort that leaves theresident population eah year an be used to predit the mean weight or lengthsof the migrants as well as the variation of the sizes of the migrating population.116



The model an also be used to predit what proportion of the ohort will migrateeah year.Data from the smolt trap exists whih will allow omparison between preditionsand observations. Unlike the eletro-�shing data, whih is site spei�, the datafrom the smolt trap is olleted from the whole of the burn. Also, the estimatesof the proportion of �sh leaving from eah ohort for the years 1977-1986 areinomplete. This is due the trap beoming logged with leaves during the autumn,whih allows an unknown number of �sh to avoid being aught in the trap.However, this data does give us an indiation of the population dynamis and willenable us to see how well the SSVN2 model is able to predit these harateristisof the population.6.4.1 Strutural Weight-Length RelationshipThe weight-length relationship has so far been used to onvert the lengths ofthe parr into weights. The model predits weight, and if we are to omparethe preditions to the smolts then we require a relationship between the two.Simply omparing the predited weights to the observed weights of the smolts isinsuÆient for a number of reasons.The predited weights are for parr, and so omparing the two will involve om-paring �sh in di�erent physiologial states. This will not take into aount thephysiologial ost of smolting, when the parr are under going the hanges, inlud-ing shape, or weight to length hanges, whih adapt them to living in seawater.We an, however, ompare the lengths of the smolts with those predited bythe model. This is due to the model alulating the �sh weight as the sumof the reserve and strutural weights. The strutural weight (SW) does notderease as the �sh loses weight. Using a SW-length relationship will allow adiret omparison between the observed lengths of the smolts and the preditedlengths of the migrants from the parr population. The relationship will be of theform in equation (6.3). ln(L) = ln(as) + bsln� W1 + �� (6.3)where W is the predited weight by the model and � is the reserve to struturalweight ratio. The oeÆients as and bs are derived from the data used for the117



original weight-length relationship in Chapter 2, whih was olleted during Au-gust when the �sh are assumed to be healthy with their reserve to struturalweight ratio being at its ideal value of � = 1:5. The oeÆients used are those inTable 6.15.Table 6.15: Parameters for the regression used to derive a length from struturalweight. The oeÆients are shown, with their standard errors in brakets.ln(as) bs1.815 (0.0052) 0.324 (0.0038)With this relationship, the predited weights an be onverted into preditedlengths at any time of the year and vie versa. Although at smolting the parrmay be losing weight, its strutural weight will not derease and this an be usedto estimate its length.6.4.2 The Observed and Predited Smolt LengthsUsing the data from the smolt trap, the mean lengths of the two year old andthe three year old spring smolts were derived. These have been ompared tothe smolt lengths predited for 1 April eah year. The observations with theirstandard errors are plotted in Fig. 6.7 with the preditions from the SSVN2model.As an be seen in Fig. 6.7, the model under predits the data for the two yearold smolts in all years, and over predits in all but two years for the three yearolds. The preditions are positively orrelated with the observations, but notsigni�antly. For the two year olds, r = 0:460 with P = 0:073 and for the threeyear olds, r = 0:239 with P = 0:39.6.4.3 The .v. of the Smolt LengthsThe predited smolt lengths are derived from the part of the distribution thatemigrates from the ohort eah year. This part of the distribution has been usedto estimate the .v. of the emigrant population, and has been ompared to theobserved .v. of the smolt lengths in Fig. 6.8.118
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Figure 6.7: Predited and observed mean lengths of the smolts migrating in thespring.
68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Year of Birth

0.02
0.04
0.06
0.08
0.10

�

68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
0.01
0.03
0.05
0.07
0.09

(a)

(b)

c.
v.

 o
f s

m
ol

t l
en

gt
h

Figure 6.8: Predited and observed .v. of the lengths of the smolts migratingin the spring. The �lled symbols are the preditions and the empty ones are theobservations, and the two year old smolts are in Fig. a, the three year old smoltsin Fig. b.The model tends to under predit the .v. for both age-lasses. Also the pre-ditions are not orrelated with the observations, for the two year olds (r =0:055; P = 0:838) or the three year olds (r = 0:161; P = 0:566).119



6.4.4 Smolt ProportionsEstimates of the proportion of smolts that migrate eah year from eah ohortan be made from the data from the Girnok �sh traps. These estimates varyin their auray due to the hanges in the olletion proedure. For the ohortsborn from 1969-1976, the estimates are reliable due to the amount of e�ort putinto ounting the numbers of emigrants in the trap. After 1976, estimates of thenumber of autumn migrants are inaurate with the degree of unertainty beingunknown. Therefore, for the ohorts born after 1976, the proportion migratingfrom eah age-lass during eah year has been estimated from the spring migrantsand the estimates of the average proportions emigrating in autumn for the years1969-1976.
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Figure 6.9: Proportion of eah ohort predited to leave at eah age-lass for the1+/2yr. old in (a), the 2+/3yr. old in (b) and the 3+/4yr. old in (). The �lledsymbols are the observations and the empty ones are the preditions.
120



6.4.5 Summary of Fit to the DataThe preditions by the model �t the eletro-�shing data well for both the weightto whih it is �tted, and the .v. of the 2+ and 3+ data whih it predits. Thepredited weights are both orrelated with the observations and do not system-atially over or under predit the observed weights. The same applies to theobserved and predited .v. of the 2+ weights, although the preditions andobservations of the .v. for the 3+ weights are not orrelated.The predited smolt lengths at two year olds are smaller than the observationsand the predited lengths of the three year old smolts are greater than theirobservation. The preditions are orrelated with the two year old observationswhih implies the under predition is of a onstant amount. The .v. of the smoltlengths is under predited for the two and three year old smolts.The predited proportions of the ohort smolting show the greatest deviation fromthe preditions. Attempting to predit harateristis of the smolt population by�tting to the eletro-�shing weight alone has failed to produe the observed data.The next step will be to �t the model to the entire data set, whih will allow usto onsider what hanges may be neessary to omplete the model.6.5 Fitting the Model to the Entire Data set6.5.1 Adapting the Model to Fit the Entire Data setIn Setion 6.3, the model was �tted to the eletro-�shing weights and then usedto predit other harateristis of the juvenile population. The use of a thresholdweight for smolting has onsiderably improved the �t of the model to the eletro-�shing weights as well as giving a good indiation of the .v. of the age-lasses.The model has failed to predit the lengths of the spring migrants or the .v.of their lengths and has failed to give realisti preditions for the proportion ofthe population smolting. The next step will therefore be to �t the model to thewhole data set in order to see the extent to whih the preditions of the smoltdata an be improved.The model SSVN2 was �tted to data with a new error funtion alulated as the121



total error from eah of the di�erent variables. These were the four age-lassesfrom the eletro-�shing data, the .v. of the 2+ and 3+ parr, the lengths andthe .v. of the two year and three year old smolts and the proportion of migrantsfrom eah of the age-lasses in eah ohort. The mean absolute error from eahvariable was normalised by dividing by the mean observation for that variable,and these were summed to produe an overall estimate of the �t of the model tothe data. The hange to the model will be de�ned as SSVN3.The errors from SSVN2 and SSVN3 are given in Table 6.16, and are furtherbroken down into the error assoiated with eah of the di�erent data sets. The% hange in the error measurement is also given.Table 6.16: Mean proportional error assoiated with di�erent harateristis ofthe juvenile population when the model is �tted to the data by two di�erent meth-ods. variable Age-lass SSVN2 SSVN3 % hangeTotal 2.9412 2.2540 -23.4EF Weight 0+ 0.1474 0.1899 +28.81+ 0.0493 0.1437 +191.52+ 0.0627 0.0855 +36.43+ 0.1004 0.1075 +7.1Smolt Length 2 0.0753 0.0865 +14.93 0.0486 0.0476 -2.1C.V. of Weights 2+ 0.1557 0.1349 -13.4from EF Data 3+ 0.3692 0.3471 -6.0C.V. of Lengths 2 0.4633 0.5267 +13.7from Smolt Data 3 0.3928 0.3564 -9.3Proportion 2 0.7083 0.0915 -87.1migrating 3 0.3683 0.1331 -63.9Overall, the �t to the entire data set has improved by 23.4%. As the model isno longer being �tted to only the weights of the resident parr, the error beingattributed to these groups has inreased. This has ensured that the error has,in general, dereased for other groups, the largest derease for the proportionmigrating and the preditions and observations are displayed in Fig. 6.10. Thelargest errors are now assoiated with the .v. of the smolt lengths whih are stillunder predited as an be seen from Fig. 6.11.We attempted to improve the �t to the data further through the introdution122
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Figure 6.10: Proportion of eah ohort predited by SSVN3 to leave at eah age-lass for the 1+/2yr. old in the upper graph, the 2+/3yr. old in middle and the3+/4yr. old in lower. The �lled irles are the preditions and the empty squaresare the observations.a di�erent smolting threshold eah year. This required �tting W1 and W2 onan annual basis, and would inrease the number of �tted parameters from 20 to49. Using the DSO proedure to �nd these parameters proved unsuessful asit either failed to reah the onvergene riteria or when onvergene did our,many of the parameters were unhanged from their initial values. This suggestedthat the error surfae was unsuitable for using the DSO proedure. Rather thandevelop a new �tting proedure, an alternative strategy of hanging the smoltingthresholds was sought.The largest errors are now assoiated with the .v. of the smolt lengths indiatingthat the spread of the migrants WFD is greater than predited. The variationin the preditions an be hanged using a variable smolting threshold, where theparr have di�erent probabilities of smolting.
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Figure 6.11: Predited and observed .v. of the lengths of the smolts migrating inthe spring using the SSVN3 model. The �lled symbols are the preditions and theempty ones are the observations, and the 2yr. old smolts are the top graph andthe 3yr. old smolts in lower graph.6.5.2 Introduing a Variable Smolting Weight to the ModelFitting the Model to the DataObservations of the lengths of the smolts indiate that there is not an exatsmolting length, but a range of lengths at whih the parr may hoose to migrate.This aspet of smolting behaviour an be introdued into the model using avariable probability of smolting. We shall assume that for the two periods ofmigration, there is a maximum and a minimum smolting threshold. These willbe de�ned as �2 and �2 for the two year old smolts and �3 and �3 for the three yearold smolts. The �'s will denote the minimum and the �'s will be the maximum.During any single migration season, on the 1st April, all parr with length > �imigrate and all those with length < �i will stay, where i denotes the age of thesmolts. The probability of smolting will inrease linearly between �i and �i. Thismeans that the distribution of eah ohort will be divided into parts as indiatedin Fig. 6.12.Fig. 6.12 shows how the ohort would be divided up, given that the .v. of theentire ohort will remain onstant throughout its lifetime. The whole distributionwill grow as ditated by the model, and proportions of the distribution will leavebased on the values of �i and �i. The model was �tted to the entire data set withthe error funtion de�ned for SSVN3. This version of the model will be alledSSVN4. 124
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Table 6.17: Comparisons between the errors of the models SSVN3 and SSVN4with the % hange in the error.variable Age-lass SSVN3 SSVN4 % hangeTotal 2.2540 1.8573 -39.7EF Weight 0+ 0.1899 0.1952 +2.791+ 0.1437 0.1597 +11.12+ 0.0855 0.0736 -13.93+ 0.1075 0.1358 +23.3Smolt Length 2 0.0865 0.1043 +20.63 0.0476 0.0417 -12.4C.V. of Weights 2+ 0.1349 0.1458 +8.08from EF Data 3+ 0.3471 0.3535 +1.84C.V. of Lengths 2 0.5267 0.3223 -38.8from Smolt Data 3 0.3564 0.1336 -62.5Proportion 2 0.0915 0.0826 -9.73migrating 3 0.1331 0.1092 -18.0redutions are through prediting the .v. of the smolt lengths. The preditedand observed .v. of the lengths of the smolts are plotted in Fig. 6.13. In spiteof the large improvements, the .v. for both age-lasses are still under predited.However, now the .v. of the smolt lengths are orrelated for the two year olds(r = 0:524; P < 0:05) but not for the three year olds (r = 0:407; P > 0:05).
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Figure 6.13: Predited and observed .v. of the lengths of the smolts migratingin the spring using the SSVN4 model. The �lled symbols are the preditions, theempty ones are the observations, and the two year old smolts are the top graphand the three year old smolts in lower graph.The quality of �t to the mean weights for the di�erent age-lasses of the eletro-126



