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Abstract 

Environmental control of interactions between larval fish and their 

prey, and the potential influence of this relationship on fish feeding and 

recrui tment, were assessed using empirical models developed using data 

drawn from the literature and developed in field studies. Ingestion rates 

of larval fish in laboratory and natural environments were found to differ 

in relation to food density. In laboratory studies, Iarvae show a strong 

functional response to prey density. Larvae situated in situ consume food 

at mueh higher rates than would be predicted from laboratory studies and 

these rates are independent of prey density at known in situ densities. 

This discrepancy between laboratory and field feeding rate - food density 

relationships can be partIy explained by the in si tu contribution of 

small-seale turbulence to predator-prey encounter rates. Field studies of 

the influence of wind on nearshore hydrography showed that wind-induced 

upwelling generated favorable combinations of nutrients 1 light, and small­

scale turbulence for production by phyto- and zooplankton. The 

distribution of microplankton « 80 J.l.m) that resulted from these upwelling 

episodes was quantitatively described by the cumulative longshore wind 

velocity during the summer months. Microplankton abundance was greatest 

within 4 km of a major spawning site for eapelin, Mallotus villosus, an 

economically and ecologically important forage species in the north 

Atlantic Ocean. Interannual variability in the intensity and frequency of 

upwelling-favorable winds was positively and significantly correlated with 

recruitment levels in the NAFD 2J3K eapelin population. A new recruitment 

forecasting model, using an upwelling-related wind index as an input, 
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explained more of the variance in capelin recruitment than did a 

previously published model. These results suggest that larval capelin are 

more likely to be food-limited in years when wind conditions are 

unfavorable for upwelling, and that recruitment in this fish population 

may be determined during the larval phase. 
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( Résumé 

Le contrôle environnemental des interactions entre les larves de 

poissons et leurs proies, ainsi que l'influence potentie l de cette 

relatIon sur la nutrition et le recrutement, ont été étudiés dans le 

milieu marin ainsi qu'à l'aide d'un modèle empirique basé sur des données 

publiées. On a pu mettre en evidence une differeuce dans la relation entre 

le taux d' inges tion des larves de poissons &t la densité de nourriture 

pour des valeurs en laboratoire et celles calculées in situ. Dans les 

études de laboratoire, on a démontré l'existence chez les larves d'une 

relation ionctionelle entre la capture et al densité des proies. Les 

larves in situ consommaient la nourriture à un rythme beaucoup plus élevé 

que celui prédit par ces études de laburatoire. Ces taux d'ingestion 

étaient également indépendant de la densité des proies à des densités 

semblables à celles observées in situ. Ces différences dans la relation 

entre les taux d'ingestion et la densité des proies calculées en 

laboratoire et in situ peuvent être partiellement attribuable à la 

contribution in situ des turbulences à petites échelles qui influencent 

le taux de rencontre entre prédateurs et proies. Des études sur le terrain 

de l/influence du vent sur l'hydrographie côtière ont démontrées qu'une 

remontée d'eau générait des combinaisons de nutriments, de lumière, et de 

turbulence à petite échelle favorables à la production de phytoplancton 

et de zooplancton. La distribution du microplancton (plus petit q!.!e 80 

microns) résultant de ces remontées d'eau épisodiques a été décrite 

quantitativement en fonction de la vélocité cumulative du vent soufflant 

le long de la côte durant les mois d'été. L'abondance du microplancton 

atteignait son maximum à moins de 4 km d'un site deponte majeur du 
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capelan, Mallotus villosus, une espèce d'importance économique et 

écologique dans le nord de l'Océan Atlantique La variation i nterannue lle 

de l'intensité et la frequence des vents favorisant des remontees d'eau 

était corrélée de façon significative avec le rè('rutement c\)('Z la 

population de capelan des divisions 2J et 3K de l'OPA.."JO. Un nouvedU modèlp. 

de prédiction du recrutement utilisant comme variable de départ, parvenait 

à expliquer une plus grande proportion de la variance totale du 

recrutement chez le capelan que les modèles prèalablement publies Ces 

résultats suggèrent que les larves de capelan sont probablement limitées 

par l'abondance de nourriture durant les annees où les conditions de vents 

sont defavorables à l'apparition de remontées d'eau. 11s suggèrent 

également que la recrutement chez cette espèce de poissons es t déterminé 

durant la phase larvaire. 
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CONTRIBUTIONS TO ORIGINAL KNO\.JLEDGE 

This study makes original contributions ta scientlfic knowledge in 

the following ways: 

1. This thesis demonstrates that general ingestion rate - food density 

relationships for wild and enc1osure-reared populations of larval fish 

differ fundamentaJly from those derived from laboratory experiments. This 

difference is based on the fact that, in nature, many populations of 

larval fish consume food at high rates, and independently of food density, 

even though natural prey densities are in the range that causes severe 

food limitation of ingestion rates by larvae in laboratory experiments. 

2. Physical characteristics of the environment can partly explain why 

larval fish ingest food at unexpectedly high rates in nature. At ~mall 

spatial and temporal scales (centimetres; seconds - minutes), the motioll 

associated with wind- and tidally-induced turbulence substanti~lly 

increases encounter rates of larval fish with individual prey. This effect 

is particularly important when prey densities are low, and for the weakest 

swimming larvae, which tend ta be small in size. Small-scale turbulence 

is an important environmental characteristic, in addition ta light and 

nutrient conditions, that is responsible for the high rates of plankton 

production in upwelling zones, tidally-mixed seas, and other dynamic 

environments. 

At larger spatial and temporal scales (100' s of metres; rlays -

weeks), physical processes alter the absolute amount of prey for larvae 

xix 



( by stimulating rates of plankton production. If these rates are stimulated 

in the same area, and at the same time of year, over long periods of time 

(100' 5 • 1000' 5 of years), the y can be an important factor that influences 

spawning decisions in fish populations. 

The thesis also makes several additional contributions, which are 

narrower in scope but which were essential to the development of the 

general findings outlined above. These contributions are listed below: 

1. The thesis develops, for the first time, empirical models which 

describe food consumption rates for larval fishes in laboratory and 

natural environments, and relates these rates to larval size, water 

tempe rature and food density. In laboratory experiments, the influences 

of container volume, density of fish larvae, and prey type on ingestion 

rates were relatively small, compared to the effects of larval size, wat~r 

temperature and food density. The laboratory models show that there is a 

two-fold range in the average food ingestion rates of 12 species, after 

statistically removing the effects of body size, water temperature, and 

food density. 

2. An empirical model was developed to estimate leveis of small-scale 

turbulence in the mixed layer of aquatic environments. The principal input 

to this model is wind speed, which explains nearly 33 % of the variance 

in mixed layer small-scale turbulence estimates. This is the first multi­

site statistical comparison of turbulent dissipation rates, and the first 

xx 



quantitative assessment of factors associated with variation in these 

rates. 

3. Simple measures of wind energy input can be used to estimate the 

abundance of chiorophyli .§! and microzooplankton in a constal region 

dominated by intermittent upwelling and downwelling events These events 

can transform a relatively unproductive environment into one which is more 

productive, and they can produce spatial gradients in the abundance of 

prey for Iarvai fishes. 

4. The findings described in ~3 were used to develop a new recruitment 

forecasting modei for a commerc ially exploi ted marine fish population, 

Mallotus villosus. The new model employs a wind term which represents the 

potentiai for wind-induced upweIIing events to stimulate plnnkton 

pcoduction in the nearshore region adjacent to capelin spawning sites 

This modei explains more of the variance in recruitment than an existing 

empirical model. These results suggest that recruitment in this species 

rnay be deterrnined by food conditions during the larval phase 
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Estimating the size of adult fish populations from the abundance of 

younger life stages, or from any other combination of variables, is one 

of the most important and perplexing problems in fisheries research 

(Sissenwine 1984; Leggett 1986; Beyer 1989; Taggart and Frank 1989). Hllch 

of this research is focussed on the egg and larval phases because on1y a 

very sma11 fraction (e. g. 0.01%; Sale 1990) of the eggs prodllced by n 

fish population survive to become j uveniles, and because most of the 

reduction in numbers in any given cohort occurs during the egg and larval 

phase. 

Population loss during this period has historica1ly been attributed 

to starvation of larvae (Hjort 1914; Cushing 1990), predation on eggs and 

larvae. or the interaction between these two processes (Sissenwine 1984; 

Leggett 1986). The hypothesis that food conditions durjng the larval phasp 

are responsib1e for a major source of larval mortality was (Hjort 1914), 

and remains (Cushing 1990), an attractive explanation for the decrease in 

cohort size between the egg and juvenile stages. This is due to the fact 

that larvae cannat grow at high rates or survive for lcng periods without 

an abundance of suitab1e prey (e. g Frank and Leggett 1986) 

These observations have led ta a large research worldwide effort 

designed ta estimate relationships between morta1ity rates of larval fish 

(or indices of larval nutritional status) and measures of food abundance 

(Cushing 1990). Unfortunately, identifying this relationship within or 

among fish populations has proven difficu1t (Leggett 1986; Taggart and 

Frank 1989). 
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The failure to link larval mortality rates to larval prey densities 

suggests either that the relationship does not exist, or that currently 

employed methods to measure mortality rates and food densities 

misrepresent those actually experienced by fish in nature. The first 

possibility, that larval mortality rates are independent of food density, 

might be expected in situations where predation is the dominant source of 

mortality. This may, in sorne years, be the case for sorne species (Bailey 

and Houde 1989; Purcell and Graver 1990). 

The second possibility relates to sampling methods used to study 

for larvae and their prey. Taggart and Frank (1989), McGurk (1989) and 

Kim and Bang (1990) have shawn that mortality rate estimates, if they are 

to be reliable, must accomodate the variable nature of larval immigration 

and emigration from the target population during the sampling period. 

Mortality rate estimater. are also known to be influenced by the duration 

of the time interval between sample collections (Taggart and Frank 1989). 

Estimates of mortality derived from studies having different sampling 

protocols cannot, therefore, be reliably compared. These sampling 

artifacts make it difficult to detect relationships between larval 

mortality rate and measures of food abundance. 

Additional factors known ta reduce the probability of detecting this 

relationship are a biased description of the larval food resource (e. g. 

Owen 1989) and the way in which larvae interact with their prey 

(Rothschild and Osborn 1988; Rothschild 1991). Assuming reliab1e estimates 

of 1arval mortality rate can be obtained, measurement error associated 

with the nature of the larval fish - prey interaction will continue to 

make the detection of the morta1ity rate - food density relationships 
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difficult. Lastly, attempts to relate estimates of either larval mortality 

rate or food abundance ta recruitment are likely to fail, if measurement 

errors (e. g. Owen 1989; Taggart and Frank 1989; Bradford and Petelïn.:1n 

1990; Rothschild 1991) associated with any of these three varidb1es are 

large. 

These sampling-related biases prevent definitive accepUlnce or 

rejection of long-standing hypotheses concerning the influence of food 

ahundance on either larval survival or recruitmel.t in marine flsh 

populations (Sissenwine 1984; Leggett 1986; Taggart and Frank 1989). If 

progress is to be made in the acceptance or rejection of food-re1ated 

hypotheses of fish recruitment, estimates of larval mortality rate and 

the ways in which 1arvae loeate and remain associated with their prey must 

be improved. 

In this thesis, l address issues principally re1ated ta the 

association between larval fishes and their planktonic prey. Particular 

emphasis is placed on environmental control of this interae tion The 

thesis focuses primarily on wind- related phenomena (e. g. wind- induced 

turbulence in the upper layer of the water column, storms, and upwelling 

events), but will also consider the feeding ecology of larval flsh, and 

more generally of zooplankton, in tidally influenced seas. 

General effects of turbulence and upwellin& on aguatic ecosystems 

The influence of turbulence on aquatic ecosystems 15 perceived most 

dramatically by a human observer when strong wlnds create large waves. 

Wave-breaking 1s one of the most common mechanisms for generating 

turbulence in the water column (Lazier and Mann 1991), and Is responsible 

for mixing heat and nutrlents between the surface and deeper water masses. 
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However, even at lower wind speeds, mixing will continue to occur, even 

though it will be confined to shallower depths. 

Turbulence, and the mixing that it causes, plays an important role 

in severai aspects of plankton eco1ogy. It is an important regu1ator of 

trophic structure in p1ankton communities (Cushing 1989; Legendre 1990) 

because it influences phytoplankton ce11 size (Marga1ef 1978), which, in 

turn, affects rates of ingestion and production by secondary producers 

(Ki0rboe et al. 1990; Dam and ~eterson 1991). 

Theoretical models indicate that the turbulent motion of small 

eddies (sca1es of cm's) increases the velocity of a planktonic predator, 

relative to that of its prey (Rothschild and Osborn 1988). This, in turn, 

is believed to increase the rate of encounter between p1anktonic 

predators, including larval fish (Sundby and Fossum 1990), ano thair prey 

(Rothschild and Osborn 1988). This can resu1t in shorter development times 

for sorne food-limited herbivorous zoop1ankton (Saiz and A1caraz. 1991). 