�shing data has dereased through the suessive �ts from SSVN2 to SSVN4,at the ost of �tting to other parts of the data. Table 6.18 shows the �t of theSSVN4 model to the data for the di�erent age-lasses, and shows that althoughthe preditions and the observations remain orrelated, both the 1+ and 3+age-lasses are generally under predited.Table 6.18: The �t of the model SSVN4 to the mean weights of the eletro-�shingdataAge- Average Predited Range of Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Preditions (g) Error (g) Error same orrel.0+ 0.81 0.72 0.4-1.15 0.16 20 Y **1+ 5.39 4.67 3.1-6.4 0.86 16 N *2+ 12.34 12.40 9.3-15.0 0.91 7 Y ***3+ 18.92 16.45 12.9-19.9 2.57 14 N *The .v. for the eletro-�shing data for the 2+ parr has been �tted well, withthe observations being orrelated with the predition (r = 0:763; P < 0:001).However, this is not the ase with the 3+ parr (r = 0:151; P > 0:05), and boththe preditions and the observations for the .v. are shown in Fig. 6.14.
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Figure 6.14: Predited .v. of the 2+ and 3+ weights using the SSVN4 modelwith the observations. (a) is for the 2+ and (b) is the 3+. The open squares arethe observations and the losed irles the predition.Although the error assoiated with the lengths of the smolts are relatively small,the predition for both age-lasses are not orrelated with the observations andare still systematially low for the two year old migrants and generally too highfor the three year olds, as an be seen in Fig. 6.15.127
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Figure 6.15: The observed and predited mean lengths of the smolts using themodel SSVN4.The largest single improvements between SSVN2 and SSVN4 has been in �ttingthe model to the proportion smolting from eah age-lass, and the �t is shown inFig. 6.16. The proportions leaving during the �rst migration season have beenpredited well, whereas those leaving the next season have been slightly underpredited, with the proportion leaving later being over predited.The model has attempted to predit many aspets of the population. In some ofthe ases, the preditions have desribed the observations well, whilst for othersthe there are systemati di�erenes or the observations are not orrelated withthe preditions. The reasons why the model may be badly prediting di�erentaspets of the population is disussed in the �nal setion of this hapter.6.6 Summary and ConlusionsThe SSVN4 variant of the model will be the �nal version that is developed inthis thesis. There are a number of reasons why further developments are unlikely128
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Figure 6.16: Proportion of eah ohort predited by SSVN4 to leave at eah age-lass for the 1+/2yr. old in the upper graph, the 2+/3yr. old in middle and the3+/4yr. old in lower. The �lled irles are the preditions and the empty squaresare the preditions.lead to a signi�antly greater understanding of the dynamis of the population.6.6.1 Limitations of the DataThe data to whih the model was �tted was olleted from two soures. Thesewere from the eletro-�shing surveys and from the smolt trap. The eletro-�shingdata has been modelled well with the exeption of the .v. of the 3+ weights.These observations are highly variable when ompared to the observed .v. of the2+ and the preditions for both the 2+ and 3+ parr, as an be seen in Fig. 6.14.This variation may be due to the relatively small sample sizes for this age-lassthat has a large variation in individual weights. This leads to the mean weightsand the standard deviation being variable and the model is unable to preditthem. 129



The data that are olleted from the smolt trap is from aross the whole of theburn. As was shown in Chapter 2, there are di�erenes in the weights of theresident �sh based on the altitude in whih they were measured. This ouldimply a similar relationship for the migrating �sh. If this was so, then the modelwould under predit the observed variation in the lengths of the smolts.The lengths of the smolts are likely to be a�eted by the stream setion in whihthey lived before migration, and the size of the e�et on the mean length would bedependent on the numbers emigrating from the di�erent setion. If the lower partof the stream was more produtive in terms of the number of smolts produedthan the upper setion, the model would be expeted to under predit the lengths.If it were the other way around, then the model would over predit.The lengths of the migrants are over predited for the two year olds and underpredited for the three year olds, whih suggests there are other fators involvedother than a bias due to the produtivity of the di�erent stream setions. Amajor part of the migration season ours in autumn when many migrants leaveas parr. The model assumes that the growth rates of the autumn emigrantswould be similar to those that did stay and migrated in the spring, if they had ofstayed. The mean lengths of the autumn emigrants are onsiderably lower thanfor the spring smolts, and it is not lear how their lengths di�er from those thathoose to migrate the following spring.Larger proportions of the 2+ migrants are preoious parr than for the 1+ parrand they are not signi�antly larger than the other members of the autumnmigration are. However, if large numbers of preoious parr leave the populationduring the autumn, the mean weights of the three year old smolts next springmay be lower. Therefore, the e�et of preoious parr on the mean spring lengthswill be to lower them, and the e�et will be stronger for the three year old parr.This will lower the observed mean lengths to whih the model has been �tted,and may be a reason why the model over predits the three year old lengths butnot the two year olds.The preditions for the age-lass at whih di�erent proportions of the ohortmigrate are predited well. However, these observations have been derived withan unknown bias from 1977-1986. When prediting the proportion leaving atdi�erent age-lasses, estimates of the mortality rates have not been inluded.130



We would therefore expet to over predit the 3+/four year old proportions andunder predit the 1+/two year old proportions.The temperatures that have been used in the model were olleted at the smolttrap at the lower end of the Burn. These temperatures are likely to be higher thanthose in the middle setion of the burn are. The e�et of this on the preditionsis that the values of �y may have been under estimated. Data exists for di�erentsetions of the stream, and estimates of the di�erenes in temperature for thedi�erent parts of the stream an be made. In Chapter 7, the SSVN2 model willbe used to predit the weights of parr in di�erent parts of the stream assumingthat there are di�erenes in the water temperatures.6.6.2 Under Prediting Spring GrowthThe model has been shown to under predit the growth rates of the parr in spring.This is due to the predited growth rate being less than zero for temperatures� approximately 6oC, whereas for these temperatures, growth has been seen toour. This would lead to the model under prediting spring lengths and the .v.of the predited lengths as has ourred.These under preditions in the weights result in the model under prediting thereserve to strutural weight ratio, �, so that it is too low. In order to make themodel be able to predit these large hanges in weight would require struturalhanges to the model. This would require a more detailed understanding ofindividual growth rates of the juveniles in the wild.Many of the values of �y are greater than 1 whih indiates that either the model isunder prediting growth at some point during the year or the data with whih themodel was parameterised with was not prediting maximum growth. It appearsthat assuming that �y is a onstant throughout the year may be too simple, butagain, this would require long term individual data too orret.6.6.3 The Fitting ProedureThe DSO is unable to �nd the global minimum for the error funtion based on theresiduals from the model. As the model inreases with omplexity, this is likely131



to result in the error surfae beoming less appropriate for the �tting proedure.Therefore, although a minimum is found, and we an estimate its auray bythe variation in the parameters derived from di�erent initial ondition, how losewe are to the true minimum is still unknown.A more sophistiated method of �tting is required if a more omplex model is tobe used. Only by �nding the true global minimum will we be able to auratelyassess how well the model �ts the data.6.6.4 Charateristis of the Soial EnvironmentThe fators temperature, weight and �(t) have been used to predit growth butare unlikely to be the only fators that a�et growth rates. These three fatorshave been used to desribe the e�ets of the physial environment on the juvenileparr.As was seen in Chapter 2, the lengths of the predited autumn and spring mi-grants are losely related to the estimated ova deposition. Further hanges to themodel need to involve fators assoiated with the soial environment of the parr.This must inlude density dependent e�ets on the growth rates of individualsand size seletive mortality in the population. A mehanism for ompetition issuggested in Chapter 8.However, the model as it is an be used to assess the quality of habitat withinthe burn through the derivation of �(t). This index an be ompared betweendi�erent parts of the burn to determine their suitability for salmon growth. Themodel will be applied to the data from di�erent parts of the burn, whih will bethe subjet of Chapter 7.
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Chapter 7Fitting Model to Di�erent Partsof the Stream
7.1 IntrodutionThe SSVN2 model (Gaussian WFD, variable .v., �tted to the parr data only)is able to predit the growth rates of the resident parr by estimating the yearquality given that there is size seletive migration within eah ohort. It hasbeen parameterised with data from both tank reared and wild juveniles, andhas previously been �tted to data from the middle setion of the burn using thetemperatures from the �sh trap. The data from the middle setion was olletedat an altitude of approximately 65m higher than the �sh trap. The model willnow be �tted to the mean weights of parr from di�erent altitudes in the burn,but with the same habitat types, with estimates water temperatures at di�erentaltitudes.When ompared to the �sh in the middle setion of the stream, those in the lowersetion are generally larger, and those in the upper are generally smaller (seeChapter 2). If water temperature an be estimated using a temperature-altituderelationship, we ould attempt to predit the di�erenes between the lengths ofthe �sh from di�erent stream setions. If �y is onstant aross the burn and theresiduals are similar aross setions, then this indiates that to predit the growthrate in any part of the stream only requires a temperature-altitude relationship.A further step that an be taken is to atually �t the model to the eletro-�shing133



data from the di�erent setions with the temperatures adjusted appropriately.This would result in di�erent sets of �y for the three setions. If they are dis-similar, then this may indiate that the aross year annual e�ets on growth aredi�erent between stream setions, and the di�erenes in growth between setionsannot be solely attributed to di�erenes in temperature. This analysis will usea shorter data set from 1969-1976, as this is the only period for whih data existfor all three setions.7.2 Data outline7.2.1 Summarising the Eletro-Fishing DataLengths of parr measured during the summer eletro-�shing survey in habitattypes T1 and T1A are available for the years 1969-1976 for the upper and lowersetions of the burn, after whih only the middle setion was �shed. These lengthswere onverted into weights using the same weight-length relationship used onthe parr from the middle setion, then summarised into means for the parr fromeah age-lass in eah ohort, and their standard errors derived.These new data sets from the upper and lower setions were not as omplete asthe one from the middle setion. No measurements from 3+ parr were reordedin the upper setion during 1970 or in the lower setion during 1971 as none wereaught. Otherwise, the data sets are omparable, and form the data to whih themodel would be �tted.7.2.2 Deriving a Temperature-Altitude RelationshipThe maximum and minimum altitudes of the three setions are given in Table7.1, and the setions are shown on the map in Fig. 2.1. Surveys were arriedout within eah setion and the estimated altitude for eah setion used was theaverage between the minimum and maximum altitudes. This provided a goodapproximation of the mean as eah setion has a fairly onstant gradient.A formula from C. Soulsby (pers. omm.) states that water temperature de-reases at a rate 6oC for every 1000m inrease in altitude. This has been applied134



Table 7.1: The altitude of the di�erent stream setion of the Girnok Burn.Stream Setion Minimum Altitude (m) Maximum Altitude (m)Lower 240 285Middle 285 320Upper 320 370to the setions in the Girnok and the estimated di�erenes between the tem-peratures at the �sh trap and the di�erent stream setions are given in Table7.2.Table 7.2: The di�erene in temperatures between the position of the tempera-ture reorder and the average altitude of eah stream setion alulated using theformula from C. Soulsby.Stream Setion Di�erene in temperaturefrom the �sh trap (oC)Lower -0.135Middle -0.375Upper -0.57An additional data set of temperatures were reorded at a point at the upper endof the middle setion from 26/3/81 until 4/12/81. From these reords, the maxi-mum and minimum daily temperatures were used to estimate daily temperatures.This is the same method as was used for the �sh trap data. It was found thatthe temperatures from the two reorders were highly orrelated and the meandi�erene between the two reorders was 1:2oC. The mean monthly temperatureswith their s.e. are shown in Fig. 7.1.There are signi�ant variations between months and there may well be a seasonale�et, but given the limited data, we are unable to show this is true so we willassume that there is a onstant di�erene between the two reorders all yearround and that temperature hanges linearly with altitude over the Girnok.This relationship states that there will be a derease of 14:1oCkm�1 with inreas-ing altitude. The di�erenes in temperature between setions alulated withthis formula are shown in Table 7.3.The estimates in Tables 7.2 and 7.3 di�er onsiderable, with the C. Soulsby135
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Figure 7.1: Average monthly di�erenes in temperature between the two temper-ature reorders on the Girnok, with standard errors. The dotted line representsthe mean monthly di�erene.Table 7.3: The di�erene in temperatures between the position of the reorder atthe �sh trap and the average altitude of eah stream setion alulated using datafrom an additional reorder.Stream Setion Di�erene in temperaturefrom the �sh trap (oC)Lower -0.32Middle -0.88Upper -1.34formula being approximately half of the relationship derived from the data. Asthe seond relationship has been derived using site spei� data, it will be usedto estimate the temperature di�erenes between the setions of the burn.In Chapter 4, the sensitivity of the models preditions to variations in temper-ature was tested by varying it by �0.2oC. The model was then �tted to theeletro-�shing data for eah of the di�erent temperatures to derive di�erent setsof �y. The values of �y were signi�antly altered by these temperature variationsalthough they remained orrelated (see Fig. 4.5). If �(t) is onstant throughoutthe burn, we would expet that the hanges in temperature are of a suÆient sizeto explain the hanges in the mean weights of the resident parr between setionof the burn. 136



7.3 Prediting Weights in Di�erent Parts of theBurn7.3.1 Using Constant Fitted Parameters Aross SetionsThe SSVN2 model was �tted to the data from the middle setion of the burn, and�y for 1969-1976 and the two ut-o� points at W1 and W2 were derived. Thiswas done using the DSO proedure as outlined previously and the parameterswhih produed the best �t are given in Table 7.4. The preditions made withthese parameters are shown in Fig. 7.2, and the �t to the age-lasses are given inTable 7.5. This version of the model will be de�ned as SSVN2M.
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Figure 7.2: Predited weights using model SSNV2M and observed mean weightsof the di�erent age-lasses with their standard errors for the middle setion only.Table 7.4: Summary of the parameters derived from �tting the model to the datafrom the middle setion with model SSNV2M.W1(g) W2(g) Range of �y MWE8.97 13.55 0.977-1.149 1.337In order to test if these parameter values are appliable aross the entire burn,they will be used to make preditions of the mean weights for the parr in di�erent137