At larger sea1es (eddy size: m's to 10'5 of m), storm-related mixing 

is known ta supply nutrients ta the photic zone where they c.-;'n be used by 

nutrient-limited phytop1ankton. This ro1e will be most important du:ing 

times of the year when, or at places where, surface nutrient leve1s are 

typical1y limiting. Wind-induced mixing events can, therefore, increase 

rates of phytoplanton production in otherwise unproductive ecosystems (e. 

g. Ki0rboe and Nie1sen 1990). 

Mixing also disperses patches of plankton particles (Haury et al. 

1990), which may be essentia1 ta the feeding success of 1arval fishes 

(Lasker 1975; Buck1ey 1984). Interannua1 differences in the freq1.1ency and 

intensity of mixing events could, therefore, have detrimental effects on 
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larval feeding and mortaU ty rates (e. g. anchovy, Engr,:H1lis monlax; 

Peterman and Bradford 1987). 

In some areas, winds produce important currents \oJhich transport 

plankton to new areas, and which bring nutrient-rich water higher into 

the photic zone. The upwe1ling of nutrient-rich water is an important 

phenomenon regu1ating plankton production in the coastal ecosystems near 

Peru, Ca1ifornia and southwest Africa (Cushing 1975) Upwe11ing zones are 

the most productive regions of the world in terms of annual fish yie ld per 

unit are a (Ryther 1969), and therefore, are economically important areas 

of the global ocean. In these systems, upwe11ing is relatively persistent 

at time sc ales of weeks to months and occupies spatial scales extending 

10' s of kms from shore along 100' s of km of shore 1 ine (Richards 1980; 

Lazier and Mann 1991). 

In many other are as , up\oJelling may extend only l - 10 km from the 

coastline, and may be much less persistent in time (e. g. Atlantic COdSt 

of Nova Scotia; Platt et al. 1972; Izu Peninsula, Japan; Atkinson et al. 

1987). This limited, episodic influence occurs pr imarily because wind 

patterns are less consistent in direction, frequency, and intens i ty. In 

these areas, therefore, the influence of upwelling, and its beneficial 

effects on nutrient supply to the photic zone, and on levels of turbulence 

within the water column, may be large in sorne years, but insignificant in 

other years. In addition, intermittent upwelling events will displace the 

nutricline closer to the surface. Phytoplankton associated wi th the 

nutricline (e. g. Parsons et al. 1977) could experience increases in light 

intensi ty and, potentially, higher rates of photosynthesis, as a 

consequence of vertical displacement (e. g. Lande and Lewis 1989) during 
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upwelling. Consequently fish larvae, which hatch at relatively precise 

times and places (Sinclair 1988; Cushing 1990), could enter an environment 

which i5 relatively food-rich and turbulent in sorne years because of high 

rates of upwelling, but in another year, when upwelling is less frequent, 

become associated with a food-poor and low turbulence environment. 

In summary, the general influences of turbulence and upwelling on 

plankton ecology suggest that several characteristics of the larval food 

resource will vary across time and space depending on environmental 

conditions. These characteristics include the rate of production of larval 

prey, its vertical and horizontal distributions, and the rate of encounter 

of larvae with their prey. 

The general objectives of this thesis were to describe 

quantitatively how environmental conditions influence interactions between 

larval fishes and their prey, an~ to use this information to identify 

those circumstances under which recruitment in capelin, Mallotus vi.llosus, 

is likely to be determined by food-limitation during the larval phase. My 

specifie objectives were: 

1) to develop and compare empirical models that estimate rates of 

food consumption by larval fish in laboratory and natural environments. 

2) to compare laboratory-based predictions of food ingestion rate 

with prey densities observed in nature. 

3) to develop empirical modeis for estimating leveis of small-scale 

turbulence in the wind-mixed layer of the water column for different wind 

speeds. 

4) to use the results of objective #3, and previously-published 

modeis of tidally- induced turbulence, to assess whether turbulence induced 
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by wind or tide could account for any differences in feeding rates 

observed between laboratory an" field populations of larval fish. 

5) to quantify the cumulative effect of transient uplvelling and 

downwelling events on distributions of larval fish prey adjacent to a 

major fish spawning site for capelin (Mallotus villosus). 

6) to evaluate the significance of transient upwelling and 

downwelling events on recruitment capelin, as a test of the hypothesis 

developed in # 4 and # 5 above 

The results of the thesis are presented in six chapters, each of 

which has been, or will be submitted to peer-reviewed scholarly journals 

for publication. The Faculty of Graduate Studies and Research, McGill 

University requires that the following text be included in aIl theses: 

"The c..andidate has the option, sub ject to the approval of the 

Department, of including as part of the theslS the text, or dupllcated 

published text, of an onglnal paper or papers. Hanuscript-style theses 

must still conform to aIL other requirpments explained in the GUldelines 

Concernlng Thesis Preparation. Additional materlal (procedural and design 

data as weIL as descriptions of equipment) must be provided in sufficient 

detail (e. g. in appendices) to allow clear and precise judgement to be 

made of the importance and originality of the research reported. The 

thesis should be more th an Il mere collection of manuscripts published or 

to be published. It must include a general abstract, a full introduction 

and literature review and a fwal overall conclusion. Connecting texts 

which provide logical bridges between different manuscripts are usually 

desirable in the interest of cohesion. It is acceptable for theses to 

include, as chapters, authentic copies of papers already publ ishea, 
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provided these are duplicated clearly and boudn as an integral parc of the 

thesis. In such instances 1 connectlng Cexts are mandatorv and 

supplementary explanatory macenal is always necessary. Photographs or 

other mater ials which do noC duplicate weIl musC be included in their 

original farm. While the Inclusion of manuscripts co-auchored by the 

candidate and others in accepcable, che candidate is required ta make an 

explicit statement in the theslS of who contributed to such work and co 

what excent 1 and supervisors must accest to che accuracy of the calism aC 

the Ph. D. Oral Defense. Since the task of che Examiners lS made more 

difficult ln these cases, It is in the candidate's interest ta ma.ke the 

responsibilities of authors perfectly clear. 

The complete text of the above must be cited in full in the introductory 

sections of any theses ta which It applies." 

In response to these requirements, l offer the following. Chapters 

1 (MacKenzie, Leggett, and Peters; Estimating larval fish ingestion rates: 

can laboratory derived values be reliably extrapolated to the wild?) and 

3 (MacKenzie and Leggett; Quantifying the contribution of small- scale 

turbulence to the encounter rates between larval fish and their 

zooplankton prey: effects of wind and tide) have been published in Marine 

Ecology progress Series (Volume 67: 209-225 [1990] and Volume 73: 149-

160 [1991] 1 respectively). Chapter 2 (MacKenzie and Leggett; Wind-based 

models for estimating turbulent energy dissipation rates in aquatic 

environments 1 and their potential for examining the influence of wind on 

p1ankton ecology) has been submitted to this same journal for publication. 

Chapters 4 (MacKenzie and Leggett; The effect of wind in determining water 

column attributes 1 and its po tentia1 influence on the nature and fate of 
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plankton production) and 6 (MacKenzie and Leggett; The influence of wind 

on capelin [Mallotus villosus] recruitment) will be sl.lbmitted to Canadian 

Journal of Fisheries and Aquatic Sciences. Chapter 5 (Ma('Kenzie and 

Leggett; Wind-mediated control of temporal and spdtial patterns in prey 

availabL.ity for larval fishes) will be submitted to Marine Biology. 

Literature citations appear at the end of each chapter, and have been 

prepared according ta journal guide lines. 

The study was developed and executed by the author of the thesis. 

My supervisor, Dr. W. C. Leggett, assisted in an advisory and editorial 

capacity, participated in the collection of some of the field data, and 

provided funds and logis tic support essential for the execution of the 

work. Chapter 1 resul ted in part from assignments prepared by the author 

as requirements for a graduate course (Predictive Ecology; Biology 177-

533) taught by Dr. Peters. Dr. Peters, who assisted in the 

conceptualization of this chapter and in the approaches ta analysis, 

appears, therefore, as third author on the publication which resulted from 

this work. 

Portions of the thesis have been presented in annuai seminars in 

the Department of Biology, MeGill University, and at severai national and 

internat ional scientific meetings. These external presentations are 1 isted 

below: 

Estimating the role of tidal and wind energy on encounter rates between 

planktonic predators and prey using the Simpson-Hunter index and empirical 

wind-based models. American Society of Limnology and Oceanography, 1991 

Annua1 Meeting, Halifax, Nova Scotia; June 10-14, 1991. 
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Inter-re1ationships between tides, wind, and the rates of contact between 

1arva1 fish and their prey. Canadian Conference for Fisheries Research, 

Guelph, Ontario; January 3-4, 1991. 

The influence of episodic wind-induced upwelling on nearshore 

phytoplankton and zooplankton abundance. American Society of Limnology 

and Oceanography, 1990 Annual Meeting, Williamsburg, Virginia; June 10-

15, 1990. 

Predic ting 1arval fish ingestion rates: are marine fish larvale food­

limi ted in nature? Canadian Conference for Fisheries Research, Ottawa, 

Ontario; January 3-4, 1990. 

Predic ting larval fish ingestion rates: key variables and experimental 

bias. l3th Annual American Fisheries Society Larval Fish Conference, 

Mérida, Yucatan, Mexico; May 21-27, 1989. 
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Chapter l 

Estimating Larval Fish Ingestion Rates: 

Can Laboratory Oerived Values be Reliably 

Extrapolated to the Wild? 
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Introduction 

Laboratory ingestion rate studies involving individual species of 

larva1 fish have estab1ished that larvae have a sharp functiona1 response 

at lou food densities and that ingestion rates become satiated at much 

higher densities (Thei1acker and Dorsey 1980; K1umpp and von Westernhagen 

1986; also Holling 1959; Ivlev 1961). These laboratory-derived functional 

responses are often used to eva1uate the extent to which natural1y 

occurring food 1evels may influence larval survival and year-class 

strength in marine fish populations (e. g. Houde 1978; Wroblewski and 

Richmann 1987; Anderson 1988). 

However, extrapolation from laboratory estimates of food ingestion 

rates in this way co~ld bias interpretations of larval feeding ecology 

(Anderson 1988; Jenkins 1988) because they assume that 1aboratory derived 

functional responses are similar in form and magnitude to the functional 

responses of larvae in nature. This assumption may not be valid because 

experimental conditions themselves can influence laboratory ingestion and 

growth rates of larva1 fish (Houde 1977; Theilacker and Dorsey 1980; 

Hunter 1981) and other zooplankton (Peters and Downing 1984; Delafontaine 

and Leggett 1987) The relative importance of these experimentally induced 

biases in laboratory ingestion rates has not yet been quantified relative 

to the influences of larval size, water temperature and food density. 

Moreover, no quantitative comparison of in situ larval feeding rates 

in cesponse ta local food densities has been attempted for wild larva1 

populations. Hence the validity of the assumption that laboratory and 

natural functional responses are similar remains in doubt, as does the 

utility of the application of experimenta1ly derived ingestion rates to 
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wild populations (Rothschild and Osborn 1988). 

In this study l sought to identify the variables that influence the 

magnitude and form of ingestion rate responses to varying prey densities 

both in the Iaboratory and in the wild. l also used empirical models 

developed in the course of this analysis to evaluate whether ingestion 

rates of wild marine fish larvae are likely to be food-limited. 

Methods 

Laboratory ingestion rates 

Da~a collec~ion and conventions: The data used in developing 

empiricaIIy based ingestion rate modeis were extracted from the literature 

relating to marine and estuarine species of fish 1arvae. l sought data on 

ingestion rate (1; expressed as Ilg dry weight of food ingested per 

individua1 per day) , 1arva1 dry weight (W; I-Lg/individual), prey dry weight 

(PW; I-Lg/individua1) and prey density (Food; L- 1). Body size and food 

densities were expressed in units of mass because these are known to 

represent energy f10w better than units of length or numeric 

concentrations respective1y (Houde 1978; Theilacker and Dorsey 1980). 

Sixt Y percent of a11 1arvae contained in the data set were preserved 

in formalin before dry weight determinations were performed. Losses in dry 

weight are known to occur in larval fishes as a consequence of 

preservation but the magni tude of this 10ss has not been thorough1y 

eva1uated (De1afontaine and Leggett 1989; Giguère et al. 1989). Available 

estimates of preservation-induced dry weight 10ss range from 9 - 30 % 

(Theilacker and Dorsey 1980; Bailey 1982; Hay 1984). If reported dry 

weights had not been corrected for this preservation effeGt, l assumed a 
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20 % dry weight 10ss, which is the midpoint of the published ranges 

(Thei1acker and Dorsey 1980; Bai1ey 1982; Hay 1984), before adjusting dry 

weight values according1y. 

In seven of the e1even 1aboratory based studies incorporated into 

my data set, prey dry weights were not reported. In these cases, prey dry 

weights were estimated from weight equiva1ents reported elsewhere in the 

literature (Table 1). This allowed numerical densities of prey components 

to be converted into equivalent dry weights in one of three ways: (1) in 

cases where the proportions of different prey items in the diet were 

reported eN - 3; Houde and Schekter 1981; Theilacker 1987; Chesney 1989), 

l calculated the total dry weight of aU food offered in each experimental 

treatment as follows: ,., 
Food - ,l: (Pi * PWi * 0) 

1=1 
where Food - food density (~g/l,), Pl - numerical proportion (range 0.0 -

1.0) of component i in the total prey population, PWl "" dry weight 

equivalent of one prey item of component i, D - total prey population 

denSlty (number/L), and N ,. number of prey components in the prey 

population; (2) in cases where the relative proportions of individual prey 

components were not reported (N - 1: Monteleone and Peterson 1986), the 

dry weight biomass of food was estmated with equation l by assuming that 

the die t was comprised of equal proportions of aIl prey; (3) in cases 

where only one size of prey was offered per experimental treatment (N -

7), the numerical density of prey was multiplied by the dry weight 

equivalent of an individual prey comprising the diet. 

All eleven studies used in my analysis reported ingestion rate 

estimates for larvae of several sizes. To minimize potential bias caused 
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[ Table 1. Conventions, extracted from the literature, that were used to 
! , 
~ estimate the influence of food density on 1arva1 fish ingestion rates. 
f , 
[. 
f 

Data sources are 1isted a1phabetically below table. 
~ , 
( , 

~ Convention Reference 
1 
1 
l' 

i 

preserved 1arva1 fish dry weight 5, 7, 8 , 16 

... 0.8 .,'; unpreserved larva1 

fish dry weight 

preserved zoop1ankton dry weight 7, 18 

- 0.6 * unpreserved zooplankton 

dry weight 

carbon mass = 0.4 * dry mass 15 

(zoop1ankton) 

carbon mass = 0.55 * dry mass 14 

(Artemia naup1ii) 

dry mass - 0.2 * wet mass 12 

(fish 1arvae) 

specifie gravit y of zooplankton 11 

- 1 g/cm3 
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Table l (continued) 

Convention 

% ash = .11 * dry weight 

Acartia ~ nauplius - 0.26 ~g 

Artemia nauplius - 1.85 ~g 

Brachionus (mixed sizes) - 0.16 ~g 

Calanus finmarchicus (nauplius) - 1.5 ~g 

Eurytemora affinis (nauplius) - 0.28 ~g 

E. affinis (copepodite) - 2.2 ~g 

E. affinis (adu1t) - 10.4 ~g 

(April-May in Chesapeake estuary) 

Pseudoca1anus (nauplius) - 0.26 ~g 

23 

Reference 

1 

6 

2 

17 

4 

3, 10 

3 

9 

13 
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Table 1 (continued) 

• ~ 
11' .' , 
~ 

t 
t 

Key - 1. Bâmstedt 1986; 2. Benij ts et al. 1975; 3. Burkhill & Kendall 

~ 1982 (see a1so Chesney 1989); 4 Davis 1984; 5. De1afontaine ~ Lcggett 
t 
!l 
~ 1989; 6. Durbin & Durbin 1981; 7. Giguère et al. 1989; 8. Hay 198 / .. ; 9. 
t , 

Heinle & Fremer 1975 (see a1so Chesney 1989); 10. Houde & Schekter 1981 

(see a1so Chesney 1989); Il. MacCau1ey 1984; 12. McGurk 1986; 13. 

Monteleone & Peterson 1986; 14. Oppenheimer & Moreira 1980; 15 Peters 

1983; 16. Thei1acker & Dorsey 1980; 17. Thei1acker & McMaster 1971; 18. 

Vidal & Smith 1986. 
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by over-representation of one or two species whose ingestion rates were 

measured severa1 times in one study and at a narrow range of experimenta1 

conditions, l restricted my data to the lower and upper limits, and 

midpoint, of the reported size range of 1arvae used in each combination 

of experimental conditions. 

AlI ingestion rate estimates (see Appendix 1) were standardized to 

a 12 h feeding period. l adopted this convention because larval fish are 

visual feeders (Hunter 1981; Blaxter 1988). 

To evaluate the potential effects of methodological factors on 

laboratory estimates of ingestion rate, l inc1uded in the data set water 

temperature, experimental container volume, larval density (numbers per 

litre), and prey type (Brachionus and/or Artemia, or wild zooplankton). 

The results of earlier studies of ingestion rates of larval fish and other 

zooplankton (e. g. Rosenthal and Hempe1 1970; Houde 1977; Barahona-
" 

Fernandes and Conan 1981; Peters and Downing 1984; de Lafontaine and 

Leggett 1987) suggested that these variables can be important contributors 

to observed variation in measured ingestion rates. Several other variables 

that are also believed to influence ingestion rates (e. g. turbulence, 

light intensity, turbidity; Chesney 1989) were not evaluated because the y 

were reported too infrequently to be incorporated in the analyses. 

Statistical techniques: All data were expressed in standard units as 

detai1ed above. Ingestion rates, larval and prey sizes, larval and food 

densities were 10garithmica11y-transformed (base 10) prior to regression 

analysis to linearize allometric relationships and stabilize the variance 

in my data set (Peters and Downing 1984). In these analyses, interaction 

and higher order terms were intentionally excluded to retain simplicity 
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and to reduce the like1ihood of fitting the model to outliers (Peters and 

Downing 1984), even though this exclusion may reduce the amount of 

variance explained. 

Analysis of covariance (Zar 1974) was used to distinguish the 

possible effect of different prey types (e.g. Rosenthal and Hempel 1970; 

Vu 1983) on ingestion rates. l coded Artemia nauplii or Brachionus as 0 

and wild zooplankton native to the larval habitat, whether collected from 

the sea or cultured in the laboratory, as 1. 

Madel construction: 

Body size strongly influences ingestion rates in a wide variety of 

animaIs (Peters 1983) and influences many other life-history traits among 

larva1 fish (Miller et al. 1988). The effect of larval size on ingestion 

rates was first evaluated before considering other variables. l then used 

stepwise regression and scatterplots to evaluate the influence of the 

remaining variables on residual variation about the allometric model, and 

aIl subsequent models. The criterion for variable selection and retention 

was set at P < 0.05. AlI computations were performed with SAS 6.0 (PC 

version; SAS 1985a, b) and Systat 4.0 (Wilkinson 1988). 

Larval feeding ecology in nature 

Natural microzooplankton densities: The laboratory based functional 

response mode1s developed here were used to investigate the likelihood 

that natural food densities permit wild larvae to feed at maximal rates. 

For this analysis, estimates of microzooplankton abundance for a variety 

of marine environments were compiled from the 1iterature (Table 2). 

In developing this data set l used only microzooplankton abundance 

estimates derived in studies that employed mesh sizes < 200 ~m. This was 
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Table 2. Microzoop1ankton densities at 46 marine and estuarine sites 

wor1dwide. Densities in the table are 1isted as means; maxima. 

Site 

SHELVES AND BAYS 

Ba1tie Sea 

Size or 
Taxa 

> 90 J1.m 

Bering Sea (south- Naup1ii of 

east region Pseudo-

ea1anus 

Biscayne Bay, > 20 J1.rn 

Florida 

B10ck Island > 153 J1.rn 

Sound, R.I. 

Bryants Cove, 90-130 J1.m 

Newfound1and 

Prey 
Density (J1.g/L) 

Reference 

148; 240 Kahru et a1.1984,Table 1; 

377; 692 Aug. 1982. (fresh and 

salt y sides of front, 

respectively). 

5; 12 Dagg et al. 1984, Figure 

5; May 1981 

70; 88 Leak & Houde 1987, 

Table 7; assume 1 p1ankter 

- .33 J1.g (Houde & 

Sehekter 1981) 

33; 67 Deevey 1952, Figure 4; May 

- Sept. 19'+9 

18; 201 Taggart & Leggett 1987, 

Table 1; June-Aug. 1981-

1983 
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Table 2 (continued) 

Site 

Buchan front, 

Scotland 

Buchan front, 

Scotland 

California: San 

Diego to Isla 

Guadeloupe 

California 

current 

transect 

Chesapeake Bay 

Patuxent R. 

Chesapeake Bay, 

North Inlet, 

South Carolina 

Size or 
Taxa 

30-200 Jlm 

30-200 Jlm 

copepods 

35-202 /im 

35-200 Jlm 

A. tonsa 

> 80 ;;ïll 

> 153 Jlm 

Prey 
Density (Jlg/L) 

Reference 

9; 15 Ki0rboe & Johansen 1986, 

Figure 5; Sept. 1984 

10; 15 Ki0rboe et al. 1988 

1988, Figure 5; 

Sep t . -Oc t. 1 9 8 5 

2.4; 2.6 Beers & Stewart 1969, 

Table 5; Feb. 1967. 

Oceanic stations. 

l.3; 3.5 Beers & Stewart 1967, 

Table 4; Dec. 9-16, 1965. 

Oceanic stations. 

177; 349 Hein1e 1966, Table 5; 

Jul-Aug. 1964 

16; 233 Lonsda1e & Coull 1977, 

Figure 2 ; Jan. 1974-Aug. 

1975. 

28 



Table 2 (continued) 

Site 

English Chan. 

Georges Bank: 

well-mixed 

stratified 

stratified 

Kiel Bight 

Lancaster Sound, 

eastern Canadian 

Lindâspo11ene, 

Norway 

Lofoten Islands, 

Norway 

Size or 
Taxa 

80-200 J..Lm 

> 64 J.'m 

20-200 J.'m 

35 - 200 JLm 

> 75 J..Lm 

> 90 J.'m 

29 

Prey Reference 
Dens i ty (J.'g/L) 

31; 37 Holligan et al 1984, 

Table 4; July 29, 1981 

17; 25 Buckley & Lough 1987, 

59; 117 Table 2; May 1983 

90; 278 

10; 21 Smetacek 1981, Figure 6; ~ 

Aug. 1973 

20; 122 Paranjape 1988, Figure 5; 

Aug. 1980. Upper 40 m. 

Arctic (74 N) 

26; 45 Àksnes & Magnusen 1988, 

Figures 8 & 9A; June 1981 

14; 36 E11ertsen et al. 1984, 

Figure 6; May 1980 - 1982 

copepod nauplii (mainly 

Calanus finmarchicus). 



Table 2 (continued) 

Site 

Long Island So. , 

New York 

Long Island So. , 

Hasfj orden, 

Norway 

Size or 
Taxa 

> 64 J.Lnl 

> 64 J.Lm 

> 180 J.l.m 

Narragansett Bay, 60-150 J.l.m 

Rhode Island 

Newport River > 160 J.l.m 

Estuary 

30 

Prey 
Density (pg/L) 

Reference 

11; 14 Peterson & Ausubel 1984, 

Figure 5; May 19 - June 6, 

1982. Naup1ii of Acartia 

tonsa and Pseudocalanus sp. 

14; 23 Monte1eone & Peterson 1986, 

table 5; 

100; 200 March (copepod 

nauplii) and April 

(copepodites) 1983. 

27; 49 Aksnes et al. 1989, Figure 

2; June and Oct. 1985 

90; 220 Durbin & Durbin 1981, 

Figure 6; May-Aug. 1976. 

40; 72 Thayer et al. 1974, Figure 

2; Feb.-Apri1 1970- 1972. 
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Table 2 (continued) 

Site 

Northumberland 

coast, North 

Sea 

Northwest Africa 

(beyond 

upwe11ing zone) 

Nova Scotian 

Shelf (transect 

Size or 
Taxa 

> 44 J..Lm 

102 - 505 J,lm 

< 200 J..Lm 

southeast from Halifax) 

Ons1ow Bay, > 110 J..Lffi 

No. Carolina 

Oyster Grounds > 50 J..Lm 

(south- central 

North Sea) 

Prey 
Density (J,lg/L) 

Reference 

37; 62 Evans 1977; Fransz et al. 

1984; May, Ju1y and 

September 1971-1972 

11; 25 Blackburn & Ne1len 1976, 

Figures 2-4; March-May 

1974. 

8; 18 Paranj ape et al. 1985, 

Table 1; Mar. 1980 

57; 103 Paffenhofer 1980, Table 5; 

JulY-l 19. 1976. Surface, 

nonupwelled water mass. 

43; 56 Fransz et al. 1984; May, 

June and September. 

31 



Table 2 (continued) 

Site 

Peru (beyond 

upwelling zone) 

St. Georges Bay, 

Nova Scotia 

Canada 

Southern Bight, 

North Sea 

Southwest 

Nova Scotia 

Tampa Bay, Fla. 

Size or 
Taxa 

> 102 tLm 

25-250 Jtm 

> 50 Jtm 

80-153 tLm 

> 74 J.Lm 

32 

Prey 
Density (j.Lg/L) 

Refet'ence 

9 Smith et al. 1981, Figure 

4, April 1976 

50; 70 Hargrave et al. 1985, 

Figure 6; May-Sept. 1977. 

97; 197 Fransz et al. 1984, Table 

56; 67 5; 1973-1975. Consta1 and 

offshore stations 

respective1y. 

33 Frank 1988, Figure 4; May 

8 1985 and 1986 respectively. 

Samp1es co11ected beyond 

upwelling zone described 

by Garrett & Loucks 

(1976). 

41; 54 Hopkins 1977, Table 3; May-

Aug. 1970. 
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Table 2 (continued) 

Site 

Tasman Bay, New 

Zealand 

Tikehau atoll J 

Tuamotu 

archipelago 

Wadden Sea (Sylt 

channel) 

UPWELLING ZONES 

Size or 
Taxa 

> 60 /-Lm 

35-200 j.J.m 

> 76 /-Lm 

Benguela Current, < 500 I-Lm 

St. Helena Bay 

California: San 35-200 I-Lm 

Diego to Isla 

Guadeloupe 

Prey 
Density (j.J.gjL) 

Reference 

233; 333 MacKenzie & Gillespie 

1986, Oct.-Mar. 1982-1984. 