Table 7.5: Fit of the model to the di�erent age-lasses when �tted to the datafrom the middle setion of the burn from 1969-1976 with model SSNV2M.Age- Average Predited Mean Abs. % Sign. Sign.lass Weight (g) Weight (g) Error (g) Error same orrel.0+ 0.854 0.697 0.164 19.2 Y NS1+ 5.673 5.674 0.002 0.0 Y ***2+ 12.53 12.57 0.222 1.8 Y **3+ 16.95 16.51 1.023 6.0 Y *parts of the stream. Di�erenes in the preditions will be due to the adjustedtemperatures being put into the model, whih will be those shown in Table 7.3.Fig. 7.3 shows the observed mean weights of the parr from the upper setionof the stream with the preditions from the SSNV2M model with the estimatedtemperature from the upper setion of the stream. Although some of the meanweights of some of the ohorts have been estimated well, suh as the 1968 and1970 ohorts, there are systemati di�erenes in the residuals. The preditionsfor the 0+ and 1+ are either below or within the s.e. of the observations, andthe preditions for the 3+ are either above or within the s.e. of the observations.
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Figure 7.3: The predited mean weights of parr from the upper setion using modelSSNV2M and the estimated temperatures in the upper setion, with the observedmean weights of the di�erent age-lasses with their standard errors.138



The preditions of the mean weights of the parr from the lower setion are shownin Fig. 7.4, whih are predited from the SSNV2M model with the estimatedtemperature from the lower setion of the stream. Here, the residuals are ingeneral larger, and all preditions of the 0+, 2+ and 3+ being lower or withinthe s.e. of the observations.
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Figure 7.4: The predited mean weights of parr from the lower setion using modelSSNV2M and the estimated temperatures in the lower setion, with the observedmean weights of the di�erent age-lasses with their standard errors.The above preditions of the weights from the di�erent setions have been madeusing the same values of �y and the same threshold smolting weights, and thenapplied to eah setion using the appropriate temperatures. As the temperatureis inreased, the predited weights of the 0+ and 1+ will also inrease. This willnot neessarily be the ase for the 2+ and 3+ parr due to the threshold weightfor smolting. When the weight-frequeny distribution is trunated, the mean ofthe remaining part of the distribution will be di�erent at di�erent temperatures,and for suÆiently large temperature di�erenes and low ut-o� points, the meanof the distribution at the higher temperature will be lower than the mean of thedistribution at the lower temperature.When the model is �tted to the di�erent stream setions with the di�erent tem-peratures, the �ts for the di�erent setions vary, and the MWE between the139



di�erent setions are shown in Table 7.6. This means that the parameters thathave been derived for the middle setion are not appropriate for the other se-tions.Table 7.6: The mean weighted error from the �t of the model SSNV2M to thedata from the di�erent setions with the di�erent temperatures but same valuesof �y and threshold weights for migration.UPPER MIDDLE LOWER3.986 1.337 4.885As using the same �tted parameters does not provide an adequate �t to all thedata, an alternative approah will be used. The model will be �tted to the datafrom the upper and lower setions with the di�erent temperatures by adjustingthe �tted parameters of the smolting threshold weights and �y. The values of the�tted parameters between setions an then be ompared.7.3.2 Using Di�erent Fitted Parameters Between SetionsThe model was �tted to the data from the upper and lower setion as was donefor the middle setion in Setion 7.3.1. From the �tting proedure, a set of �ttedparameters was derived, so that eah setion had its own unique set of �y valuesand smolt threshold weights.The �t of the model to the data from the upper setion of the burn, whih willbe de�ned as SSNV2U, is shown in Fig. 7.5, and the �t to the data has improved.The �t of the model to the data from the lower setion, whih is shown in Fig. 7.6and will be de�ned as SSNV2L, is able to provide good �ts to the 1+ and 2+ age-lasses, but tends to under predit the mean weights of 0+ and 3+ age-lasses.The hanges in the % error for eah age-lass for the two new models are shownin Table 7.7, where, in eah ase, the least well �tted age-lass is the 0+ and best�tted is the 1+.The �ts to the upper and lower setions are appreiable improvements. The MWEwhen the model is �tted to the three stream setions are shown in Table 7.8, whihshows a derease in the goodness of �t as the altitude dereases.The largest problem with the �t of the data to the lower setion is the under140



Table 7.7: Mean % errors for eah age-lass derived from �tting the di�erentmodels to the mean weights from the di�erent setions of the burn.SECTION MIDDLE UPPER LOWERMODEL SSNV2M SSNV2M SSNV2U SSNV2M SSNV2LAge-Class0+ 0.192 0.151 0.119 0.339 0.3941+ 0.000 0.185 0.016 0.169 0.0012+ 0.018 0.058 0.026 0.127 0.0673+ 0.060 0.155 0.051 0.347 0.181
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Figure 7.5: The observed mean weights with s.e. and the preditions from themodel SSNV2U when �tted to the data from the upper setion of the burn withthe estimates of the upper setion temperatures.predition of the 0+ parr. The growth trajetories are able to �t the 1+ age-lass very well, whih indiates that the growth rate between birth and 1+ istoo low. It is interesting to note that for the ohorts born in 1970 and 1971,apart from for the 1+ age-lass, all of the preditions are too low. By looking atFig. 1.1, we see that in the years 1969 and 1970, the number of females aught inthe trap were the lowest from 1966-1977, and these were the females that wouldgive birth to the 1970 and 1971 ohorts.This, however, annot explain why all of the 0+ are under predited. One possible141
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Figure 7.6: The observed mean weights with s.e. and the preditions from themodel SSNV2L when �tted to the data from the lower setion of the burn withthe estimates of the lower setion temperatures.explanation may be that the intensity of ompetition is greatest in the lowersetion of the stream, and by the time of the 0+ ensus, a large proportion of thesmaller fry have perished, leaving the larger ones in the stream. This bias wouldause the 2+ and 3+ to be over predited.Table 7.8: The mean weighted error from the �t of the models SSNV2U, SSNV2Mand SSNV2L to the data from the upper, middle and lower setions of the burnrespetively. The improvements of the �ts an be seen by omparing this tablewith Table 7.6. UPPER MIDDLE LOWER0.9687 1.337 2.14597.3.3 Variation of Fitted Parameters between SetionsVariation in �y between SetionsFor the di�erent stream setions, a set of the values of �y were derived, and theset whih provided the best �t of the models to the data were used to produe142



Figs. 7.2, 7.5 and 7.6. The error assoiated with these sets of �y were derivedfrom using di�erent initial onditions of the �tting proedure. The values of �yfor the di�erent setions with their errors are plotted in Fig. 7.7.
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Figure 7.7: Values of �y from the di�erent setions of the stream.A two-way ANOVA with year and stream setion as fators an be used to showthat a signi�ant amount of the variation values of the �y's is due to year (F7;14 =9:39; P < 0:001) and the stream setion (F2;14 = 10:9; P < 0:0014). Year asa fator aounts for 64.7% of the variation and provides an indiation of theyears when onditions for parr growth were best. The stream setion aountsfor 21.5% of the variation, with the lower setion of the stream providing thelowest vales of �y, whilst the upper setion provides the higher values.On the basis of these results, there does not appear to be a single set of valuesof �y that an be applied aross the burn. Instead, the values of �y from eahof the setions are orrelated with eah other1 and �y appears to inrease withaltitude.1The orrelation oeÆient between the upper and lower setion is r7 = 0:666, betweenupper and middle is r7 = 0:644 and between middle and lower is r7 = 0:931. The ritial valueof r7 below whih P < 0:05 is r7 = 0:669.
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Variation in the Smolting Threshold between SetionsThe values of the two threshold weights for smolting for the three setions weredetermined by the values that produed the best �t to the data. As with �y, theerrors assoiated with the threshold weights were alulated from using di�erentinitial onditions of the �tting proedure. The values with the errors are displayedin Fig. 7.8.
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Figure 7.8: Estimated values of the threshold weights for smolting from the dif-ferent setions of the steam with their standard errors.The threshold weights for smolting are learly di�erent for the three setions.The lowest weights are assoiated with the upper setion, and the middle weightswith the middle setion and the highest weights with the lower setion.7.3.4 Relating �y to Soial Environment of the ParrDensity estimates for the juveniles in eah age-lass at eah survey were madeduring eah the eletro-�shing surveys, whih approximate the overall strengthof eah age-lass in eah setion of the stream. As sets of values of �y's for thedi�erent setions have been derived, we an use the data regarding the soialenvironment of the parr to attempt to explain some of the variation in �y.144



The estimated densities for eah age-lass were orrelated with the values of �ywhih were derived for the three setions of the stream, and were found to besigni�antly negatively orrelated for the 0+ (r7 = �0:740; P < 0:05) and the2+ (r7 = �0:667; P < 0:05) age-lasses in the upper setion of the burn but nosigni�ant orrelations were found in the middle or lower setion.Further to this, the values of �y were lagged and then orrelated with density.When density was orrelated with �y�1, there was a signi�ant orrelation for the1+ age-lass in the upper setion (r7 = �0:769; P < 0:05), and when orrelatedwith �y�2, there was a signi�ant negative orrelation for the 0+ age-lass inthe upper setion (r6 = �0:748; P < 0:05). The only signi�ant orrelations inthe other two setions ourred with �y�3 for the 1+ age-lass (middle setion,r5 = �0:956; P < 0:01 and lower setion, r5 = �0:862; P < 0:05).The orrelations were repeated using the biomass of eah age-lass, whih wasalulated as the produt of the density and the mean weight of the parr in thatage-lass. �y and biomass were found to be signi�antly negatively orrelated forthe 0+ (r5 = �0:928; P < 0:05) and the 2+ (r7 = �0:721; P < 0:05) age-lassesin the upper setion of the burn.When biomass was orrelated with �y�1, there was a signi�ant positive orrela-tion for the 0+ in the upper setion (r5 = 0:837; P < 0:05). When orrelatedwith �y�2, there were signi�ant negative orrelations for the 0+ in the upper se-tion and the 2+ in the lower setion, and when orrelated with �y�3, there weresigni�ant negative orrelation for the 1+ in the upper (r4 = �0:953; P < 0:05),middle (r4 = �0:925; P < 0:05) and lower (r4 = �0:954; P < 0:05) setions.In addition, the estimated total biomass was orrelated with the values of �y andthis was repeated when the data was lagged. No signi�ant orrelations werefound for eah stream setion and lag. The estimated ova deposition was alsoorrelated with �y from the di�erent setions with di�erent lags, none of whihwere found to be signi�ant.A onsiderable number of orrelations were attempted, in partiular for the �y andlagged orrelation tests, four signi�ant results were found from 36 orrelations,and with the �y and lagged biomass tests, six signi�ant results were found from36 orrelations. Given that the signi�ant results were neither onsistent aross145



age-lass or setion, it is likely that they are due to hane2. All other signi�antpositive orrelations are found in the upper setion of the burn.There are ompliations with this analysis as the values of �y are not independentand it is likely that the densities not either. There are also few data points, with amaximum of 8 values of �y used for eah setion, with missing data from di�erentage-lasses in di�erent years. Further and more omplex linear models will notbe used to explain the variation in �y due to the limitations of the degrees offreedom available in the data.These orrelations show that there may be an inverse relationship between �yand density or biomass in the upper setion, but these e�ets are undetetable inthe middle and the lower setion. Otherwise, the orrelations of �y do not appearto be related to biomass and density in any lear and onsistent way.7.4 ConlusionsThere are lear and systemati di�erenes between the parameters derived foreah setion of the stream. They are onsistently di�erent, as are the errors, andtogether form a onsistent view of the quality of growth in the di�erent parts ofthe burn.As the altitude dereases, the �t of the model to the data deteriorates, whihmay be an indiation of the inreasing omplexity of the life style of the juvenileswhose growth we are attempting to model. This may be a result of inreases inthe omplexity of the eosystem as the temperature inreases. The lower partof the burn is more populated with salmon as well as other speies, and thesurrounding vegetation is more diverse. There are a greater number plants withvegetation with over hangs the river, whih inreases the arbon input into theburn.Higher values of �y are assoiated with faster growth after the e�ets of tem-perature have been removed. This indiates that the loal environment for thegrowth of parr is better in the higher part of the stream than the lower part.The higher growth rates in the lower part of the burn an be attributed mainly2The hane of getting �4 orrelations with P < 0:05 from 36 attempts is 10.4% and �6from 36 is 0.8%. 146



to higher temperature.Di�erenes in �y between setions may be due to the lower density and less om-petition further upstream. The water is likely to be leaner and the proportion ofthe stream suitable for parr higher. In general, habitat quality would be expetedto be better in the upper reahes of the stream otherwise the adult would notmake the extra e�ort required to get there.Parr smolt at a smaller size in the upper part of the burn. We must bear in mindthat although the ut o� point is termed as the threshold weight for smolting,it is a threshold weight for parr leaving the resident population. The smalleremigrants from the upper setion ould move to the middle setion and formpart of the population below the threshold weight there.The di�erenes in the parameter values aross the stream indiate that one thee�ets of temperature have been removed, the growth and behaviour of the parrfrom the di�erent setions hanges. The parr in the upper setion are able togrow better than those in the lower setion, and are able to migrate at a lowerweight, whih would be neessary as there is a shorter growing season at higheraltitudes.�y is a general term that enompasses many aspets of feeding, and its valuesderived in Setion 7.3.3 range from approximately 0.95 to 1.3. These values sug-gest that the parr are growing at a far higher rate than the theoretial maximumgrowth rate predited by the model, and the model does tend to over predit theweights of the 0+ parr whilst being able to predit the 1+ mean weights relativelywell. These aspets of the model will be disussed further in Chapter 9. �y is aterm for onsumption and in Chapter 8, we o�er an alternative theoretial modelfor �y based around the Type II funtional response (Holling, 1959).