14; 40 Leborgne et al. 1989; 

April 1986; Table 1 and 

Figure 6 

99; 149 Martens 1980; May, June 

and September. See Fransz ~ 

al. 1984. 

357; 724 James & Findlay 1989, 

table 4; April - May, 1985 

3.5; 4.5 Beers & Stewart 1969, 

Table 5; Feb. 1967. S10pe 

stations. 



Table 2 (continued) 

Site 

2California 

Current 

transect 

South Taranaki 

Bight, New 

Zealand 

Cape Kahurangi, 

New Zealand 

Northwest Africa 

Onslow Bay, 

No. Carolina 

Oregon 

S ize or 
Taxa 

35 - 200 p.m 

> 100 J.LIU 

> 100 J.LIU 

102 - 505 p.m 

> llO J.Lm 

> 120 J.LIU 

34 

Prey Reference 
Dens i ty (,ug/L) 

3.3; 4.6 Beers & Stewart 1967, 

Table 4; Dec. 9-16, 1965. 

Inshore stations. 

12; 25 Foster & Battaerd 1985, 

Figure 3; Feb. 1981 (16 -

82 km from coast). 

25; > 40 James & Wilkinson 1988, 

Figure 2; Mar. -April 1983 

132; 268 Blackburn & Nellen 1976, 

Figures 2-4; March-May 1974 

97; 181 Paffenhofer 1980, Tab le 5; 

July-Aug 1976 (intrusion, 

upwelled wat~r mass) 

125, 200 Peterson et al. 1979, July -

Sept. 1973; Aug. 1974 
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Table 2 (continued) 

Site 

Peru; 15 S 

peru; 10 S 

Peru; 15 S 

South Taranaki 

Bight, New 

Zealand 

Southwest 

Nova Scotia, 

Canada 

Size or 
Taxa 

> 102 pm 

102-505 J.lm 

102-505 Jlm 

> 100 pm 

80-153 /-lm 

35 

Prey Reference 
Dens i ty (pg/L) 

17; 26 Smith et al. 1981, 

Figure 4; April 1976 

31; 62 Whit1edge 1981; Table 5; 

April 1977 

17; 24 Whit1edge 1981; Table 5; 

April 1977 

25; > 50 James & Wilkinson 1988, 

Mar-April 1983; Figure 3 

167 Frank 1988, Figure 4; May 

58 1985 and 1986 respective 

1y. Samp1es co1lected 

within upwelling zone 

des~ribed by Garrett 

& Loucks (1976). 
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done because early stage larvae genera1ly consume prey smaller th an this 

size (Thei1acker and Dorsey 1980; Frank 1988). In some studies ~ooplankton 

samples were size-fractionated prior ta wSlghing. In these c~ses 1 used 

only those data which related ta size classes \"hi~h closely corresponded 

to the < 200 ~m component. This reduced, but did not eliminate, the 

possible effect of contamination by larger zooplankton on ('s t imates of 

larval prey abundance. 

1 recorded the average and maximum (Owen 1989) prey density in each 

study. Many data were extracted directly from figures and tables. In sorne 

cases, authors reported prey dens i ties as ranges or averages In these 

cases range midpoints or averages were used as representative densi ties 

for the areas in question. In cases where distinct habitats were sampled 

(e. g. within and beyond an upwelling region), data were grouped 

accordingly in arder to accurately reflect these different hydrographie 

regîmes. In cases where the seasonal occurrence of fish 1arvae was known 

for a given area or habitat, zooplankton densities were used corresponding 

to that interval. 

Ingestion rates of wild larvae: Ta examine how ingestion rates of wild 

larvae were related to food density, literature ingestion rates for wild 

and enclosure-reared larvae were gathered from the 1iterature and compared 

as a group with those predicted by the laboratory-based model. Ingestion 

rates of wild larvae were estimated using ei ther gut content analyses of 

field-collected specimens combined with a corresponding species-specific 

laboratory estimate of digestion rate (N = 5, Dagg et al 1984; Ellertsen 

et al. 1984), or were calculated from growth rate and in situ temperatures 

(N - 31; see Checkley 1984). In compiling this data base, l only included 
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data from field studies in which larvae and their prey were sampled 

simultaneously during a particular research survey. These estimated rates 

of ingestion (Appendix 2) and accompanying food densities are considered 

to represent average growth rates and food levels for larvae in the given 

geographic region during the time interval when plankton samples were 

being collected (Table 3). 

Results and Discussion 

Laboratory ingestion rate models 

The best single predictor of laboratory ingestion rates was body 

size (Model l; Table 4). Size was a powerful cross-species indicator of 

ingestion rates despite large differences in tempe rature , food density 

and other laboratory procedures (Table 5) . Clearly, larval size 

effectively integrates a wide range of ecological and life-history traits 

in fish larvae (see also Miller et al. 1988; Peters 1983). 

Physiological rates in larval, juvenile and adult fishes are either 

allometrically (Winberg 1956; Rombough 1988) or isometrically (Rombough 

1988; Giguère et al. 1988) related to body size. The regression 

coefficients for body size in my 1aboratory models varied from 0.843 to 

0.990 but the variance about these coefficients (Table 4) prevented me 

from distinguishing whether ingestion rates are allometrically or 

isometrically related ta body size 

Temperature was the maj or contributor to explained variance in 

ingestion rates once the effect of body size was removed (Model 2). The 
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Table 3. Data sources used to estimate natural ingestion rates from gut 
content dna1ysis or larva1 growth rates. 

Reference Species Data and comments 

Buckley & Gadus morhua Growth rate and T (9 OC) available 

Lough 1987 in Table 7. W = 2950 pg (Table 

5) and Food 17 J~g/L (Figure 4). 

Buck1ey & Me1anogrammus T - 6 and 9 oC (Table 7); W -

Lough 1987 aeglefinus 790-860 pg (Table 4). Food - 15 -

133 pg/L (Figure 4) . 

Dagg et al. Theragra Food density was 15 Pseudocalanus 

1984 chalcogramma nauplii/L (average density at 20 

m; Figure 5). Larva1 lengths (5.2 

mm) were converted to dry we ight 

using length - dry weight 

relation (Bailey & Stehr 1986). T 

- 4.5 oC. 

Ellertsen Gadus morhua T - 4.5 oC (Figures 3 & 8). 

et al. Dominant prey of diet was Calanus 

1984 finmarchicus nauplii; 

densities at 4 sites were 21, 6, 

6 & 4 indi viduals/L (Figure 6). 

Gut clearance time for larval cod 
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Table 3 (continued) 

Reference 

Frank & 

Leggett 

1982a 

GambIe & 

Houde 1984 

Species 

Mallotus 

villosus 

Gadus morhua 

39 

Data and comments 

at 5 oC is estimated to be 1.5 

hours (Tilseth & Ellertsen 1984). 

In situ enclosure experiments. 

Growth rates a~d food densities 

avai1ab1e in Figure 8. Assumed 

average size at hatch was 4.8 mm 

SL (Fortier & Leggett 1982; Table 

3). Lengths converted to DW 

us ing length-weif;ht relationship 

(M0ksness 1982). Specifie growth 

rates (dry weight basis) were used 

to estimate ingestion rates at 

midpoint of experiment (3.5 days). 

T - 6.5 oC. 

In situ enclosure experiment. 

Average T and photoperiod were 8 

oC and 17 hours. Average densities 

of copepod naup1ii were 21.5 

(range - 6-40) and 23/L; 80 % of 

aIl nauplii was Pseudocalanus 

elongatus, which dominated diets. 
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Table 3 (continued) 

Reference Species Data and comments 

Leak & Anchoa mitchilli Larval sizes at age 10 days were 

Houde 1987 calculated from growth rate 

equations (Table 5). Mean T and 

microzooplankton densities 

available in Tables 1 & 5. Average 

weight of an individual partie le 

cornprising mixed Florida microzoo-

plankton was 0.33 ~g (Houde & 

Schekter 1981). 

Monteleone Ammodytes Average Food - 60.8 ~g/L for March 

& Peterson americanua April 1983 (Tables 2 & 5). Average 

1986 T and photoperiod were 45°C and 

Il hours respectively. Specifie 

growth rate - 4.0 % per day in 

nature. Average W in March - 992 

/J.g (Table 3A). 

Munk et al. Clupea harengus Lengths converted to dry weights 

1986 using Hfall 1978" re1at onship 

given by GambIe et al. (1985; 

Table 8). T - 12 ·C (Richardson et 

al. 1986; Figure SA). Food - 6.2 
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1 Table 3 (continued) 

Reference Species Data and comments 

~g/L (Ki0rboe & Johansen 1986; p. 

50). 

Peterson & Scomber W and growth rates presented in 

Ausubel scombrus Table 3. Larvae were collected 

1984 mostly in upper 10 m of 

water co1umn. Authors considered 

A. tonsa and Pseudocalanus 

nauplii as larval prey. Densities 

of these prey are presented in 
, 

14° C; photoperiod - 15 h. 1 
j 

Table 2 and Figure 5. Assume mean 

T where larvae were most abundant 

1 

( 
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Table 4. Models that describe ingestion rates for laboratc -ry (Models 1 -

4; n = 109 with 11 species) and wild (Model 5; n ,. 36 with 8 species) 

populations of larval fish. For Mode 1 3, "Res" refers ta residual 

ingestion rates which have been ca1culated as the difference between 

observed ingestion rates and those predicted using larval size and 

experimental temperature as inputs to Model 2. For Models 3 and 4, 

"Crit" refers ta the critical food density beyond which ingestion rates 

are independent of food density. Thus Model 3 simplifies ta Res - 0.250 

when food densities exceed 173 jJg/L, and Model 4 simplifies to Log! -

0.843*logW + 0.038*T - 0.622 when food densities exceed lBS jJg/L. s.e. -

standard error of parameter estimate and Xi - inde pendent variable. Data 

sources are 1isted alphabetically below table. 

Model 

1 logI - .881*logW 

- .270 

2 logI - .990*logW 

+ .036*T 

- 1.170 

s.e. 

.077 

.170 

.070 

.007 

.224 

Range 
of Xi 

.929-3.466 

.929-3.466 

2 - 29 

Data Sources 

.56 2,7 ,8,9,10, 11, 

13,16,17,18,19 

.65 2,7,8,9,10,11, 

13,16,17,18,19 
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Table 4 (continued) 

Model s.e. 

3 Res - .869*logFood .107 

- 1. 696 .181 

Crit - log(173) 

... 2.239 .105 

4 log! - .843*logW .047 

+ .038'''T .004 

+ . 918*logFood .077 

- 2.704 .192 

Crit - log(185) 

... 2.268 .034 

5 logI - 1.162*1ogW .077 

+ .029*T .007 

- 1. 343 

Range 
of Xi 

.860-4.944 

.929-3.466 

2 - 29 

.860-4.944 

1.373-3.470 

4 - 31 

43 

Data Sources 

.55 2, 7,8,9,10,11, 

13,16,17,18,19 

.85 2,7,8,9,10, Il, 

13,16,17,18,19 

.89 1,3,4,5,6,12 

14,15 
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Table 4 (continued) 

Data sources: 1. Buckley & Lough 1987; 2. Chesney Jr. 1989, 3. Ddgg et 

al. 1984; 4. Ellertsen et al. 1984; 5. Frank & Leggett 1982a; 6. GambIe 

& Houde 1984; 7. Govoni et al. 1982; 8. Houde & Schekter 1981; 9. Hunter 

& Kimbre11 1980; 10. K1umpp & vonWesternhagen 1986; 11. Kuronuma Ct 

Fukusho 1934; 12. Leak & Houde 1987; 13. Monte1eone & Peterson 1986; 14. 

Munk et al. 1986; 15. Peterson & Ausube1 1984; 16. Stepien 1976; 17. 

Thei1acker 1987; 18. Tucker 1989; 19. Werner & Blaxter 1981 . 



( 

Table 5. Means and ranges of variables which were assessed for their 

influence on larval fish ingestion rates determined in the laboratory. 

Abbreviations: W - 1arval dry weight, Food ~ food density, D = fish 

density, T - tempe rature , V c tank volume, PW - prey dry weight, fL -

type of prey offered in ingestion rate experiments. 

Variable Mean Range N 

log W (~g) 2.122 0.929 - 3.466 109 

log Food (~g/L) 2.496 0.860 - 4.944 109 

log D (NIL) 0.513 -1. 000 - l. 824 70 

T (OC) 18.7 2 - 29 109 

V (1 ) 20.3 0.6 - 75 88 

log PW (~g) -0.417 -0.921 - 0.322 109 

PT o if Artemia or 109 

Brachionus eN - 56) 

1 if wild zooplankton 

(N =- 53) 

45 
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regression coefficient for the temperature term in Model 2 equ3tes ta a 

Q10 value of 2.3 (95 % confidence 1imits = 1.6 and 3 2) The similarity 

of Q10 estimated from my data ta that obtained in other genet·s l phys iology 

studies (2 - 3; Prosser 1973) suggests that 1aboratorv ingestion rates of 

larval f1sh respond ta temperature in a manner sllnilar to phy~io1ogical 

rates in a wide variety of other organisms. Consequent1y larvae that hatch 

in low latitude areas can be expected ta have higher ingestion rates and 

higher growtn rates (see also Houde 1989), than those which hatch in 

bore al regions. Because QIO values vary with temperature (McLnren 1963), 

my estimate is most appropriate for those tempe ratures nea r the mean in 

my data set (18.7° C) 

A scatterplot of ingestion rates detrended for the effec ts of larval 

size and temperature using Model 2 qualitatively indicates that ingestion 

rates plateau at a food density of approximately 150 - 200 ~g/L (fig. 1). 

Rectilinear regression (NONLIN program; Wilkinson 1988) was uspd to 

quantify more precise1y the food density beyond which 1arvae were satiated 

(hereafter referred to as the critical food density) , and to quantlfy the 

laboratory functional response at food denslties be10w this 1evel. This 

program iterat~s until it converges ta parame ter estimates that equalize 

the residual surn of squares for the inclining and plateau portions of the 

functional response relationship. Consequently, final parameter estimates 

are based on the entire range of food densities u5ed in my data set. 

This analysis (Model 3, Table 4) of re~idual variation from Model 

2 revealed that the critical food density at WhlCh satiation occurred was 

173 ~g/L (95 % confidence limits = 107 - 280 ~g/L). At food 1evels be10w 

the critical food density of 173 ~g/L, ingestion rates increased with food 
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Figure 1. S~atterplot of larval ingestion rates determined in laboratory 

experiments and expressed as a function of food density. The effects of 

larval size and experimental temperature were removed using Model 2 (Table 

4) to isolate the influence of food density on ingestion rates. The fitted 

curve reflects a rectilinear model (Model 3; Table 4) which explicitly 

definps the critical food density at which satiation occurs. 
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den::.ity in an approxirnately llnear fashion (regression coefficient -= 

0.869; 95 % confidence limits = 0.657 1 080). Because non1inear 

parameter estimates are approxirnatlons (Wilkinson 1988), and because of 

the variance in my data set, l did not attempt to distinguish between the 

three types of functional response curves reported by Holling (1959). 

Many functional response relationships have been effective1y 

modelled using a negative exponential equation, Res 

(I\OlogFoOd» Ce. g. Ivlev 1961, Houde and Schekter 1980; SAS Institute 

1985b). I, therefore, fitted the negative exponentia1 model to the data 

in Figure 1 to compare its explanatory power with the rectilinear model. 

The negative exponential model (log Res"" 0 391 - 3. 529.e(-1 07701oSFoodl) 

explained slightly less variance (R2 = .54) than the rectilinear model 

(Figure l, R2 - .55). 

Given this finding, the rectilinear regression model is preferred 

because it (1) explicitly identifies the food density (and its ~onfidence 

limits) at which ingestion rates become satiated, (2) has fewer parameters 

than other models (Hol1 ing 1959; Ivlev 1961) across the range of food 

densities that larvae are likely ta encounter in nature (Figure 2B), (3) 

has power equal to more complex models in explaining the variance in 

ingestion rates detrended for the effects of larval size and experimental 

temperature; and (4) easily accomodates additional significant variables 

if required (e. g. laboratoryartifacts). 

l next developed a multivariate model (Model 4; Table 4) employing 

larval s ize, temperature and food densi ty as inputs; food density was 

again treated rectilinearly (Wilkinson 1988). The resulting model (Model 

4) is statistically equivdlent to combining Model 2 and Model 3. 
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Figure 2. A. Scatterplot of ingestion rate estimates for wi1d l~rvae, and 

for larvae reared in mesocosms after the effects of lan.'al size and 

experimental temperature have been removed using Model 2. The fitted line 

is that described by Model 3. B Frequency distribution of average 

microzooplankton densities sampled at 46 marine sites dround the world. 

The median and 90th percentile of these data occur at 31 and 148 J.lg/L, 

respectively. AlI samplers used in these studies were capable of retaining 

particles < 200 um. The geographical locations, their corre5ponding food 

densities and data sources are listed in Table 2. 
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Madel 4 indicated that the average-sized larva (132.4 pg; Table 5) 

in this data set became satiated at a food density of 185 pg/L (95 % 

confidence limits - 158 - 217 ~g/L; average tempe rature ~ 18 7~ C). This 

critica1 food density does not differ significantly from the output of 

Madel 3. The predicted maximum ingestion rate for d 132 4 Pg Luva at 

18.7 0 C at food densities equalling or exceeding the critical food density 

was 75.8 ~g/day (57.0 % of dry body weight/day; Table 4) 

Laboratory induced biases in ingestion rate estimates 

The only experimenta1 variables significant1y correlated with 

residual variation from Model 4 were prey type and prey size 

(respectively, R - -.22; P - .02; R = .22, P = 02; N = 109) Larvae fed 

wild zooplankton consumed less fnod than those fed Artemia or Brachionus, 

and 1arvae offered larger prey ingested more food than those fed smaller 

prey. 

Artemia naup1ii were among the heaviest food organisms offered in 

these studies (Table 1) These naup1ii are also slow, inefficient swimmers 

compared to copepod nauplii (Gau1d 1959). The influence of prey deT'sity 

on larval ingestion rates in these analyses are therefore consistent with 

the hypothesis that fish larvae are mast effective at capruring large, 

slow- swimming prey. However, prey preferences are known to vary widely 

among different species of larval fish and to depend on the behaviour of 

both 1arvae and prey, and on prey size and color (Checkley 1982; Peterson 

and Ausubel 1984). Generalizations are therefore difficult and dangerous. 

The strongest result of this analysis was the fact that the effects of 

prey type and prey size were very small relative ta the effects of size, 

temperature and food density. 
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Fish density and container volume did not systematically bias the 

estimates of ingestion rate (P - .86; N - 70 and P - .23; N - 88 

respectively). This observation is inconsistent with the resu1ts of 

enclosure and mesocosm experiments which have typically yielded growth 

rates that were higher than those reported from laboratory tanks (B1axter 

1988). The modest number and range of experimental conditions (Table 5) 

in my data set and the potential for confounding variables precluded the 

identification of such artifacts. For example, the positive correlation 

between larval and food densities (R2 - 0.53; P < 0.0001; N - 70) in the 

experiments l surveyed may have reduced the 1ike1ihood that unnatuta11y 

high laboratory fish densities would suppress individual feeding rates. 

Species-specific in~estion rates 

The cumulative influence of size, temperature and food density on 

feeding rates in this data set 1s large (Table 4), and the influence of 

experimental factors on standardized feeding rates in this data set was 

relatively sma1l. This suggests that the residual variation about Mode1 

4 could be related to interspecific differences. This variation can be 

partitioned on a species-specific basis as f0110ws: 

~ 
ls - 100 • antilog [ ~(logllo - logI 1p)/N 1 

kl 

where 15 - average relative ingestion rate for species s; 

lia - observed ingestion rate for each individua1 of species s; IiP -

predicted ingestion rate (Model 4) within species s for each combination 

of larval size, water temperature and food density; N - number of larvae 

whose ingestion rates were estimated for species s. 
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This partitioning allows a relative comparison of species-specific 

standardized ingestion rates. The resulting ranking suggest~ thdt the 

average ingestion rate for each of the Il speCles represC'lltèd in my data 

set lies within a factor of appraximately 2 of rates predicccd by Model 

4 (Table 6). This comparison must be considered approximate because 

rnethodological factors may covary with the species used in Illy analyses. 

The validity of general rp.gression models should always be checked 

against independent evidence beciluse the y incorporate a ntunber of 

assumptions and approximations. To achieve this independent test, the 

ingestion rates predicted by Model 4 were evaluated by comparison with 

other fish bioenergetic models. The fraction of ingested energy used for 

routine metabolism can be estimated by combining Model 4 with a genera1 

model of fish respiration at 20° C (Winberg 1956; Peters 1983). Larvae 

were assumed to be feeding at their maximum rates. After allowing for the 

influence of temperature on larval ingestion rates and converting to 

common units (ingestion rate. watts; larval siole: Jlg dry weight), the 

proportion of ingested energy used for routine metabolism by a 132.4 Jlg 

larval fish was found ta be 31 %. This value is not s 19nificant1y 

different from the average of those that have been experimentally 

determined (mean ± standard error 28 ± 4.1 %; Table 7). 

An estimate of gross growth efficiency (G/l) can be similar1y 

derived if one assumes that 

~*I - R + G 

where ~ - the physiologically useful fraction of ingested food (g - 0.8. 

see Winberg 1956; Paloheimo and Dickie 1966; ~ - 0.7: Ware 1975; Boehlert 

and Yoklavich 1984), l - ingested energy, R - energy respired for aIl 
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Table 6. Relative species-specific ingestion rates after removing the 

effects of larval size, experimental tempe rature and food density using 

Model4 (Table 4). Data sources for each species are 1isted 

alphabetically below table. 

Species Relative Ingestion Rate Reference 

Ammodytes americanus 0.45 7 

Pagrus major 0.70 6 

Blennius pavo 0.72 5 

Achirus lineatus 0.83 3 

Clupea harengus (Ba1tic) 0.85 5 

Anchos mi tchilli 0.87 3. 10 

Archosauus rhomboidalis 0.95 3, 8 

Leiostomus xanthurus 1. 22 2 

Scomber japonicus 1. 27 4 

Centropristis striata striata 1. 34 10 

Engraulis mordax 1.60 9 

Clupea harengus (Clyde) 1. 74 11 

Morone saxatilus 2.02 1 

Data sources: 1. Chesney 1989; 2. Govoni et al. 1982; 3. Houde & 

Schekter 1981; 4. Hunter & Kimbre11 1980; 5. K1umpp & von Westernhagen 

1986; 6. Kuronuma & Fukusho 1984; 7. Monte1eone & Peterson 1984; 8. 

Stepien 1976; 9. Theilacker 1987; 10. Tucker 1989; Il. Werner & B1axter 

1981. 

1 
~ 
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Table 7. Laboratory estimates of the percentages of ingested energy 

which are used for metabolism (R/I) and growth (Gjl) in larval marine 

fish. In all cases, ingestion rates were not food-limitod D3t3 sources 

are listed a1phabetically be10w table. 

Species RII 

Anchoa lineatus 18 

Anchoa mi tchilli 23 

Anchoa mitchilli 9 

Archosargus rho:;oidalis 22 

Archosargus rhomboidalis 

Slennius oavo 38 

Centropristus striata striata 30 

Clupea haren~us (Saltic) 55 

Clupea haren~us (Clyde) 

Clupea harengus (mixed) 

Engraulis mordax 

Merluccius productus 

Pleuronectes p1atessa 

Mean 

Standard error 

17 

28 

37 

28 

4.1 

GjI 

20 

10 

14 

38 

27 

60 

15 

23 

40 

62 

30 

42 

54 

33 

4.8 

Reference 

3 

8 

3 

3 

6 

5 

8 

5 

2 

4 

7 

l 

5 

Data sources: 1. Bai1ey 1982; 2. Checkley 1984; 3. Houde & Schekter 

1981, 1983; 4. Ki0rboe et al. 1987; 5 Klumpp & von Westernhagen 1986; 

6. Stepien 1976; 7. Theilacker 1987; 8. Tucker 1989. 
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metabolic demands (i. e. R - 0 3l*I), and G = energy retained as body 

tissue (i. e. growth rate). Using this model, the average-sized larva in 

this data set was estimated to have a gross growth efficiency of 39 - 49 

%. This estimate seems reasonable when compared wi th those measured 

experimentally among larvae which were not food-limited (mean ± standard 

error - 33 ± 4.8 %; Table 7). 

These comparisons lead to the conclusion that Model 4 can be used 

to develop a priori estimates of laboratory feeding rates for larvae of 

fish speci~s which cannot be (or have not been) raised in captivity. The 

model also facilitates post-hoc comparisons of feeding rates estimated 

with other methods. For example, BaBey (1982) used respirometry and 

growth experiments to estimate that first-feeding Pacific hake (Merluccius 

I2roductus) larvae require 26 J.'g of prey per day to meet metabolic and 

growth demands (T - 12° C; mean size of first-feeding larvae = 75.1 J.'g; 

Table 5, Bailey 1982). This estimate is identical to that predicted by 

Model 4 for larvae whose feeding rates are not food-limited. Average 

ingestion rates by other species, however, could deviate by approximately 

two-fold from predictions made by Model 4 (Table 6). 

Comparison of laboratory derived functional response with natural 

microzooplankton densities 

The frequency distribue ion of naturai zooplankton densities (Fig. 

2B) suggests that larvae equiva1ent in size to the average in my data set 

(132.4 J.'g) ~ill be unable to feed at maximal rates in nature (Fig. 2). 

This ass\unes, of course, that my derived ingestion rates can be 

extrapo1 ated to the wild. This comparison also suggests that Iarval 

ingestion rates are most sensitive to changes in food abundance across 
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the range of food densities that are most likely ta occur in nature (Fig. 