147



Chapter 8Funtional Response UptakeModel for Atlanti Salmon Parr
The temperature dependent growth models developed in the previous haptershave been �tted to the data by adjusting the funtion �(t). This funtion has beenassumed to be onstant within years and aross age-lasses. In this hapter, weshall further develop �(t) so that it is dependent on the size of the parr and ableto vary within years. These variations will be determined by the harateristisof the invertebrate populations that form the diet of the parr.A foraging model, dependent on the size of the individual parr, the size anddensity of the invertebrate populations and the urrent, will be developed toestimate the onsumption rate of the parr. This model will then be integrated intothe CGM model (Broekhuizen et al. 1994) and �tted to eletro-�shing data, withdi�erent assumptions about the distribution of the stream dwelling invertebrates.8.1 The Foraging Behaviour of Parr8.1.1 Behaviour of the Invertebrate DriftThe food on whih the salmon feed is omprised of a variety of aquati insets,suh as larvae, pupae, nymphs, and insets of terrestrial origin that have fallenonto the surfae of the water (Mundie (1969), Egglishaw (1967), Allen (1940)),and is known as the freshwater invertebrate drift.148



The aquati insets live mainly in the substrate and on underwater plants, fromwhih they enter the water olumn. This is either through their own need tomove in order to settle somewhere else, or through the turbulene of the urrent(Waters 1969) and it is when they are in the urrent that they are available asfood for the salmon.Drift ours with diel periodiity with observed peaks at sunset and sunrise, withhigh quantities of drift ourring at night (Mundie 1969). The quantity of thedrift is dependent on fators suh as the amount of detritus (overhead vegeta-tion, stream plants and algae) within the stream (Egglishaw and Morgan (1965),Egglishaw (1964)) and the hemial omposition of the stream (Egglishaw andMorgan (1965), Egglishaw (1968)). Size of the individual invertebrates inreasesthroughout the year and seasonal hanges in the omposition of the bottom faunahas been observed in Sottish streams (Egglishaw and Makay 1967).Drift is related to prodution, with higher drift leading to inreases in produtionand higher growth rates (Waters 1969) although predation by parr does have animpat on the quantity of drift.8.1.2 Methods of ForagingSalmon parr must gain a suÆient amount of weight before they are able to mi-grate to sea, whih they do by feeding on invertebrates in the stream (Wankowski1981). Parr are sit-and-wait predators, who remain stationary at the foal pointof a defended territory from whih they make rapid forays to apture and on-sume their prey. The four basi methods by whih they feed are desribed byStradmeyer and Thorpe (1987a) below.Surfae FeedingSurfae feeding is the onsumption of terrestrial food items that have fallen ontothe surfae of the water. The parr will see a food item oating on the surfaewhih it swims towards and eats.Midwater Drift FeedingThis is when is food that is taken from the water olumn, whih ontains mainlybenthi invertebrates. This type of feeding an happen in a variety of ways:I. Diret feeding The salmon attaks the prey item with a rapid burst of swimming149



into the urrent.IIa Indiret feeding (ative) The salmon will move up into the water olumntowards the prey item whih it will either attak with a rapid movement orignore and return to station.IIb Indiret feeding (partly passive). This ours in two ways. The salmon willdrift downstream with the urrent, faing the prey item, whih it either attakswith a rapid snap or returns to its station. The seond method is similar to the�rst exept before it attaks the prey, the salmon will turn around and apturethe prey item as it moves downstream. This ours in higher water veloitieswith faster moving prey.Head-jerk FeedingPrey items moving in the drift passing lose to the �sh are aptured with rapidside-to-side snapping movements of the head without body displaement suhthat the �sh does not leave its station.Bottom FeedingThe �sh makes attaks from the feeding station and snaps at the prey as it foragesamongst the substrate.These types of foraging methods have been widely observed (Keely and Grant(1995), Wankowski and Thorpe (1979b), Stradmeyer and Thorpe (1987a)) andthis information will be used to derive an estimate of the uptake rate based onthe foraging behaviour of the parr. The predominant method of foraging is whenthe �sh takes food from the water olumn, whih inludes midwater and headjerk feeding.Maximum attak distanes given by Wankowski and Thorpe (1979b) range from1 to 5.8 body lengths, those from Stradmeyer and Thorpe (1987a) are approxi-mately 103m1. Keely and Grant (1995) give an average attak distane of about3 body lengths. Any foraging model that is developed must have similar attakdistanes and be dependent on the water veloity.1Distanes in body lengths are not given by Stradmeyer and Thorpe (1987a), but may be6.87-10.3 body lengths based on the size of the parr observed in the study.
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Figure 8.1: With a Type II funtional response, the uptake rate will tend to Umaxas the food density tends to in�nity.8.1.3 Modelling Foraging Behaviour in FishHollings Type II Funtional ResponseMany foraging attempts are unsuessful, espeially for younger inexperienedparr, resulting in food being rejeted or the ingestion of low nutritional foodsuh as inset exuviae (Mundie 1969). Visibility may be poor and the waterturbulent. Danger exists from predators whih deters foraging (Metalfe et al.1987) and ompetition exists from onspei�s (Symons (1971), Goteitas andGodin (1992)). Therefore the maximum uptake rate, Umax, is unlikely to beattained. We shall use the Type II funtional response (Holling 1959), whoseform is shown in Fig. 8.1 and derivation in Appendix B, to model the uptake rate.This has been widely used for variety of �sh speies (Madenjian and Carpenter(1991), Peterson and Deangelis (1992), Wright et al. (1993), Eby et al. (1995),Stokwell and Johnson (1997)) in order to determine uptake.The general form of the Type II funtion response is given by equation (8.1) whereU is the uptake rate and � is the rate at whih food is found whilst foraging. Inorder to estimate the uptake rate, we must determine expressions for Umax and�. U = Umax 11 + Umax� ! (8.1)151



8.2 A Funtional Response Model for SalmonParr8.2.1 Probability of CathJuvenile salmon show a high degree of prey seletion based on size (Allen 1941a)and travel di�erent distanes depending on the size of the prey item (Wankowskiand Thorpe 1979a). Therefore the probability of apture of a food partile ofsize p at distane r from a �sh of length L will be de�ned as P (r; p; L). r will bede�ned as the minimum distanes of approah of the food partiles perpendiularto the ow of the water and will have units of �sh body lengths. Although thisis not the atual distane swam by the �sh in order to onsume an item of prey,it indiates how lose to the �sh the partile needs to be in order for it to beattaked.Determining P (r; p; L) requires data that will give the probability of food itemsof a partiular size being aught at a given distane. Data sets from Wankowski(1981) and Metalfe et al. (1986) relating to the attak distanes, whih give theprobability of ath and the size of food partiles, were examined. These studieswith hathery reared salmon parr were onduted from June to September.Foraging Data SetsData from Metalfe et al. (1986)A study by Metalfe et al. (1986) investigated how feeding behaviour was relatedseasonal hanges in onsumption and used food partiles that were set at a size tooptimises growth rate (Wankowski and Thorpe 1979a). The data is reproduedin Table 8.1 and shows that at distanes of about one body length distane fromstation, the �sh ignored about 80% of the food that drifted passed, with highprobabilities of apture only very lose to the �sh (< 1 body length). There wereno restritions to foraging suh as the tank size being too small and there wereno deterrents to foraging suh as predators or ompetition. These experimental�sh were mostly head jerk feeding and did not travel far in searh of food. We areunable to use this data as it does not aurately portray the foraging behaviourof wild parr. 152



Table 8.1: Perentage of partiles ingested with the attak distanes in terms ofminimum distane of approah. These are given in absolute and relative terms.% aught Min. Dist. (bl)June July August Min. Dist.(m) June July August67.42 0.4 0.08 0.4 0.1 0.084 0.08220.00 1.3 0.25 1.3 0.31 0.27 0.2720.76 2.6 0.49 2.6 0.625 0.55 0.5311.16 4.5 0.85 4.5 1.1 0.95 0.9211.16 6.5 1.23 6.5 1.56 1.37 1.332.87 8.5 1.60 8.5 2.04 1.8 1.733.37 11.0 2.08 11.0 2.65 2.3 2.25Data from Wankowski (1981)This data set from Wankowski (1981) onsisted of four experiments, whih at-tempted to determine the size of food partiles that the �sh preferred. Theexperiments were onduted with salmon that had previously been starved forseven days before being presented with di�erent sized food partiles, and theirresponse and attak distanes were noted. The average attak distane was 3.64body lengths, whih is similar to those found in the wild. These fators enabledus to make use of this data, whih is shown in Table 8.2.Determining the funtion P (r; p; L)Two funtions desribing P (r; p; L) were �tted to the data in Table 8.2 in order todetermine the most appropriate form P (r; p; L) should take. The �rst was a oneparameter ellipti funtion and the seond a two parameter disontinuos funtion.The term r represented the attak distane in body lengths and  representedthe size of the food partile relative to the length of the �sh, suh that  = p=L.One parameter ModelThe funtional form for P (r; p; L) that was �rst �tted to the data is shown byequation (8.2). This states that all food is onsumed at r = 0 and none atdistanes greater than the maximum attak distane D.P (r; p; L) = ( q1� � r2D2 � r � D0 r > D (8.2)153



Table 8.2: Number of food partiles aught and missed at di�erent distanes fromthe parr and for di�erent sized food partile during the feeding trails by Wankowski(1981). r is the attak distane in terms of �sh body lengths. A, B, C and D arethe four experiment with inreasing size of food partile with whether the food waseaten (E) or missed (M). A B C Dr M E M E M E M E0 - < 1 1 1 0 3 0 0 0 41 - < 2 0 1 0 7 0 5 0 12 - < 3 1 0 0 4 0 3 0 13 - < 4 0 0 0 2 0 2 0 14 - < 5 2 0 0 3 0 7 0 35 - < 6 0 0 0 1 0 4 0 26 - < 7 0 0 2 1 1 1 0 47 - < 8 0 0 1 0 1 1 1 18 - < 9 0 0 3 0 2 1 2 19 - < 10 0 0 2 0 1 1 2 0

Table 8.3: The values of D derived by �tting equation (8.2) to the data in Ta-ble 8.2, for the four food partile sizes, by minimising the RMS error, �, for theone parameter model. Experiment  D �A 0.013 2.5 0.173B 0.018 7.5 0.137C 0.025 10.06 0.145D 0.051 9.43 0.124
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Figure 8.2: The one parameter model �tted to the data from the four experimentsby Wankowski (1981).Equation (8.2) was �tted separately to the data from eah of the four food sizesby adjusting D through minimising the RMS error, �. The values of D and �for the four food sizes are shown in Table 8.3 and the trajetories from equation(8.2) using these values of D are plotted, along with the data, for the four foodsizes in Fig. 8.2.The values of D in Table 8.3 indiate how the maximum attak distane of theparr varied with the size of the food partile. A relationship between D and was derived by �tting equation (8.3) to the values in Table 8.3 by minimising theRMS errors. D() = [a1 + a2 + a32℄+ (8.3)Equation (8.3) is plotted, along with the data to whih it is �tted, in Fig. 8.3,using the oeÆients found are in Table 8.4.A quadrati was used beause it enfores an optimal partile size. Items smallerthan the optimum have less energy value and are less appealing due to the ostinvolved in their apture, whih inrease as the attak distane inreases. Smaller155
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Figure 8.4: Two parameter model �tted to the data from the four experiments byWankowski (1981).are appliable for parr from approximately 4m to 20m in length.Two parameter ModelThe funtion in equation (8.4) will be used as the seond model with r de�nedpreviously and ah and al being the �tted parameters.P (r; p; L) = minf1; [ah + al:r℄+g (8.4)This model assumes that the parr take all the food within a ertain distane andas the distane of the food partile from the �sh inreases, the probability ofapture rapidly dereases. The parameter al is the gradient of the slope and ahis the point where this slope would interept the vertial axis. The model was�tted to the data in Table 8.2 by minimising �, and the parameters that providedthe best �t are given in the Table 8.5 and plotted in Fig. 8.4.The Upper ut-o� point is the attak distane at whih the salmon no longer takesall the food presented to it. The Lower ut-o� indiates the attak distane atwhih no food is aepted. These ut-o� points, along with the �tted parameters157