2A, B). Consequently physical processes (eg Lasker 1975) and/or 

behaviours (Hunter and Thomas 1974, Fortier and Legge tt 1982; Munk and 

Ki0rboe 1985) which affect local distributions of larvae and their prey 

can be expected ta have a dramatic effect on larval feeding rates in 

nature. 

Natura1 ingestion rate model 

The data set representing estimates of ingestion rates for wild 

larvae contained estimates for eight species. The ranges of temperature 

and food density reported in these studies were 4.5 - 30.7 0 C and 3.9 -

210 ~g/L respective1y. An empirical model of food ingestion rate baseu 

on larval size, in situ temperature and in situ food densities revealed 

that on1y size and tempe rature were significant predictors (Madel 5). 

Natural rates were independent of food density CP - 0.22) 

To faci1itate direct comparison between wild and laboratory 

ingestion rates, ingestion rates of wild larvae were standardized for 

different larval sizes and water temperatures using Model 2 which was 

derived from laboratory data (Table 4). Thus standardized, feeding rates 

estimated for wild larvae typically exceeded those estimated from 

laboratory data at equivalent food densities (Figure 2A). 

Synthesis 

As anticipated, larval size, tempe rature and food density were the 

dominant sources of variance in laboratory based estimates of ingestion 

rate. In the data set l developed, ingestion rates detrended for the 

effects of larval size and experimental temperature reached a maximum at 

food densities exceeding 185 ~g/L (95 % confidence limits - 158 - 217 
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p.g/L) Although methodological effects were relatively smaH for this data 

set, two caveats are necessary. First, container size effects are known 

to DCC ur if the range of container size is expanded. For example, mesocosm 

studies, while few in number to date, typically yield higher growth rates 

than those found using container sizes commonly used in laboratory studies 

(0iestad 1985; Blaxter 1988). Second, in the experimental studies l 

E'va1uated, investigators exhibited a tendency to compensate for higher 

larval densities by providing higher prey densities. This may have 

otherwise obscur, d an obvious effect of methodology. These potential 

biases require further study 

The laboratory based ingestion rate estimates l evaluated showed a 

sharp functional response in which satiation occurred only at prey 

densities near or ab ove the maximum densities typically found at sea. If 

these resu1ts are realistic representations of feeding rates in the sea, 

larval ingestion rates in the wild are likely to be significantly below 

the maximum levels possible in most areas where larvae are found in 

nature. 

However the independence of ingestion rates estimatpd for wild 

larvae and estimates of food density in the sea, coupled with the fact 

that these rates are uniformly near the maximum leve1s observed in 

laboratory studies, strongly suggests that laboratory functionai response 

modeis seriously misrepresent natural feeding rates. However 1 before 

accepting this conclusion several alternative explanations should be 

explored. 

( 
The low correspondence between ingestion rate estimates for wild 

... lurvae and local food densities could result either from overestimation 
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of ingestion rates for wild larvae, or, aiternatively, from 

underestimating the larval food resource The impact of th,~se ~epdrat€' 

blases on the relatlonshlp between laboratory and field based ~stimates 

of ingestion rates is ill~strated schematically ln Figure 3 

lt is important to recognize that the estimales of wild ingestion 

rate in Figure 2A represent rates for larvae that have been cJpturpd by 

plankton samplers, and that these rates could misrepresent the dverage 

ingestion rate for a given cohort, For example, if the l.nvae captured 

are the most effective individual foragers within a cohort, their 

ingestion rates, and leveis of activtty (Laurence 1972: Frank and Leggett 

1982b: Yin and Blaxter 1987), would probably be higher than the average 

rate for the entire cohort. Average ingestion rates could be cOllsiderab1y 

10wer than the maximum individual rate because of difference!> in capture 

success, attack success and swimming ability between individudls of equa1 

size (Vladimirov 1975; Houde and Schekter 1980, p, 331) It is pos~ib1e, 

therefore, that if the least active 1arvae had been removed from the water 

co1umn by predators (Bailey and Batty 1984) prior ta sarnpling, the 

resu1ting estimates of field ingestion rates cou1d overestimate the 

population average. 

Secondly, in my analyses l estimated 31 of 36 wild ingestion rates 

from reported in situ larval growth rates using a lJreviously published 

growth mode1 derived entirely from laboratory populations of larva1 fish 

(Checkley 1984). The extrapolation of this model to wild larvae by 

ourselves and others (e. g. Wa1line 1987) explicitly assumes that gross 

growth efficiencies of wild larvae are equivalent to those of 1aboratory 

populations. If gross growth efficiencies are higher in wild larvae, the 
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Figure 3. Schematic diagram offering two possible explanations for the 

observed high ingestion rates (larval size and tempe rature effects removed 

using Model 2) reported for wild larvae, relative ta those determined from 

1 abora tory s tudies at equi valent prey densi ties. A. Feeding rates 

overestimated for a given food density B Larvae encounter prey at higher 

rates th an census measures of food density would indicate In the latter 

case, observed ingestion rates would reflect the frequency of encounters 

between larvae and prey, but not the numerical densities of prey. 
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ingestion rates l estimated from field growth rates using the Checkley 

model (1984) would be overestimated. 

However, these two potential sources of positive bias could be 

partially offset by others which could lead ta underestimates of wild 

ingestion rates For example, prey activity stimulates feeding responses 

in many predators of larval fish (e g chaetognaths and sorne species of 

copepods, arnphipods and euphausiids; Bailey and Houde 1989). Because 

poorly-fed larvae are less active than well-fed larvae (Laurence 1972; 

Blaxter and Ehrlich 1974; Frank and Leggett 1982b), poorly- fed larvae will 

s~imulate relatively fewer of those predators who rely on prey rnovement 

to elicit feeding stjmuli. Lower activity 1eve1s in poor1y nourished 

larvae cou1d also reduce their encounter rate with slow-moving and ambush 

predators (p. 12. Bailey and Houde 1989). Consequent1y, under sorne 

circumstances, these interactions could allow weakened 1arvae to rernain 

in the water colurnn longer th an more active larvae. If this bias was 

common in the studies 1 surveyed, it could result in an underestimation 

of field ingestion and/or growth rates. 

Moreover, daytime p1ankton collections could overestimate the 

relative abundance of poorly-fed larvae because such 1arvae are probab1y 

less able to detect and avoid capture by plankton samplers (see B1axter 

and Ehrlich 1974). 

Capture by plankton gear causes sorne species of larvae to 

regurgitate or defecate the contents of their guts (e. g. Hay 1981). 

However thjs effect, and other potential sources of bias in determining 

ingestion rates from gut contents and clearance data (e. g. different 

digestibi lities of various prey types; Rosenthal and Hempel 1970). 15 
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likely to be small in this study because only 5 of the 36 field ingestion 

rates l report and used were based on the analysis of gut contents. 

The cumulative magnitude and direction of these potl'1\ti31 sources 

of bias is difficult to assess without a better knowledge of how different 

predators encounter and capture larvae that are feed ing and growing at 

different rates in situ Untll such information becomes avail~ble, lt is 

possible that the wild ingestlon rates in my data set are hidsed by these 

and possibly other considerations 

However, there is sufficient lnformation available regarding in situ 

zooplankton abundance estimates to question whether these estimates 

adequately reflect larval prey availabili ty. For example, es t imates of 

prey standing stock are known ta neglec t zooplankton produc t ion rates 

which typically range from 0 5 2 0 J.Lg/L/day in continental shelf 

ecosystems (Middlebrook and Roff 1986; McLaren et al 1989) Moreover, 

episodic production events can greatly increase rates of plankton 

production. These phenomena are common both in nearshore regions (Tant 

1981; Arcos and Wilson 1984; Atkinson et al. 1984; Takahashl et al. 1986; 

Lohrenz et al. 1988; Thresher et al. 1989) and in offshore> areas of 

continental shelves (Checkleyet al. 1988, Frank and Carscadden 1989). In 

addition, this new production is typically in the size range (e.g. Mullin 

et al. 1985; Checkley et al. 1988) required by ear1y stages of 1arvae 

(Hunter 1981; Frank and Leggett 1986). Despi te the probable importance of 

transient production events to larval feeding success, their influence is 

difficult ta quantify and forecast with conventional methods (Côté and 

Platt 1983; Thresher et al. 1989) 

Zooplankton is also known to be patchily distributed in the sea on 
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the spatial scale of 1arva1 feeding activity (metres ta 100' s of metres; 

see Jenkins 1988, Owen 1989). For example, the median prey density within 

a patch has been reported ta be twice the density that would be obtained 

with integrative sampling gear (Owen 1989). However, patch intensity 

(number of prey per patch) can range up ta ten fold higher than an 

integrated dens i ty es timate, particularly if wind speeds are favorable 

(Owen 1989). As a consequence, estimates of prey density based on 

integra t ive sampl ing techniques are 1 ikely ta be much lower than those 

actually experienced uy fish larvae (review by Leggett 1986; Jenkins 1988; 

Owen 1989). 

Census estimates of prey dens i ty a1so fail ta incorporate the 

positive effects of small-sca1e turbulence on plankton contact rates 

(Rothschild and Osborn 1988). Larvae of other aquatic taxa are known ta 

exploit micro-scale differences in' the physical environment ta improve 

feeding success (e.g. black f1ies Simulium vittatum; Morin and Peters 

1988; Ciborowski and Craig 1989). lt seems plausible, therefore, that 

1arval fish may also be capable of exploiting physical variability in 

their habitat for similar purposes. 

Finally, larval fish are known ta swim faster in nature than when 

confined in laboratory tanks (von Westernhagen and Rosenthal 1979). 

Greater routine swimming speeds by wi1d larvae relative to those reared 

in the 1aboratory would cause wild 1arvae ta search larger volumes, 

thereby increasing the potential for contacts between larvae and prey. 

For aU of these reasons, underestimation of the frequency of 

( 
contacts between larvae and prey in nature is likely to be a major factor 

influencing the discrepancy between laboratory and in situ ingestion rates 
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(Fig. 2). Similarly my comparisons suggest that failure to design 

laboratory experiments that account for processes that bene fit high rates 

of contac t be tween larvae and the i r prey Ce. g. lat'va l behav iours . 

patchiness, turbulence) are certain to resul t in low feeding rates 1 un1ess 

researchers provide unnaturally high prey densities ln an attempt to 

compensate for artificia1 rearing conditions Consequently those studies 

which are most effective at r~plicating the natural environment can be 

expected to produce growth ra tes approaching those observed in nature Ce. 

g. Ki0rboe and Munk 1986). 

My observation that fish larvae in the sea can feed at rates near 

satiation, and that these rates appear to be largely independent of food 

density, is consistent with the results of several recent studies. High 

resolution sampling has shown that rnortality rates can be independent of 

the food resource, in splte of large-scale variations in food abundance 

(Taggart and Leggett 1987), and confirms that prey den~i tie~ in sorne 

nursery areas, where such sampling techniques have been employed. are 

unlikely to limit feeding rates (Jenkins 1987, 1988, Fortier and Harris 

1989) . 

It must be acknow1edged, however, that the absence of a relationship 

between natural ingestion or growth rates and food density is not 

universal (e. g, Frank and Leggett 1982a, 1986; Buck1eyand Lough 1987; 

Ki0rboe et al. 1988). However typica1 in situ prey densities, when coupled 

with appropriate interactions between prey distributions, the physical 

environment (e.g. small-scale turbulence; Rothschild and Osborn 1988), and 

1arval feeding and diel migra tory behaviours (Hunter and Thomas 1974; 

Heath et al. 1988; Munk et al. 1989) appear to be sufficient to allow many 
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larval populations to feed at near-maximal rates in nature. In the absence 

of these (and possibly other) interactions, feeding rates at food 

densities less than :::: 185 Ilg/L will probably be sub-maximal and could 

approach those predicted by my laboratory based functional response model 

(Madel 4) . 

In particular, much of the potentinl variability in larval feeding 

rates that might be expected ta occur in the sea because of natural 

variation in food densities has probably already been dampened by spawning 

behaviour' the spawning activity of temperate and boreal species of fish 

is known ta be highly restricted in time and space (Sinclair 1988). It is 

likely that the historical average for the larval food resource at these 

times/places may be more suitable for larval feeding than at other times 

or places (see al 50 Ki0rboe and Johansen 1986). Interannual variations in 

hydrodynamic regimes, which are largely beyond the control of larvae and 

which influence recruitment (Cury and Roy 1989) and larval survival 

(Peterman and Bradford 1987) may, therefore, exert their influence through 

their effects on feeding success. These effects could simultaneously 

increase (or decrease) both the density of prey and the frequency of 

contacts between larval fish and their prey. 

l conclude that increased attention ta factors that influence the 

small-scale temporal and spatial dynamics of interactions between larval 

fish and their prey would contribute meaningfully ta the resolution of 

the oldest question in recruitment dynamics "Does food abundance and its 

availability to larvae regulate yearclass strength in fishes?". 



65 

Literature Cited 

Àksnes, D. L., Magnesen, T. (1988). A population dynamics approdch to the 

estimation of production of four calanoid copepods in Lindâspollene, 

western Norway. Mar. Ecol Prog. Ser. 45: 57-68 

Aksnes,D L., Aure, J. Kaartvedt, S., Magnesen, T, Richard, J. (1989). 

Significance of advection for the carrying capacities of fjord 

populations. Mar. Ecol. Prog Ser. 50: 263-274 

Anderson. J. T. (1988). A review of size dependent survival during pre­

recruit stages of fishes in relation to recruitment. J. Northw. Atl. Fish. 

Sei. 8: 55-66 

Arcos, D. F., Wilson, R. E. (1984). Upwelling and the distribution of 

chlorophyll ~ within the Bay of Concepci6n, Chile. Estuar., Coast. and 

Shelf Sei. 18: 25-35 

Atk.inson,1. P., D'Malley, P. G., Yoder, J. A., Paffenhofer, G. A. (1984). 

The effect of summertime shelf break upwelling on nutrient flux in 

southeastern United States continental she1f waters. J. Mar. Res. 42: 969-

993 

Bailey, K. M. (1982). The early life history of the Pacific hake 

Merluccius productus. Fish. Bull. 80: 589-598 



--------- -------------

Bailey, K. M., Batty, R. S. (1984). Laboratory study of predation by 

Aurelia aurita on 1arvae of cod, flounder, plaice and herring: deve10pment 

and vulnerabi1ity to capture. Mar. Biol. 83: 287-291 

Bailey, K. M., Stehr, C. L. (1986). Laboratory studies on the early life 

historyof the walleye pollock, Theragra chalcogramma (Pallas). J. Exp. 

Mar. Biol. Ecol. 99: 233 - 246 

Bailey, K. M., Houde, E D. (1989). Predation on eggs and larvae of marine 

fishes and the recruitment problem. Adv. Mar. Biol. 25: 1-83 

BAmstedt, U. (1986). Chemical composition and energy content. In: Corner, 

E. D. S., O'Hara, S. C. M. (eds.) The biological chemistry of marine 

copepods. Oxford University Press, U. K. p. 1-58 

Barahona-Fernandes, M. H., Conan, G. (1981). Daily food intake of reared 

larvae of the European seabass (Dicentrarchus 1abrax L.). Statistical 

ana1ysis and mode11ing. Rapp. P-v. Réun. Cons. Int. Exp1or. Mer 178: 41-

44 

Beers, J. R., Stewart, G. L. (1967). Miero-zoop1ankton in the euphotie 

zone at five locations across the California Current. J. Fish. Res. Board. 

Cano 24: 2053-2068 

Beers, J. R., Stewart, G. L. (1969). Microzoop1ankton and its abundanee 



67 

relative to the 1arger zoop1ankton and other ses ton components. Mar. Biol. 

4: 182-189 

Benijts, F., van Voorden, E., Sorge1oos, P. (1975). Changes in the 

biochemica1 composition of the ear1y 1arval stages of the brine shrimp, 

Artemia salina L. In' Persoone, G., Jaspers, E (ed.) lOth European 

Sympos i um on Marine Bio10gy, Vol. 1 Maricul ture. Uni versa Press, \.]e tteren, 

Be1gium, p. 1 - 9 

Blackburn, M., Nellen, W. (1976) Distribution and ecology of pelagic 

fishes studied from eggs and 1arvae in an upwe11ing area off Spanish 

Sahara. Fish. Bull. 74: 885-896 

B1axter, J. H. S. (1988). Pattern and variety in deve10pment. In: Haar, 

W. S., Randall, D. J. (eds ) Fish physiology vol. XI The physio1ogy of 

deve10p ing fish Part A: Eggs and Larvae. Academie Press, Ine. New York, 

p. 1-58 

B1axter, J. H. S., Ehrlich, K. F. (1974) Changes in behaviour during 

starvation of herring and plaiee 1arvae. In: B1axter, J. H. S. (ed.) The 

Ear1y Life His tory of Fish. Springe r -Ver1ag Berlin. 

Boeh1ert, G. W. 1 Yoklavich, M. M. (1984). Carbon assimilation as a 

funetion of ingestion rate in Pacifie herring, Clupea harengus pallas i 

Valenciennes. J. Exp. Mar. Biol. Ecol. 79: 251-262 



( 68 

Buckley, L. J.. Lough, R. G. (1987). Recent growth, biochemieal 

composition, and prey field of larval haddock (Melanograrnrnus aeglefinus) 

and Atlantic cod (Cadus morhua) on Georges Bank. Cano J. Fish. Aquat. Sei. 

1~4: 14 - 25 

Burkhill, P. H., Kendall, T. F. (1982). Production of the copepod 

Eurytemora affinis in the Bristol Channel. Mar. Ecol. Prog. Ser. 7: 21-

31 

Checkley Jr., D. M. (1982). Selective feeding by Atlantic herring (Clupea 

harengus) by larvae on zooplankton in natural assemblages. Mar. Ecol. 

Prog. Ser. 9: 245-253 

Checkley Jr., D. M. (1984). Relation of growth ta ingestion for larvae of 

Atlantic herring Clupea harengus and other fish. Mar. Ecol. Prog. Ser. 18: 

215 -224 

Checkley Jr., D. M., Raman, S., Maillet, G. L., Masan, K. M. (1988). 

Winter storm affects on the spawning and larval drift of a pelagie fish. 

Nature 335: 346-348 

Chesney Jr., E. J. (1989). Estimating the food requirernents of striped 

bass larvae Morone "laxatilus: effects of light, turbidity, and turbulence. 

Mar. Ecol. Prog. Ser. 53. 191-200 

Cirobowski, J. J. H., Craig, D. A. (1989). Factors influencing dispersion 



69 

of larval black flies (Diptera: Simuliidae): effects of current velocity 

and food concentration. Cano J. Fish. Aquat. Sei. 46: 1329-1341 

Côté, B., Platt, T. (1983). Day-to-day variations in the spring-summer 

photosynthetic parameters of coastal marine phytoplankton. Limnol. 

Oceanogr. 28: 320-344 

Cury, P., Roy, C. (1969). Optimal environmenta1 window and pelagie fish 

recruitment success in upwelling areas. Cano J. Fish. AqUilt. Sei. 46: 670-

680 

Dagg, M. J., Clarke, M. E , Nishiyama, T., Smith, S. L. (1984) Production 

and standing stock of copepod nauplii, food items for larvae of the 

walleye pollock Theragra ehalcogramma in the southeastern Bering Sea. Mar. 

Ecol. Prog. Ser. 19: 7-16 

Davis, C. S. (1984). Food concentrations on Georges Bank: non-limiting 

effect on development and survival of laboratory reared Pseudoca1anus sp. 

and Paracalanus parvus (Copepoda, Calanoida). Mar. Biol. 82. 41-46 

Deevey, G. B. (1952). Quantity and composition of the zooplankton of Block 

Island Sound, 1949. Bull. Bingham Oceanogr. Coll. 13: 120-16l~ 

De Lafontaine, Y., Leggett, W. C. (1987). Effect of container size on 

estimates of mortality and predation rates in experiments with 

macrozoop1ankton and 1arval fish. Cano J. Fish. Aquat. Sei. 44: 1534-1543 



70 

DeLafontaine, Y., Leggett, W. C. (1989). Changes in size and weight of 

hydromedusae during forma1in preservation. Bull. Mar. Sei. t~4: 1129-1137 

Ourbin, A. G., Ourbin, E. G. (1981). Standing stock and estimated 

produc tion rates of phytop1ankton and zooplankton ln Narragansett Bay, 

Rhode Island. Estuaries 4: 24-41 

Ellertsen, B., Fossum, P., S01emda1, P., Sundby, S., Tilseth, S. (1984). 

A case study on the distribution of cod 1arvae and availability of prey 

organisms in relation to physical processes in Lofoten Flodevigen 

rapportser. 1: 453-477 In. Oahl, E., Danielssen, D. S , Moksness, E., 

Solerndal, P. (eds.) The propagation of cod Cadus morhua L. Arendal, 

Norway. 

Evans, F. (1977). Seasonal density and production estimates of the 

commoner planktonic copepods of Northumberland coastal waters. Est. 

Coasta1. Mar. Sei. 5: 223-241 

Fortier, L. 1 Leggett 1 W. C. (1982). Fickian transport and the dispersal 

of fish larvae in estuaries. Cano J. Fish. Aquat. Sei. 39: 1150-1163 

Fortier, L" Harris, R. P. (1989). Optimal foraging and density-dependent 

competition in marine fish 1arvae. Mar. Ecol. Prog. Ser. 51: 19-33 

Foster, B. A" Battaerd, W. R. (1985). Distribution of zooplankton in a 



( 

(.-

71 

coasta1 upwe11ing in New Zealand. N. Z. J. Mar. Freshwat. Res. 19: 213-

226 

Frank, K. T. (1988). Independent distributions of fish 1arvae and their 

prey: natura1 paradox or samp1ing artifact. Cano J. Fish. Aquat. Sei. 45: 

48-59 

Frank, K. T .• Leggett, W. C. (1982a). Coastal water rnass replacement: its 

effect on zooplankton dynamics and the predator-prey comp1ex associated 

with larva1 capelin (Mallotus villosus). Cano J. Fi sh. Aquat. Sei. 39: 

991-1003 

Frank. K. T .• Leggett, W. C. (1982b). Environrnental regulation of growth 

rate, efficiency, and swimming performance in 1arva1 cape1in (Mal1otus 

capelin), and its application to the matchjmismatch hypothesis. Cano J. 

Fish. Aquat. Sci. 39: 691-699 

Frank, K. T., Leggett, W. C. (1986). Effect of prey abundance and size on 

the growth and survival of 1arva1 fish: an experimenta1 study employing 

large volume enclosures. Mar. Ecol. Prog. Se-. 34: 11-22 

Frank, K. T., Carscadùen, J. E. (1989). Factors affecting recruitment 

variability of capelin (Mal1otus vi11osus) in the Northwest Atlantic. J. 

du Conseil 45: 146-164 

Fransz, H. G., Miguel, J. C., Gonzalez, S. R. (1984). Mesozooplankton 



72 

composition. biomass and vertical distribution, and copepod production in 

the stratified central North Sea. Neth. J. Sea Res. 18: 82-96 

GambIe, J. C., Houde, E D. (1984). Growth, mortality, and feedingof C'od 

(Gadus morhua L.) larvae in enclosed water columns and in laboratory 

tanks. Flodevigen Rapportser. 1. 123-143 In' Dahl, E., Danielssen, D. S., 

E. M0ksness, E., and Solemdal, P (eds.) The propagation of cod Cadus 

morhua L. Arendal, Norway 

Gamb1e, J. C., MacLachlan, P., Seaton, D. D (1985). Comparative growth 

and development of autumn and spring spawned Atlantic herring larvae in 

large enclosed ecosystems. Mar. Ecol. Prog. Sel". 26: 19-33 

Garrett, C. J. R., Loucks, R. H. (1976). Upwelling along the Yarmouth 

shore of Nova Scotia. J. Fish. Res. Board Cano 33: 116-117 

Gau1d, D. T. (1959). Swimming and feeding in crustacean 1arvae: the 

nauplius larva. Proc. Zo01. Soc Lond. 132' 31-50 

Giguère, L. A., Coté, B., St-Pierre, J.-F. (1988). Metabolic rates scale 

isometrica11y in 1arval fishes. Mar. Ecol. Prog. Sel". 50: 13-19 

Giguère, L. A., St. Pierre, J.-F., Bernier, B., Vézina, A., Rondeau, J.-

G. (1989). Can we estimate the true weight of zooplankton samples after 

chemica1 preservation? Cano J. Fish. Aquat. Sei. 46: 522-527 



{ 

( 

73 

Govoni, J. J., Peters, D. S., Merriner, J. V. (1982). Carbon assimilation 

during larval development of the marine teleost Leiostomus xanthurus 

Lacepede. J. Exp. Mar. Biol. Ecol. 64: 287-299 

Hargrave, B. T., Harding, G. C., Drinkwater, K. F., Lambert, T. C., 

Harrison, W. G. (1985). Dynamics of the pelagie food web in St. Georges 

Bay, southern Gulf of St. Lawrence. Mar. Ecol. Prog. Ser. 20: 221-240 

Hay, D. E. (1981). Effeets of capture and fixation on gut contents and 

body size of Pacific herring larvae. Rapp. P.-v. Rèun. Cons. Int. Exp1or. 

Mer 178: 395-400 

Hay, D. E. (1984). Weight loss and change of condition factor during 

fixation of Pacifie herring, Clupea harengus pallasi, eggs and larvae. J. 

Fish. Biol. 25: 421-433 

Heath, M R., Henderson, E. W., Baird, D. L. (1988). Vertical dis tribut ion 

of herring larvae in relation to physical mixing and illumination. Mar. 

Ecol. Prog. Ser. 47: 211-228 

Heinle, D. R. (1966). Production of a calanoid eopepod, Acartia tons a in 

the Patuxent River estuary. Chesapeake Sei. 7: 59·· 74 

Heinle, D. R., Flemer, D. A. (1975). Carbon requirements of a population 

of the estuarine copepod Eurvtemora affinis. Mar. Biol. 31: 235-247 



-
'.f>. 

74 

Holligan, P. M., Harris, R. P., Newell, R. C., Harbour, D. S., Head, R. 

N., Linley, E. A. S., Lucas, M 1. Tranter, p, R. G, \Jeekley, C. M. 