Table 8.5: Values of ah and al whih minimise the mean square error, �, for eahexperiment with relative partile size and the values of the upper and lower ut-o�points.Experiment ah al Upper ut-o� Lower ut-o� �A 2.50 -1 1.5 2.5 0.167B 7.097 -1.040 5.857 6.818 0.000C 2.079 -0.196 5.051 10.606 0.138D 3 -0.32 6.25 9.375 0.044and �, are shown in Table 8.5.Choie of ModelThe �t to the data of the two parameter model is better than for the one param-eter model. However the parameters for the two parameter model do not hangein a onsistent way so �tting a funtion to explain how ah and al are related to is likely to be more omplex than D(). The funtion D() �ts within thenatural onstraints that are imposed and is behaviourally onsistent. It providesa good relationship between maximum attak distane and food partile size sowe shall use the one-parameter model to desribe P (r; p; L).8.2.2 E�etive Searh VolumeAs the salmon is foraging, it makes most of its attaks from the entre of itsterritory and food that is available to the salmon will pass through the territory.We shall de�ne the area through whih food passes as a semiirle perpendiularto the ow of water, shown in Fig. 8.5. The radius of this area is D() anddependent on the size of the �sh and the food partile. Although the whole ofthis area is aessible to the salmon, food will not be taken from it uniformlybeause as r inreases, P (r; p; L) dereases.We shall take the e�etive searh area, As(p; L) as the area that will providefood for the salmon. To derive As(p; L), we shall �rst determine the e�etivesearh area over a small annulus of width d(rL). The area of this annulusan be approximated by �rLd(rL) so the e�etive searh area of the annulusis P (r; p; L)�rLd(rL), and the total e�etive area searhed As(p; L) is the inte-gral over rL in equation (8.5). 158
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r=D(Figure 8.5: This is the shape in whih the salmon will forage. All the food that willbe available will pass through the hemisphere perpendiular to the ow of water.
As(p; L) = Z 1rL=0 P (r; p; L)�rLd(rL); (8.5)As(p; L) represents an area from whih an amount of food will be gathered of sizep. To determine As(p; L) over all food partile sizes, we integrate over p to giveAT (L) = Z maxLp=minLAs(p; L)dp: (8.6)AT (L) represents the range over whih foraging will our and is onstrained bythe food size range and foraging distane and is shown in Fig. 8.6. It has onstantvalue for eah size of salmon. We an normalise As(p; L) to get an(p; L),an(p; L) = As(p; L)AT (L) : (8.7)We an further prove that AT (L) = �L3 where � = 5:479 whih is determinedfrom the oeÆients ofD(), with the proof of this in Appendix C. By multiplyingAT (L) by the water veloity, we are able to derive the e�etive searh volume ofthe foraging salmon.
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partile size.The handling time per unit biomass is denoted as �h(L; T ). This is a more usefulterm than �(L; T ) beause we will be working in units of biomass. Given �(L; T )and the weight of the food partiles that are onsumed, we an estimate �h(L; T ).We shall assume that a �sh of length L will onsume partiles with an averageweight w(optL), where opt = min + max2 ; (8.9)whih enables us to alulate the biomass handling time for when a �sh is ativelyforaging as �h(L; T ) = �(L; T )w(optL) : (8.10)8.2.5 Full Funtional ResponseWe are now able to onstrut our funtional response. The e�etive volumesearhed for food partiles of size p is vAs(p; L) where v is the water veloity.The biomass distribution per unit volume is w(p)�(p), so the total food availableto a �sh of length L will be the integral from p = minL to maxL. With our termfor the handling time we haveU = R maxLp=minL vAs(p; L)w(p)�(p)dp1 + �h(L; T ) R maxLp=minL vAs(p; L)w(p)�(p)dp (8.11)It is onvenient to take out the fatorUmax(L; T ) � 1=�h(L; T ) (8.12)to whih the uptake will tend as the food density tends to in�nity. We shallfurther simplify by dividing the top and bottom by vAT (L). This has the e�etof normalising the e�etive searh area and enables us to have one term with v.Thus we an de�ne Wh(v; L; T ) � Umax(L; T )vAT (L) (8.13)and Weff(L) � Z maxLp=minL an(p; L)w(p)�(p)dp: (8.14)
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Weff (L) is the e�etive biomass of the food population that is available to aforaging salmon of length L and Wh(v; L; T ) is the half saturation food density.Thus we have the formU(v; L; T ) = Umax(L; T )� Weff (L)Wh(v; L; T ) +Weff(L)� (8.15)as the full funtional response and will be de�ned as the UFR model.8.3 Applying the UFR modelWe now wish to apply this model to wild Atlanti salmon, whih are known tofeed less during the winter (Metalfe and Thorpe 1992). During this period theyexhibit low growth rates whilst in the summer growth rates are higher (Skilbrei1988). In this setion, we shall integrate the UFR into the CGM (Broekhuizenet al. 1994) and apply this to eletro-�shing data sets from di�erent rivers whilstassuming di�erent distributions for the invertebrate drift.8.3.1 Eletro-Fishing Data SetsEletro-�shing data sets were found in the literature whih were suitable fortesting the UFR model. These data sets gives us the opportunity to apply themodel over both the periods when the salmon undergo rapid growth prior duringthe spring and weight loss during the autumn.Data from Gardiner and Geddes (1980)Mean weight and length measurements from samples of wild salmon parr weretaken in the Shelligan Burn (desribed in Egglishaw and Shakley (1977)) fromApril 1973 until April 1975. The data for the 1973 ohort will be denoted asGG73-74 and the data for the 1974 ohort will be denoted GG74-75, and themean weight measurements will be displayed with their 95% CI. Temperaturesfor this river over these periods are given by given by Egglishaw and Shakley(1977) and in the form of the mean weekly water temperatures, whih would beused in the model. 162



Data from Randall and Paim (1982)Two further data sets from populations of wild parr were obtained from twosites in a stream in New Brunswik, denoted RPL1 and RPC2 over the periodfrom summer 1977 until autumn 1978. Randall and Paim (1982) provide maxi-mum and minimum temperature pro�les at eah of the sites with mean weightand length measurements of salmon from emergene until 16 months later, andthe error bars for the mean weights will represent �1SE. The series of temper-ature measurements were taken at intermittent times during the year and wereonverted into weekly average temperatures, using linear interpolation, for themaximum, minimum and median temperatures, whih would then be used in themodel.8.3.2 Assumptions about Food AbundaneThe feeding regime was hard to estimate due to lak of data. It is known thatinvertebrate drift varies seasonally. It was therefore assumed that:i) Biomass partile size distribution funtion was proportional to temperaturewith a onstant lag of one week. This was to give the biomass time to reat tohanges in temperature.ii) The biomass that was available for the �sh to onsume was dependent on theweight of the salmon. This meant that as the salmon grew in size, the amount offood that was available for them to onsume inreased. As a �sh grows, its rangeof food partile sizes inrease as will its territory size (Grant and Kramer (1990),Keely and Grant (1995)). Therefore, as they grow, more food is aessible tothem.We shall be using a uniform food biomass distribution of value �CGM . Thefuntion used to indiate seasonal temperature dependent utuation in the foodsupply will be de�ned as  (T ),  (T ) = TlagTm (8.16)where Tlag is the temperature from the previous week and Tm is the mean annualtemperature. 163
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Figure 8.7: Growth urves at di�erent quantities of food available. The solid linerepresent Umax. The urves are superimposed onto the data set GG73-74.This gives our funtion for the food available as�(R; S; T ) = �CGM (T )(R + S): (8.17)As �(R; S; T ) has units of mgC:day�1, �CGM will have units day�1.8.3.3 Testing the modelUsing these new environmental parameters and the physiologial parameters forAtlanti salmon in the CGM, simulated growth trajetories were derived by al-tering �CGM . In the CGM, the assimilation rate is de�ned asA = " minf�; Umaxg (8.18)and will be hanged to use the Type II funtional response suh that A = " Uwhere U is de�ned in equation (8.1). We an let Umax be the same as the uptakein the CGM so as the food available inreases, the uptake will tend to Umax.The data from GG73-74 is shown with the simulated growth urve in Fig. 8.7.The values of �CGM are 0.075 for the dashed line and 0.085 for dotted line. These164



values are equivalent to the �sh being o�ered 7.5% and 8.5% arbon body weightof arbon food weight per day although not all is eaten. The value of the solid lineis the maximum growth that the model an predit given the urrent temperature,when the salmon is feeding at Umax. The defets with these simulations are thatthe growth rates are insuÆient during the spring and autumn and too highduring the winter. These problems will be addressed later but �rst the full UFRmodel will be integrated into the CGM model.8.3.4 Combining the UFR Model with the CGMWe are now in a position to ombine our two models by using the ratio of FH=F ,whih is the ratio of the food density, F , to the half saturation food density, FH .It appears in both of the CGM asFHF = Umax� (8.19)where Umax� = Umax(T; S) (T )(R + S)�CGM (8.20)and in the UFR as FHF = Wh(v; L; T )Weff(L) (8.21)where Wh(v; L; T )Weff(L) = Umax(L; T )vAT (L) R minLp=maxL an(p; L)w(p)�(p)dp (8.22)We shall assume that the biomass distribution is onstant over the range thatwe will be using whih will vary aording to the temperature. Therefore wean let w(p)�(p) = �0, whih is onstant and an be taken out of the integralof equation (8.22). an(p; L) has been normalised so will integrate to unity andAT (L) = �L3 whih an be substituted into equation (8.22). By rede�ning�0�v � �1 and inluding the term for the temperature dependene of �0, we anrewrite equation (8.22) as Wh(v; L; T )Weff(L) = Umax(L; T ) (T )�1L3 : (8.23)To interhange between equations (8.20) and (8.23) requires a weight-length re-lationship. The strutural arbon weight to length relationship of the formS = asLbs ; (8.24)165



an be onverted to L3 = a1s1S1; (8.25)where 1 = 3=bs and as1 = as. This an be substituted into equation (8.23).Thus the food available in the UFR is  (T )�UFRS1, where �UFR � as1�1 andis a onstant. �(S; T ) will replae the term �(R; S; T ) in the CGM. The termsfor the maximum uptake rates, Umax(L; T ) and Umax(T; S) are interhangeable,therefore the only hanges that need to be made to the CGM uptake funtion areFHF = Umax(S; T ) (T )�UFRS1 : (8.26)Estimates of the oeÆients for the strutural weight-length relationship for thedi�erent data sets are given in Appendix D, along with estimates of other fatorsin the URF model.This will use the onstant biomass spetrum with �UFR having units of mgC1�.day�1, and varying �UFR hanges the quantity of the biomass available passingthrough the foraging area per unit time. Simulations with this type of uptakeare produed in Figs. 8.8 for GG73-74, 8.9 for GG74-75 and 8.10 for RPL1.The values for Umax are the same in both Figs. 8.7 and 8.8. The urves in Fig.8.8 are generally smoother due to the independene of the uptake on R. Thusuptake will not derease due to weight loss, only through lak of food, and thetwo values of �UFR are 0.085 and 0.095. The values of �UFR are muh higher forGG74-75 at 0.175 and 0.165 (Fig. 8.9), and for RPL1 in Fig. 8.10, �UFR = 0:073.This is for the median weekly average temperature. The maximum and minimumtemperature with this value of �UFR are also shown on Fig. 8.10.From observing the urves, we an see that the uniform food distribution propor-tional to temperature does not appear to be orret. Although it is likely to belosely orrelated to temperature, assuming that it is diretly proportional maybe to simplisti. We an though see that the data an be �tted by an appropri-ately varying food availability. This an be applied to all the data points exeptfor those at the very beginning of the data sets. This will be disussed later. Wewill now attempt to �t the data by using a step funtion to desribe the fooddistribution.
166
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Figure 8.8: Simulated growth urves using the UFR for di�erent quantities offood available (�UFR = 0:085 for the dotted line and �UFR = 0:095 for the dashedline). The solid line represent Umax. The urves are superimposed onto the datafrom GG73-74.
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Figure 8.9: The UFR is �tted to the data from GG74-75 with a di�erent temper-atures and value of �UFR. The solid line represents Umax, and the dotted line isthe value of �UFR = 0:165 and the dashed line has the value of �UFR = 0:175.8.3.5 A Step Funtion to Desribe the Food AvailableThe biomass spetrum previously used was a uniform distribution proportionalto temperature whih saled allometrially with strutural weight. This did notprodue adequate results so di�erent type of biomass spetrum will be examined.The approah that will be taken in this setion is to assume that the biomassdistribution of food available to the parr is the step funtion �1(t; S) = �S(t)S1,whih replaes the previous funtion �(S; T ) used in equation (8.26).The threshold values for the step funtion hanges are dependent on when therapid bursts of growth begin and end. The values of the step funtion alternatebetween a high value lose to or at Umax and a low value whih will maintain the�sh at a weight that may derease, but not allow the �sh to starve. The stepfuntion was �tted to the data set from GG73-74, RPL1 and RPC2 by hand inFigs. 8.11, 8.12 and 8.13.Fitting the step funtion �S(t) to the data has onsiderably improved the �t of themodel to the data ompared to the previous attempts. For GG73-74 (Fig. 8.11),168
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Figure 8.10: These simulations have the same parameters as the model for GG74-75 exept for the temperate and �UFR. The three urves are those simulated atthe maximum, minimum and medium temperature pro�les, with �UFR = 0:073used on the data set RPL1.
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the �sh are feeding at lose to Umax (�S(t) = 9) for the �rst 71 days. After thisin mid September �S(t) = 0:025 until the seond threshold during the followingApril when it is inreased Umax. The temperature at the two thresholds are13:8ÆC and 2:6ÆC.For RPL1 in Fig. 8.12, �S(t) = 0:34 for the �rst 60 days until the �rst thresholdours during September. During the winter until the end of April �S(t) = 0:0005,after whih it inreases to 0.4 until during July when �S(t) is redued to 0.005.This when the �rst migrations ours.The graph for RPC2 has similar parameters for the threshold of the hanges in�1(t; S). This ould be due to the similar average weekly temperature at thesetimes. At the �rst threshold, the temperature at RPL1 is 15:6ÆC and at RPC214:8ÆC. The temperature at the seond threshold at RPL1 is 2:4ÆC and at RPC22:0ÆC. The third threshold at RPL1 is 17:1ÆC and at RPC2 is 17:3ÆC.The four values of �S(t) are 0.32, 0.018, 0.48 and 0.005 respetively for RPC2in Fig. 8.13. The �rst value is lower than that for RPL1, whih is reeted inthe lower growth rates and smaller �sh. The seond value is higher, as the �shatually gain a small inrement of weight before the onset of winter. This maybe aused by the �sh needing to attain a minimum weight in order to survive thewinter. The next value of �S(t) ours during a rapid period of growth wherethe relative weight gain for RPC2 is higher than RPL1. The �nal value of �S(t)is the same as RPL1. This ours during the period when the �rst migrationsour as some of the parr beome smolts. This part of the model has not beenmodi�ed to aount for the e�ets of migration on the mean weights of the residentpopulation. This will ause a redution in their mean weight of those staying,and a possible growth spurt from those that will attempt to migrate (Metalfeet al. 1988).Although the parameters of the step funtion have been set to give the best �t,it does illustrate that some type of dramati hange is ourring at the thresholdpoints. The temperature at the thresholds after periods of rapid growth duringthe autumn are very high relative to those before rapid growth in the spring.This may be related to the behaviour of the invertebrate drift at these times ofyear. After emergene when the fry are small, there will be lots of food items ofthe appropriate size for them to onsume. For those that have survived to the170



J J A S O N D J F M A M
MONTHS

0.0

1.0

2.0

3.0

4.0

W
E

T
 W

E
IG

H
T

 (
G

R
A

M
S

)

Figure 8.11: The CGM with a funtional response uptake funtion with the dataset GG73-74. A step funtion is used to desribe the biomass available. The solidline is the simulated growth urve.�rst threshold there will be many less of their preferred size. If at this time ofyear the growing season for the invertebrates is over and they have laid their eggsand are dying out before the winter, then this ould be reeted in a hange infood abundane for the salmon.However the biomass spetrum is unlikely to undergo suh dramati hangesdesribed by the step funtion although drift abundane does derease during thewinter. It has been suggested that even if there is suÆient drift abundane forgrowth during the winter, but the parr will ignore this (Metalfe et al. 1986). Thisis due to insuÆient temperature ourring to digest the food that is available sorather than risk foraging, the salmon will prefer to beome more inative.What we are seeing seems more like a behavioural hange that the salmon under-take. During the �rst summer the fry will feed at a very high rate, whih has beensuggested to happen in order to build up reserves of tissue that will sustain themthroughout the winter (Metalfe et al. (1986), Metalfe and Thorpe (1992)).The timing of the hanges in the step funtion are likely to be triggered by someenvironmental ue other than temperature like photo-period or a loser link to171
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Figure 8.12: This is the graph with a step funtion on the data from RPL1. Thethree urves are for the medium, maximum and minimum average weekly watertemperatures.
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Figure 8.13: This is the graph with a step funtion on the data from RPC1. Thethree urves are for the medium, maximum and minimum average weekly watertemperatures. 172



food supply. In order to predit suh thresholds and biomass density values, wemust know their auses.8.4 Summary and ConlusionsThe simulations from the model show that a number of additions and orretionsmust be made. The �rst is that even when the salmon is feeding at Umax, thereare ases where this growth is less than or equal to the observed growth, as inFigs. 8.8 and 8.11. Due to the funtional response urve, one would expet thegrowth at Umax to be an overestimate at the very least, whih is not the ase.Additional data regarding maximum growth rates of arti�ially reared parr atdi�erent temperatures from Austreng et al. (1987) was examined. These mea-surements were from fast growing parr from aquaulture and it was found thatthe growth rates of these �sh were less than the apparent growth rates of thesalmon parr in the wild.A possible explanation for this may be that the weight-frequeny distribution ofthe eletro-�shing data is positively skewed. If there is size seletivity mortalitywithin the population, suh that the survival rates of the smaller par is less thanfor the larger parr, the larger �sh would survive and go on to be measured in thenext sample. There is at present no mortality e�ets in the model.However, the model may not be appropriate for �sh of this size, as at this agethe salmon are still fry and the allometri relationships be able to represent thephysiologial state of the salmon at this stage of their life. The parameters werederived from �sh that were at the parr stage of their life.Beyond the initial data points, we see that the parr undergo weight loss beforesettling down to fairly steady weight during the winter, whih the model wasunable to show with the temperature dependent biomass distribution. The dataontained the total wet weights of �sh, whih would inlude the gut ontent.What we may see happening is that after emergene, the fry will onsume asmuh food as it an and alloate resoures to its digestive system in order toinrease its uptake as quikly as possible. The result of this behaviour is thatthe faster growing fry will gain a size dependent advantage over its onspei�s.173



After this period of rapid growth, it may reah a point where it stops feedingand has suÆient quantities of food in its stomah and remobilizable tissue for itto survive the winter on a very low diet. Thus the atual somati growth of the�sh will be di�erent to the measurements that were taken. We must thereforeestimate the gut ontents in order to �nd out what proportion of weight that weare prediting is atually assimilated material.Inorporating parameters that hange as the ondition of the parr varies mayimprove the model. Most of the parameters are held onstant for all sizes andtemperatures. Whilst this may seem unlikely to be true, it is the best that anbe ahieved with limited data. However when data does exist, these hangesan be made. Examples of immediate hanges to the model would be a variableto desribe the arbon-wet weight ratio, whih is muh lower for smaller �shdue to their higher water ontent. The water ontent will hange during thewinter, inreasing as the �sh metabolises material (Gardiner and Geddes 1980).Assimilation eÆieny will also hange depending on the amount of food that isonsumed.Salmon are territorial and one having established a territory they will not nor-mally stray very far from it. Any parr that are unable to hold and defend aterritory are likely to die as a result of this. The diret ause of death is likely tobe predation but this would be due to a lak of �tness from having no territory.We have seen that as the salmon grow, so will the area in whih they forage, aswell as the range of food partile size. The number of food partiles at their pre-ferred food size is likely to dereases as the salmon grow, so ompetition for foodwill beome more intense. Food density is a key fator in determining territorysize, although the largest is the length of the parr (Keely and Grant 1995).In the urrent model all the environmental parameters exept for temperature arerepresented in a single parameter �CGM ; �UFR or �S(t). This is a ombination ofwater veloity, biomass size distribution funtion. It was held at various onstantvalues during the simulations but will have to be examined in its omponentparts. Initial estimates of some of these are given in Appendix D.Prey items in the wild, suh as inset larvae have a di�erent shape to the roundfood pellets used in this experiment, being long and thin. Hathery reared �shhave been observed to prefer food of this shape, (Stradmeyer et al. 1988) and174



will also prefer wild prey to pelleted food (Stradmeyer and Thorpe 1987b) thoughmaximum attak distanes were not given. This implies that the attak distanesderived from the Wankowski data may be under estimates. However these �shwere starved prior to the Wankowski experiments, and the attak distanes aresimilar to estimates in the wild.The use of a step funtion in the model indiates that there is a behaviouralhange in the salmon at ertain times of year. To examine this behaviour in thewild requires a more detailed aount of the drift abundane and what are thetriggers for suh hanges. The UFR model requires a wide range of environmentalparameters that are likely to be highly dependent on the mirohabitat of the parr.If they an be determined, then the UFR will be able to replae �(t). This willallow within year variation in the onsumption rates and be related to the sizeof the parr. The juvenile growth model will then be in a suitable state in orderto predit the growth rates of the parr in the wild.
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Chapter 9General Disussion
9.1 Summary of the CGMe Growth Model9.1.1 Growth ModellingThe model attempts to determine growth rates of juvenile salmon using a numberof funtions and driving variables that desribe a set of physiologial proesseswithin the parr that result in onsumption being transferred into somati weight.Elements of a bioenergetis and a semi-empirial growth model were ombinedinto a hybrid model, whih has been alled the CGMe, then further adaptationswere introdued to aount for the e�ets of size seletive migration from thepopulation. Beause of these hanges, other harateristis of the populationdynamis of eah ohort ould be dedued.Inreased omplexity of the model has lead to improvements in the �t of themodel to the data and better desriptions of the overall dynamis of the popu-lation. In partiular, the addition of an age-dependent variable threshold weightto determine the proportion of the population that would migrate has enabledthe model to predit the mean lengths and its variation for the migrants. This isin addition to the mean weights and the variation for the resident parr from eahage-lass within eah ohort. Suh improvements an not arry on inde�nitely,and further developments to the model have been halted due to the quantity andquality of the data that is available.Greater resolution and sope of data and will indiate strutural aspets of the176



model that need to be addressed and whether they are funtions desribing thephysiologial or soial behaviour of the parr. Developments an then be madeto aount for the inauraies that exist within the model and to derive furtherinsights into the population. A desription of the results from the CGMe willbe presented in this hapter along an interpretation of these results. Dedutionsmade about the soial struture and population dynamis of the juvenile salmon,with their impliations, will also be presented.9.1.2 Funtions within the ModelThe quantity of arbon onsumed by an individual an be divided into a numberof omponents, as desribed by equation (3.3) in a typial bioenergetis model.Broekhuizen et al (1994) used this basi format for the CGM with the twoimportant additions of dividing the weight of the parr into strutural and reservetissue, and inluding the starvation response funtions. This allowed to modelto desribe the observed behaviour of tank reared juvenile salmonids. Similarbehaviour observed in wild salmon parr indiated that the model ould be appliedto salmon parr but required reparameterization.The E&Hmodel required a mehanism to prevent over winter weight loss althoughit �tted experimental data very well. This model provided the instantaneousgrowth rate given temperature and �sh weight, and was parameterised using shortterm experimental data from �sh that were fed to satiation and was olleted overthe summer and autumn.The CGM and E&H model were ombined to form the CGMe, whih was ableto �t the data from Elliott and Hurley (1997), and additional parameters werefound using data from the literature. It was assumed that the parr, whih werefed to satiation, were growing at their maximum rate and that this rate wouldnot be attained in the wild. The funtion �(t) was used to indiate the di�erenebetween the growth rates of wild parr and those fed at satiation, and was assumedto be onstant within years but variable between years.The model had been �tted to the mean weights of the population whereas it wasdesigned to predit the growth trajetories of individuals. The variation in thelife history of the juveniles is too great to assume that they follow a single mean177



trajetory so an age and size dependent smolting threshold was introdued. Thisonsiderably improved the �t of the model to the data as the whole ohort wasnow being modelled. Given that the growth trajetories for all the individualswere now being simulated, preditions of the behaviour of di�erent groups withineah ohort (e.g. the spring smolts) ould be made.The �nal important addition was the extension of �(t) into the UFR foragingmodel, whih allowed uptake to be dependent on foraging behaviour and envi-ronmental variables. It ould not be fully implemented into the model as it wasonly partially parameterised but it does provide a mehanism to aount for vari-able growth rates within years, that ould not be aounted for by temperaturealone.9.1.3 Fitting the Model to the DataThe downhill simplex method of optimisation was used to �t the model to thedata. This method is most e�etive when the error surfae is suÆiently smoothto allow onvergene to our. If it is not then variation in the initial onditionsand the size of the simplex may lead to the DSO being unable to �nd the globalminimum. When the DSO was used to �t the CGMe to the mean weights of thelong term data set, we were unable to determine if the global minimum had beenfound. However, errors assoiated with the parameter estimates were alulatedand the parameters from the di�erent initial onditions did not vary onsiderablygiven the variation in and auray of the data.Fitting to individual growth trajetories within years was straightforward withthe DSO proedure appearing to onverge to unique solutions eah time. TheDSO was wholly appropriate and the �t of the model was able to desribe insuf-�ienies in the model.Fitting the model to the di�erent setions of the stream used many less �ttedparameters and the variation in the derived �(t) was smaller than previously.They were also able to show that there were di�erenes between the setions andthat there is suÆient auray in the model to distinguish between the qualityof di�erent habitat types.However, as the omplexity of the model inreases, with more parameters being178



used, there is a danger that the results that are being found will ontinue tobeome less reliable. A more sophistiate and aurate optimisation method willneed to be devised in order to progress in to the development of the model.9.1.4 Interpreting the Results from the ModelThe most important feature of the model is the output whih is in the form of�(t). This gives a desription of the state of the stream and the environment inwhih the parr is growing. A variety of methods of using �(t) have been usedthroughout the thesis and are summarised below.The model has shown that di�erent individuals had their own unique value of�i. These values were signi�antly orrelated with the size of the parr, althoughit was shown that this might have been an artefat of the sampling proedure.However, given an adjustment in the sampling proedure, the di�erene in thegrowth rates of di�erent sized parr an be found and used to alulate proportionsof the population that are migrating.This variation in �i means that there is no single value whih an be applied toall individuals at any site within the stream. It implies that the mirohabitatof the parr is an important fator in their growth or that the individuals maybe predisposed to have di�erent growth rates. Inreased resolution of data of allthe �sh in eah ohort is required, rather than a size seletive subset, to betterunderstand the growth of individuals in the wild.The annual values of �y were derived from �tting the model to the mean weights.These may be regarded as an average index of the growth of parr in that partof the stream one the e�ets of temperature have been removed. The values of�y were seen to inrease with altitude. This is to be expeted as the quality ofhabitat would be expeted to improve in the higher parts of the burn.In order for the model to predit within year growth, �(t) must be variablewithin years. This has been seen when using data for parr, both individuals andmeans, to predit growth within years. The predition of both the individualsand population mean weights within years was de�ient in the spring, whihindiates the neessity of varying �(t) within years. This was further indiatedas the values of �(t) are between 0.95 and 1.3 in the �nal versions of the model.179



If Umax is seasonal (as thought by Metalfe et al (1990)) the E&H model mayonly be appliable for the parameterisation period. By using the parameterisedUFR model, variation of Umax an be introdued into the CGMe.Variation of the input parameters was introdued in the sensitivity analysis andthe values for �(t) remained stable. A suite of models have been developed whihan be applied to di�erent data sets and make predition relating to di�erentaspets of the population dynamis. The next setion will detail harateristisof the population that an be dedued using the model.9.2 Population Struture9.2.1 Soial StrutureAdult salmon were prevented from spawning in the Girnok Burn in 1978, andonsequently, no ohort was born in 1979. This represented a large hange inthe soial struture of the stream, and was done in order to examine how thesehanges to the population would a�et other ohorts.In partiular, the e�et of the hanges to the density of the parr on their growthrates needed to be examined. This information ould then be used to estimateoptimal stoking strategies. This ould only be done one the e�ets of tem-perature had been removed from growth, whih was one of the objetives of themodel. An estimate of the growth potential, �(t) of the resident parr ould thenbe made for the year, and this would be examined to see how it hanged whenthe 1979 ohort was absent.Correlation between �y and density or biomass are weak and do not o�er onlu-sive proof of any relationship. Comparisons over the period of low spawning donot show a strong relationship between �y and estimated ova deposition (EOD),whih suggests that the soial e�ets on the growth of the resident parr are small.However, we have seen that ova deposition is negatively orrelated with thelengths of the migrants, whih suggests that density does depress growth. Thedensity in the soial environment does e�et the growth of the parr but this isnot apparent in the growth rates of the resident parr. It is apparent in the growthand behaviour of the �sh that are migrating from the population.180



9.2.2 Aspets of MigrationThe model was adapted to predit several aspets of the population, in partiularthe lengths of the smolts. It was unable to make aurate preditions, with thegreatest deviations from the mean error ourring during periods proeeding lowEOD (see Figs. 1.1 and 6.15). During these periods the lengths were underpredited, whih meant that �y was too low.What may be happening is that an exess of good onditions is reeted by aninrease in the mean lengths of the migrants rather than the residents. Larger parrwill migrate whilst those that remain are in a relatively similar size to those whowill remain during years when densities are higher. Therefore, the harateristisof the population that stays are more likely to be ditated by the harateristisof the stream rather than the soial e�ets.Alternatively, this homogeneity of the residents may be a reetion of the sam-pling proedure that may not have given an aurate desription of the sizeomposition of the stream. The larger parr may not have been sampled withinthe habitats on whih the model is based (types T1 and T1A) or the larger parrmay have a di�erent habitat preferene (see Table 2.4).The smolting thresholds derease as altitude inreases for both the two and threeyear old smolts. This may be a result of the parr attaining a suitable state inwhih to smolt, but arrying on growing until the time is right i.e. parr will onlysmolt at ertain times of the year, irrespetive of size.The �t of the model to the resident parr shows that the smolt threshold weightsinrease with age. This implies that there may be a trade-o� between growthrate and age of smolting. This may be of the form of the inreased hane ofsurvival given a larger size against the risk of mortality when spending an extrayear in freshwater.9.2.3 Preoious ParrThe behaviour of the preoious parr (PP) provides an important omponent tothe dynamis of the population. Little is known of their movement within thestream exept that during autumn they will move in searh of spawning females.181



In the Girnok, when low numbers of adult females were spawning above the trap,the proportions of PP migrating ompared to the whole population of migrantsinreases. This is often followed in the spring by relatively low mean lengths ofthe spring migrants.The growth model groups the PP and the non-preoious parr (NPP) togetherduring the autumn migration as their lengths are indistinguishable from eahother. The same annot be said of the weights, as it is likely that they willhave a di�erent weight-length relationship as they alloate resoures towardsreprodution.The riterion that enables NPP to beome PP is not known and the model hasno spei� mehanism to predit the dynamis of the PP and some PP may nevermigrate. To predit when they will beome preoious and the e�et that thiswill have on their growth and the timing of their migration requires more detaileddata regarding the ondition of the PP, both during and before early maturation.9.3 Adaptation and Improvements to the Model9.3.1 Spring GrowthThe model is unable to produe aeptable preditions for the hange in weightobserved during spring, in the 1+ and 2+ parr. This indiated that althoughthe parr may have been growing at their maximum rate when the model wasparameterised, this was not neessarily the ase throughout the year. The annualvalues of �y are not an indiation of the di�erene between optimal and wildgrowth, but an index of average annual growth relative to the maximum growthrate attained over the period of the experiments.These under preditions may be due to a behavioural or physiologial mehanismthat inreases growth rates, suh as a hange in the appetite of the parr. Thestarvation response funtions inluded in the model are insuÆient to aountthe relatively large inrease in the growth rate. In addition, the observed growthspurt ours when the water temperature is low and the model predits that theparr are atually losing weight. Aounting for these hanges is likely to require astrutural hange in the main part of the CGMe or the UFR model. This would182



require additional data and knowledge of the physiologial state of the parr, suhas why the parr inreases its growth so drastially, and the environmental andphysial ues that trigger this response.One variable that inreases during spring will be the gut ontents of the parr.After the winter during whih feeding and digestion rates are low, the parr willhave a lower gut ontent than at any other time of the year. As the water warmsand their onsumption rate inreases, a larger proportion of observed weightwill be due to gut ontents. Aurate data regarding seasonal hanges in the gutontents will greatly enhane the preditions and little data exist for wild salmon.9.3.2 Greater Environment DependeneMany environmental variables that have not been inluded in the model andthe introdution of additional variables may unneessarily ompliate the model.There are some important hanges that an be made whih will improve thepreditions of the CGMe without a large addition to the omplexity of the model.Temperature is the most important driving variable in the model and is urrentlyalulated using linear interpolation between the average monthly temperatures.This temperature resolution may be too low, partiularly during the spring andautumn periods when the parr are their most sensitive to temperature hanges.This may partially explain why spring growth is under predited, as a few lowtemperatures may give an unrepresentative view of the atual hanges in tem-perature, and hene predited growth, as experiened by the parr.Parr from di�erent altitudes will have di�erent growth rates, whih is likely tobe due to water temperature being dependent on altitude. As it is impratial tomeasure water temperature at all latitudes, loal variations an be alulated withan altitude-temperature relationship. The model an then alulate the growthrates in di�erent parts of the stream, and if the densities within the stream areknown, then preditions of the weight-frequeny distribution of the stream anbe made.The UFR model, whih aims to replae �(t), is a measure of the onsumptionrate of the parr. It requires a large amount of parameterisation, as suÆient datadoes not exist at present for it to be parameterised, and those that it laks are183



disussed below.In order for the UFR model to be of any pratial use, the main fator that isrequired is the annual size-frequeny distribution of the invertebrate drift withinthe stream. Ideally, this would be spei� to the mirohabitat of the parr, andform of a separate model of invertebrate drift abundane. Although muh litera-ture does exist regarding the omposition and size of benthi invertebrates, thiswill be di�erent from the omposition in the water olumn that is available tothe salmon. However, if a relationship ould be derived between the two, thenthe required preditions ould be made. This would need new data measuringthe drift available to the salmon in both the water olumn and the substrate.The ow rates will determine how muh food passes through the salmons territory,and we have so far assumed the food available is proportional to water veloity.The water veloity is not uniform with depth, with water urrent dereasing withdistane from the surfae. Its importane will depend upon the magnitude of thedi�erenes that exist.Flow rates also a�et the behaviour of the invertebrates in the stream, and in-reased ow rates will not neessarily result in inreased food availability. There-fore, the quantity of invertebrate drift available to the salmon will be dependenton the ow rates and must be inluded in any preditions.The UFR model estimates the onsumption rate of the parr. In the simulationsprodued in hapter 8, a large number of unknown parameters were ondensedinto a single term whih was then derived by �tting the model to the data. One ofthese terms was the assimilation eÆieny. This term may be de�ned as the ostsinvolved in the apture and digestion of the food, whih has yet to be estimated.This may depend on the water temperature and the size of the food partileaptured by the parr but would be best derived from experimentation.More details of the environment of the parr will allow more detail into the modeland allow it to be applied more widely. Parr have di�erent preferenes to di�erenthabitat types, and migrate between habitat types at di�erent ages as immaturejuveniles. Water veloity and substrate are important in habitat seletion andtherefore the mirohabitat available and its quantity may be an important fator,partiularly in regards to the quantity and quality of food passing through thesehabitats. 184



9.3.3 Soial vs. Physial E�ets on GrowthThe model has so far been based on driving variables based with the physialenvironment of the parr. There are large a�ets on growth, whih are due tothe soial environment of the �sh, whih an be desribed as density dependente�ets (Huntingford et al. (1998), Steingrimsson and Grant (1999)). Soiale�ets may work on di�erent sales, from density dependent mortality assoiatedwith dispersion from the redd and ompetition for territory to the movements ofpreoious parr and the autumn and spring migrations.Ova deposition has been seen to a�et the size of the smolts produed in thestream yet there are no mehanisms with the model to aount for these a�ets.It is not known if size seletive mortality ours, although the larger and moredominant juveniles will seure the best territories, and fore other parr to adoptan alternative growth strategy that may extend its time to migration. If sizeseletive mortality is ourring, then �tting the model to the mean weights ofeah age-lass is an inappropriate method of prediting the weight hange of theresident parr.A limiting fator on the apaity of a stream is the quantity and quality ofavailable habitat, and its aessibility to the parr during di�erent times of itsjuvenile life. A method of inluding limited territory into the model would beto produe a map of the stream based on the potential for growth in di�erentsites and the probability of them being oupied. This would allow the dispersionfrom the redd to be estimated, and as the parr inreased in size, this map wouldhange as more of the stream beame aessible and as the habitat requirementsof the parr hanges. Changes would also our as a result of emigration from theresident population. The growth rates of the parr in di�erent parts of the streamould then be alulated to determine the overall weight-frequeny distributionof the parr in that part of the stream as well a estimating mortality rates.In order to do this would require a detailed map of the habitat within the streamas well as knowledge of whih were preferred by the parr. In order to parameteriseit would require data regarding the densities of the parr in di�erent habitat types.When prediting the size of the migrants, it was assumed that on 1 April all theresident parr had a probability of smolting that inreased with size. An additional185



assumption was that those parr that migrated the previous autumn would havebeen part of the population that migrated in spring. It therefore assumed that thegrowth rates of the spring and autumn migrants were the same. It is not known ifthis is the ase, however, when the autumn migrants are large, the following groupof spring migrants are relatively small (see Figs. 2.9 and 2.10). The relationshipbetween the autumn and spring migrants is likely to be a omplex one and furthereletro-�shing data from individual marked parr is required to determine whetherthe spring and autumn migrants should be predited separately.9.3.4 Extrapolation to the Growth of FryThe parameters for the model have been derived mainly from data regardingthe parr and the growth trajetories produed by the model have attempted topredit growth from birth until smolting. This has meant that there has beena degree of extrapolation and the assumption the parameters will sale with thesize of the parr. The salmon are isomorphi during the parr stage of their livesbut this annot be said of either the smolt stage or the fry stage.Preditions regarding smolts have been made using the length rather than weightso any hanges in shape (i.e. the ondition of the �sh) will not derease thelength. However the weights of the fry are predited and the parameters may notbe appliable at this stage of the juveniles life.The model was used to predit the mean weights of populations in the Chapter8 using the CGM . It was seen that even when the uptake rate was set at Umax,the model under predited the growth rates when the salmon were approximatelythree to �ve months old. Two reason for these disrepanies are either the allo-metri relationships are invalid for the fry or there are high rates of size seletivemortality within the population during this period.Further data would be required to test if the same relationships will hold forthe fry and the parr, and size seletive mortality within the population will bedisussed in the next subsetion.
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9.3.5 Modelling Mortality RatesAn important aspet of the population dynamis that has yet to be examined isthe mortality rates within the ohorts. The model is apable of prediting theproportions of parr migrating at eah age-lass from the whole ohort, but mor-tality rates must be known if these preditions are to be of any use in preditingnumber of parr smolting.It has been impliitly assumed that mortality rates are not size seletive and thatthe mean weight of the 0+ parr will transform to the mean weight of the 1+given the assumptions in the model. In the event of size seletive mortality rates,this will not be the ase. If the mortality rates are higher for the smaller �sh,then the mean weights will be higher than expeted. This has been observed tobe the ase when prediting the mean weights of the 0+ parr.It is widely aepted that there is high density dependent mortality during andafter dispersion from the redd. For the model to be able to attempt to preditnumbers of �sh migrating eah year requires the addition of a mortality model.Whether this should be size seletive will depend on whether data an be gatheredto show this.9.3.6 Modelling The Condition of the ParrDuring the year, the ondition of the juveniles hange, suh as during the winterwhen the onsumption rate dereases and they experiene weight loss. Also, inthe spring, when they begin to feed, they will experiene an apparent weight gaindue to inreased gut ontents.The majority of the data that has been used has been in the form of lengthsonverted into weights using a weight-length relationship. This relationship willhange with time, and would be neessary to predit the �sh lengths at any timeduring the year. This would enable the model to be �tted to the autumn migrantsas well as the spring smolts.Considering the ondition of the parr at di�erent times of the year may o�erinsights into whether the males will beome PP (as this results in a hange inondition as resoures are diverted to the reprodutive organs). This may also187



indiate whether a parr will migrate, as ondition hanges during smolting.9.4 Using the Model as a Management ToolThe ultimate aim of this thesis was too develop a model that ould be developedinto a tool to aid �sheries management and enhane salmon prodution. Beloware a series of methods in whih the model an be used to assess the suitabil-ity of streams and optimise prodution by examining the loal populations andenvironment.9.4.1 Habitat AssessmentThe environment in whih a salmon grows has a very large e�et on the growthrate of the parr. The physial environment may be de�ned by the substrate typeand the urrent or by the altitude. Either way, growth will be a�eted, andduring the juvenile stage of the salmons life, di�erent habitats may be preferableto others.The model was �tted to data from di�erent altitudes and it was found that �(t)inreased with altitude whih was done by using di�erent temperatures. Thevalues of �(t) an be used as a measure of the quality of the river, and thereforethe likely hanges in the sizes of the salmon given hanges in temperature anbe assessed. The impliations for this is that in the event of global warming andhanges in the long term mean monthly temperatures, as have been observedin the Girnok, hanges in the expeted sizes of the �sh, whih will determinemigration patterns, an be estimated.The model an be �tted to data from di�erent rivers and the values of �(t)used as a relative index of habitat quality. When �tted to di�erent altitudes,it was found that �(t) inreased with altitude and the preditions beame lessaurate as altitude dereased. These values indiated that although the parr athigher altitudes grew slower and migrated at a smaller weight, this was due totemperature and the quality of habitat was better than down stream. Comparing�(t) between rivers will indiate where that may be spare apaity (by the highvalues of �(t)) in the river and the more suitable environment in whih to stok188



�sh.The model an be applied to rivers where there are no �sh to determine suitability.An assumed minimum smolt length will need to be determined, suh that if theparr do not reah that weight in a ertain time then the river is not viable. Themodel an then be �tted to these weights (given that temperature is known) andif �(t) is too low, then turnover is likely to be low. High values will lead to �shmigrating sooner and may mean that the river is more suitable to be stoked.9.4.2 Optimising ProdutionThe stoking of rivers with arti�ially reared stok is an important aspet of�sheries management and one that has reeived muh attention (Verspoor anddeLeaniz (1997), Largiader et al. (1996), Philippart et al. (1994)). There ismuh unertainty as to knowing what the optimal stoking strategy should be tomaximise the number of smolts given the osts that are involved. It is not a-epted that stoking beyond the rivers estimated arrying apaity will maximiseprodution as high densities may redue growth rates so severely as to make thestoking proedure uneonomi.The growth model has shown that variation in ova deposition will have little ifno e�et on the resident population, but will produe larger smolts. This meansthat although the population as a whole will grow faster, one the migrants haveleft, the remaining population will be of a similar size to those that would remainin years when ova deposition is higher.The onlusions that an be drawn from this are that the average age of themigrants will be lower when ova deposition is lower. However, this relationshipannot be quanti�ed, as aurate numbers of emigrants from the population inthe Girnok is unknown. The proportion of the population migrating at eah age-lass annot be estimated until the estimated mortality rates are derived. Thiswould require reliable estimates of the numbers of autumn as well as spring mi-grants from the burn. Without this, the model an not determine how inreasingova deposition hanges the number of smolts.The model does make a onsiderable ontribution to understanding the problemof optimal stoking densities. It has shown that one the e�ets of temperature189



have been removed, the mean weights of the parr that stay in the burn remainssteady in spite of large utuation in the ova deposition. The e�et of density onthe growth rates of the parr is only seen in the hanges in the lengths of the smolts.During periods when ova deposition is low, followed by years when it is high,the extra apaity may be aounted for by the parr from other ohorts. Thise�etively means that beause of the overlapping age-lasses, ohort whih aremore populous are able to take advantage of the spaes left by the less populousohorts. The result of whih means that the bene�ts to the resident populationborn in a year of low ova deposition are small.It is possible that the bene�ts of a year when ova deposition is low is gainedduring the period between the summer surveys (i.e. autumn and spring) whihallow a proportion of the population to migrate earlier as relatively large smolts.This aspet of the growth has not been inluded in the model (and the model hasbeen seen to predit smolt lengths badly) and is a period for whih we have littledata. However this analysis appear to indiate that the apaity of the river hasyet to be exeeded, and for apaity to be exeeded may require several years ofonsistently high levels of ova deposition.9.4.3 DeeCAMP GISOne method in whih the environment of the river Dee athment is studied andmanaged is through the use of the Dee CAthment Management Planning Geo-graphial Information System (DeeCAMP GIS). This is funded by a onsortiumof interested parties, suh as the Grampian Regional Counil Water Servies,Sottish Natural Heritage, the Sottish Environmental Protetion Ageny andthe Dee Salmon Fishing Improvement Assoiation and is based at the Instituteof Terrestrial Eology (ITE) Banhory. One of the aims of DeeCAMP was toidentify areas of the river whih were aessible to salmon and suitable for rear-ing viable salmon populations.DeeCAMP GIS ontains many environmental variables whih an be used toassess the suitability of parts of the stream for salmon rearing. Gradients ofrivers an be alulated to determine whih parts of the streams are aessibleto the salmon. The inaessible areas ould be made aessible through theintrodution of �sh ladders or the removal of impassable barriers. This would190



only be done if it were thought that a viable population ould exist above thebarrier.This requires a method of assessing whether the loal environment was suitable.One suh method ould be by stoking the parts of the burn with trial populationsand by onduting surveys of the stream. However, due to the large numberof potential sites, these methods are prohibitively expensive, and a method isrequired to redue the number of potential sites.Given the data whih are ontained within the DeeCAMP GIS, the model anbe adapted to be used as a tool to predit growth rates and estimate emigrationtimes at the potential sites. This would enable further investigations to be on-duted and allow stoking poliies to be evaluated. This would then lead to theintrodution, or reintrodution, of salmon to more parts of the river, and heneinrease the overall prodution of the Dee.9.5 ConlusionsThis thesis has seen the development of an individual based model to predit thegrowth rates of salmon parr. The model has been applied to a wide range ofdata in a number of di�erent forms and senarios, eah of whih has lead to agreater understanding of the model and improvements to be made. It has thenbeen extended to predit wider aspets of the population. Improvements to themodel and appliations have been given in the �nal hapter that lead us towardsahieving the objetive of enhaning salmon prodution in the river Dee.The main deterrent to further progress with the thesis has been the lak of dataon an individual level, both onerning the growth rates of individuals and mea-surements of the food that they onsume. This situation has been realised, andwith the beginning of the data set on individuals in Chapter 5 and plans to mon-itor invertebrates within the stream, promises to explain muh of the life of theindividuals.The examination of the seletion of, and ompetition for, mirohabitat by thejuveniles is also an area of great importane as it an have great impliations forthe parrs future life history. Prime loations will lead to inreased growth rates191



and earlier opportunities to smolt or beome preoious parr. Therefore, eventsfrom dispersion of the redd will have a great bearing on the fate of the parr.The future of salmon researh will lie in the small sale examination of their life,as it is only by pieing together aspets from the individuals will the behaviourof the population be realised. The fasinating omplexity and variety whih thesalmon exhibit, and the omplexity of their population dynamis will ensure thatthey will remain the subjet of muh interest and researh aross di�erent �eldsof siene for many years to ome.
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Appendix AThe Downhill Method ofOptimisation
The downhill methods of optimisation (DSO) is a proedure whereby the errorbetween a funtion and the data is minimised by altering parameters of thefuntion, and was developed by Nelder and Mead (1965). The DSO algorithmthat will be used is from Press et al (1989) and is able to parameterise models inthe following way.Estimates of eah parameter, along with a step size are spei�ed. The proedurewill then reate a shape, the simplex, whose size and the orners are de�ned bythe parameters and the step size. The simplex will have N +1 dimensions, whereN is the number of parameters to be found. The error value is then derived ateah of the orners, whih is based on the output from the model and the data.One the orner with the lowest error value has been determined, the simplexundergoes a transformation about a orner, suh as a reetion, expansion orontration, and a new set of errors are derived from the new set of orners.This proess is repeated until the hange in the error is less than a spei�edonvergene riterion.In e�et, what the simplex is doing is moving down the error surfae, and thenmoving aross it to its lowest point. Ideally, the lowest point would be the globalminimum, whih would require a fairly smooth error surfae.
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Appendix BDerivation of the Type IIFuntional Response
A population of N individuals an be divided into two groups during bouts offoraging. Those that are searhing for prey, NS, or handling prey, NH . Theaverage time to handle one biomass of food shall be de�ned as �h. If we let therate at whih food is found whilst foraging be �, then we an use the expressiondNSdt = NH�h � �NS: (B.1)This is onstant when NH = �h�NS and beause NH=N -NS we an derive N interms of NS, N = NS(1 + �h�) (B.2)The uptake for the population is UN = �NS therefore for an individual it isU = �NS=N and by substitution gives the uptake per individual asU = �1 + �h� (B.3)Umax will our when all the time spent is handling so the most food that anbe handled per unit time is 1=�h. We shall de�ne Umax � 1=�h. Therefore if wedivide through by Umax=� we get our desired form,U = Umax 11 + Umax� ! : (B.4)212



Appendix CProof that AT (L) will sale withL3
As the length of the salmon inreases, both the maximum attak distane andthe ranges of partile sizes that are available will inrease in absolute terms. Ifwe onvert our de�nition of AT (L) into absolute units of length (x m) this anshown. First we note that r = x=L and  = p=L, then from our de�nition ofD(p; L) in setion 8.2.2. we overt it into absolute units of p and L.D() = a1 + a2 + a32 (C.1)D(p; L) = a1 + a2 pL + a3 � pL�2 (C.2)for D(p; L):). To �nd the probability of attak over all r we must integrateAs(p; L) = Z LD(p;L)rL=0 s1� � r2D2(p; L)��rLd(rL): (C.3)This an be rewritten asAs(p; L) = Z LD(p;L)x=0 s1� � x2L2D2(p; L)��xdx; (C.4)whih integrates toAs(p; L) = �L2D2(p; L)3 (C.5)= �L23 (a1 + a2 pL + a3 � pL�2)2: (C.6)213



To determine AT we must integrate aross .AT (L) = Z maxLp=minLAs(p; L)dp; (C.7)= L2 Z maxLp=minL �D2(p; L)3 dp; (C.8)= L2 Z maxLp=minL �3 �a1 + a2 pL + a3 � pL�2�2 dp; (C.9)= �L23 Z maxLp=minL�a21 + 2a1a2 pL + 2a1a3 � pL�2 + a22 � pL�2+ 2a2a3 � pL�3 + a23 � pL�4�dp: (C.10)For simpliity we shall rede�nea � �3a21 (C.11)b � �3 2a1a2 (C.12) � �3 (2a1a3 + a22) (C.13)d � �3 2a2a3 (C.14)e � �3a23 (C.15)Thus AT (L) = L2 Z maxLp=minL a + b pL + � pL�2 + d� pL�3 + e� pL�4 (C.16)= L2 �ap+ b p22L +  p33L2 + d p44L3 + e p55L4�maxLp=minL : (C.17)= L3(a(max � min) + b2(2max � 2min) + 3(3max � 3min)+ d4(4max � 4min) + e5(5max � 5min)) (C.18)Thus, we shall rede�ne� � a(max � min) + b2(2max � 2min) + 3(3max � 3min)+ d4(4max � 4min) + e5(5max � 5min) (C.19)Therefore AT (L) = �L3, where � = 5:479:214



Appendix DParameters for the UFR Model
There are a number of parameters that are neessary in order to implement theURF model. These are outlined and estimated below.The handling time, �(L)A lower estimate for �(L) an be derived from a study by Stradmeyer and Thorpe(1987a) who observed 25 aptures in a 15 minute foraging bout for a wild salmonin a stream with high food density (this is the higher of two estimates given,the other from a stream having lower food density). Thus �(L) = 36 seondper attempts. The mean length of the observed �sh is known but due to onlyhaving one point we are unable to dedue the relationship between �(L) and L.However, this will inlude the ingestion of non-nutritional foods suh as exuviae.This has been observed in the stomah ontents of oho salmon to be up to 35%of the items (Mundie 1969).The water veloity, vThe surfae urrent veloities are given in Egglishaw and Shakley (1977) of thedi�erent setions of the Shelligan Burn studied, whih an be used to simulatethe data set from Gardiner and Geddes (1980).Total time spent foraging per daySalmon may have more than one feeding period, dependent on temperature orphotoperiod, at dusk or/and dawn, whih orrespond to the daylight peak ativitylevels of the invertebrates in the drift. Between these periods, the salmon are ableto digest their food. They are thought to spend between 10-20% of their timeforaging (Keely and Grant 1995). 215



Salmon Length-Weight relationshipWe are examining two methods of �nding the uptake. One is in the CGM, whihhas units of salmon weight the other is the funtional response uptake model,whih is in terms of salmon length. To make these models interhangeable werequire a weight-length relationship. As the strutural weight is being used as asurrogate for length, it will be more onvenient to have a strutural weight-lengthrelationship. To derive this, orresponding measurements of total wet-weight andlength were used. These points were taken when the �sh were in their most rapidperiods of growth and assumed to healthy. Using the ideal reserve to struturalweight ratio, we were able to dedue the strutural wet-weight at these points.This was then �tted with the modelS = asLbs : (D.1)The parameters derived from �tting equation (D.1) to the data from Gardinerand Geddes (1980) are:For Strutural Wet Weight (g), the residual sum of squares is 0.00272 and theparameters are as = 0:0170 and bs = 2:425 from �ve observations.For Strutural Carbon Weight (mgC), the residual sum of squares is 61.429 andthe parameters are as = 2:547 and bs = 2:425 from �ve observations.
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