(1984). Vertical distribution and partitioning of organic carbon in mixed, 

frontal and stratified waters of the English Channel. Mar. Ecol. Prog. 

Ser. 14: 111-127 

Holling, C. S. (1959). The components of predation as revea1ed by a study 

of small maml. .. ' predation of the European Pine Sawfly. Can. Entom. 91: 

293-320 

Hopkins, T. L. (1977). Zoop1ankton distribution in surface waters of Tampa 

Bay, F1orida. Bull. Mar. Sei. 27: 467-478 

Houde, E. D. (1977) Effects of stocking density and food density on 

survival, growth, and yield of laboratory-reared larvae of red sea bream, 

Archosargus rhomboidalis (L.) (Sparidae). J. Fish Biol. 7: 115-127 

Houde, E. D. (1978). Critical food concentrations for larvae of three 

species of subtropical marine fishes. Bull. Mar Se 1. 28' 395 -411 

Houde, E. D. (1989). Comparative growth, mortality and energetics of 

marine fish larvae: temperature and implied latitudinal effects. Fish. 

Bull. 87: 471-496 

Houde, E. D., Schekter, R. C. (1980). Feeding by marine fish 1arvae: 

deve10pmental and funetiona1 responses. Env. Biol. Fishes 5: 315-334 



( 

75 

Houde, E. D., Schekter, R. C. (1981). Growth rates, rations, and cohort 

consumpt ion of marine fish 1arvae in relation to prey concentrations. 

Rapp. pey. Réun. Cons. Int. Explor. 11er 178: 441-453 

Houde, E. D., Schekter, R. C. (1983). Oxygen uptake and comparative 

energetics among eggs and 1arvae of three subtropical marine fishes. Mar. 

Biol. -'.: 283-293 

Hunter, J. R. (1981). Feeding eco1ogy and predation of marine 1arvae. In 

Lasker, R. (ed.) Marine fish 1arvae: morpho1ogy, eco1ogyand relation to 

fisheries. Washington Sea Grant. p. 34 - 7 7 

Hunter, J. R., Thomas, G. L. (1974). Effect of prey distribution and 

density on the searchin and feeding behaviour of 1arva1 anchovy Engraulis 

mordax. In: Blaxter, J. H. S. (ed.) The early life history of fish. 

Springer-Ver1ag Berlin, p. 559-574 

Hunter, J. R., Kimbrell, C. A. (1980). Ear1y life history of Pacific 

mackere1, Scomber japonicus. Fish. Bull. 78: 89-101 

lvlev, V. S. (1961). Experimental ecology of the feeding of fishes. Yale 

University Press, New Haven. 

James, M. R., Wilkinson, V. H. (1988). Biomass, carbon ingestion, and 

ammonia excretion by zooplankton associated with an upwelling plume in 



'1" .. 

76 

western Cook Strait, ~ew Zealand. N. Z. J. ~Iar. Fresh\ .. at. RE's. 22: 249-

257 

James, A. G., Find1ay, K. P. (989). Effect of particle size and 

concentrations on feeding behaviour, se lectivi ty and rates of food 

ingestion by the Cape anchovy Engraulis capensis. Mar Ecol. Prog. Ser. 

30: 275-294 

Jenkins, G. P. (1987). Comparative diets. prey selection, and predatory 

impact of co-occurring larvae of two flounder species. J. Exp. Mar. Biol. 

Ecol. 110: 147-170 

Jenkins, G. P. (1988). Micro- and fine-scale distribution of microplankton 

in the feeding environment of larval flounder. Mar. Eco 1. Prog. Sel'. 43' 

233- 244 

Kahru, M., E1ken, J., Kotta, L, Simm, M., Vilbaste, K. (1984). Plankton 

distributions and processes across a front in the open Baltic Sea. Mar. 

Ecol. Prog. Ser. 20: 101-111 

Ki0rboe, T., Johansen, K. (1986). Studies of a 1arval herring (Clupea 

harengus L.) patch in the Buchan area. IV. Zoop1ankton distribution and 

productivity in relation to hydrographie features. Dana 6: 37 - 51 

Ki0rboe, T., Munk, P. (1986). Feeding and growth of 1arval herring, Clupea 

harengus, in relation to density of copepod nauplii. Environ. Bio. Fish. 



( 

{ 

77 

17: 133-139 

Ki0rboe, T , Munk, P., Richarson, K. (1987). Respiration and growth of 

larval herring C1upea haren&us: relation between specific dynamic action 

and growth efficiency. Mar. Ecol. Prog. Ser. 40. 1-10 

Ki0rboe, T., Munk, P., Richardson, K., Christensen, V., Paulsen, H. 

(1988). P1ankton dynamics and 1arval herring growth, drift and survival 

in a frontal area. Mar Ecol. Prog. Ser. 44: 205-219 

K1umpp, D. W., vonWesternhagen, H. (1986). Nitrogenbalance in marine 

fish 1arvae: influence of deve10pmental stage and prey density. Mar. Biol. 

93: 189 199 

Kuronuma, K., Fukusho, K. (1984). Rearing of marine fish larvae in Japan. 

International Development Research Centre, Ottawa, Ontario, Canada. IDRC­

TS47e. 109 p. 

Lasker, R. (1975). Field criteria for the survival of anchovy larvae: the 

relation between inshore chlorophyll maximum layers and successfu1 first 

feeding Fish. Bull. 73: 453-462 

Laurence, G. C. (1972). Comparative swimming abilities of fed and starved 

larval 1argemouth bass (Micropterus salmoides). J. Fish. Biol. 4: 73-78 

Leak, J. C., Houde, E. D. (1987). Cohort growth and survival of bay 



78 

anchovy Anchoa mitchilli in Biscayne Bay, Florida Mar Ecol Prog Ser. 

37: 109-122 

LeBorgne, R., Blanchot, J., Charpy, L. (1989). Zooplankton of Tikehau 

atoll (Tuamotu archipelago) and its relationship to particulate matter. 

Mar. Biol. 102: 341- 353 

Leggett, W. C. (1986). The dependence of fish larval survival on food and 

predator densities. In' Skreslet, S. (ed.) NATO ASI Series Vol C7: The 

role of freshwater outflow in coastal marine ecosystems. Springer-Verlag. 

p. 117-137 

Lohrenz, S. E., Arnone, R. A., Wiesenburg, D. A., DePalma, 1. P. (1988). 

Satellite detection of transient enhanced pnmary production in the 

western Mediterranean Sea. Nature 335: 245-247 

Lonsda1e, D. J., Coull, B. C. (1977). Composition and seasonality of 

zoop1ankton of North In1et, South Carolina. Chesapeake Sei. 18: 272-283 

MacCauley, E. (1984). The estimation of the abundance and biomass of 

zoop1ankton in samples. In' Downing, J A., Rigler, F H (eds) A manual 

on methods for the assessment of secondary productivity in fresh waters, 

2nd edn Blackwel1 Scientific Publications. p. 228-265 

MacKenzie, A. L., Gillespie, P. A. (1986). Plankton ecology and 

productivity, nutrient chemistry. and hydrography of Tasman Bay, New 



~ ~I"w~ , ~~jP~~ .... _ .. ~~_~-;-~_, _~~ _______________ _ 

{ 

{ 

79 

Zea1and, 1982-1984. N. Z. J. Mar. Freshwat. Res. 20: 365-395 

Martens, P. (1980). Contributions to the mesozooplankton of the northern 

Wadden Sen of Sy1t. He1golander wiss. Meeres. 34: 4l-5J 

McGurk, H. D (1986). Natural mortality of marine pelagie fish eggs and 

larvae: role of spatial patchiness. Mar. Ecol. Prog. Ser. 34: 227-242 

McLaren, l A. (1963). Effects of temperature on growth of zooplankton 

and the adaptive value of vertical migration . .J. Fish. Res. Board Cano 

20' 685-727 

McLaren, 1. A., Tremblay, M. J., Corkett, C. J., Roff, J. C. (1989). 

Copepod production on the Scotian Shelf based on life-history analyses 

and laboratory rearings Cano J. Fish. Aquat Sei. 46: 560-583 

Middlebrook, K., Roff, J. C. (1986). Comparison of methods for estimating 

annual productivity of the copepods Acartia hudsonica and Eurytemora 

herdmani in Passamaquoddy Bay, New Brunswick. Cano J. Fish. Aquat. Sei. 

43: 656-664 

Miller, T. J., Crowder, L. B., Rice, J. A., Harsehall, E. A. (1988). 

Larval size and reeruitment mechanisms in fishes: toward a eoneeptual 

framework. Cano J. Fish. Aquat. Sei. 45: 1657-1670 

M"ksness, E. (1982). Food uptake, growth and survival of capelin larvae 



80 

(Mallotus villosus Muller) in an outdoor constructed b.15in Fbk Dir 

Skr. HavUnders., 17: 267-285 

Honteleone, D. M., Pete.rson, W. T. (1986). Feedlng (>cology ot American 

sand lance Ammodvtes ameriC,1nus larvae from Long Island Sound Nar Ecol. 

prog. Ser. 30: 133-143 

Morin, A , Peters, R. H. (1988). Effect of microhabitat features, seston 

quality, and periphyton on abundance of overwintering black fly 1arvae in 

southern Québec. Limnoi. Oceanogr. 33: 431-446 

Mullin, M. M., Brooks, E. R., Reid, F. M. H , Napp, J. & Slewdrt, E. F. 

(1985). Vertical structure of nearshore p1ankton off southerll Ca1iforni8: 

a storm and a 1arva1 fish food web Fish. Bull 83' 151-170 

Munk, P., Kiorboe, T. (1985). Feeding behaviour and swimming activity of 

1arval herring (Clupea harengus) in relation to density of copepod 

nauplii Mar. Ecol. Prog. Ser. 24: 15-21 

Munk, P., Christensen, V., Pauisen, H. (1986) Studies of 11 1arval herring 

(Clupea harengus L.) patch in the Buchan area. II. Growth, mortality and 

drift of larvae. Dana 6: 11-24 

Munk, P., Kiorboe, T., Christensen, V. (1989). Vertical migrations of 

herring (Clupea harengus) 1arvae in relation to light and prey 

distributions. Environ. Biol. Fishes 26: 87-96 



t 81 

0iestad, V. (1985). Predation on fish 1arvae as a regu1atory force, 

illustrated in mesocosm studies with large groups of 1arvae. NAFO Sei. 

Coun. Stud. 8: 25-32 

Oppenheimer, C. H., Moreira, G. S. (1980). Carbon, nitrogen and phosphorus 

content in the deve10pmental stages of the brine shrimp Artemia. In: 

Persoone, G., Sorge1oos, P., Roels, O., Jaspers, E. (eds.) The brine 

shrimp Artemia vol. 2' physiology, biochemistry, mo1ecular biology. 

Universa Press, Wettern, Be1gium. p 609-612 

Owen, R \,] (1989). Microscale and finescale variations of small plankton 

in coastal and pelagie environments J. Mar. Res. 47: 197-240 

Paffenhofer, G. A. (1980). Zooplankton distributions as re1ated to summer 

hydrographie conditions in Onslow Bay, North Carolina. Bull. Mar. Sei. 30: 

819-832 

Paloheimo, J. E., Dickie, L. M. (1966). Food and growth of fishe5 II. 

Effects of food and temperature on the relation between metabolism and 

body size. J. Fish. Res. Board Cano 23: 869-908 

Paranjape, M. A. (1988). Microzoop1ankton in Lancaster Sound (eastern 

Canadian Arctic) in summer: biomass and distribution. Deep Sea Res. 35: 

1547-1563 



82 

Paranjape, MA., Conover, R. J., Harding, G. C., Prollse, N J. (1985). 

Hicro- and macrozoop1ankton on che Nova Scotian Shelf in the prespring 

bloom period: a comparison of their potential resource llti1i~ation. Cano 

J. Fish. Aquat. Sei. 42: 1484-1492 

Peterrnan, R. M., Bradford, M J. (1987). Wind speed and 1Il0rtality rate of 

a marine fish, the northern anchovy (Engraulis mordax). Science 235: 354-

356 

Peters, R. H. (1983). The ecological implications of body SlZ~. Cambridge 

Universlty Press, New York 

Peters, R. H., Downing, J. A. (1984). Empirical ana1ysis of 

zooplankton filtering and feeding rates. Limnol. Oceanogr 29: 763-784 

Peterson, W. T., Miller, C. B., Hutchinson, A. (1979). Zonation and 

maintenance of copepod populations in the Oregon uplvelling zone Deep Sea 

Res. 26: 467-494 

Peterson, W. T., Ausubel, S. J. (1984). Diets and selective feeding by 

larvae of Atlantic mackere1 Scomber scombrus on zoop1ankton. Mar. Eco1. 

Prog. Ser. 17: 65-75 

Prosser, C. L. (1973). Comparative Animal Physiology. 3rd edn Saunders, 

Philadelphia 



( 

83 

Richardson, K., Heath, M. R., Pihl, N. J. (1986). Studies of a larval 

herring (Clupe& harengus L.) patch in the Buchan area. I. The distribution 

of larvae in relation to hydrographic features. Dana 6: 1-10 

Rombough, P. J. (1988). Respiratory gas exehange, aerobie metabolism, and 

effects of hypoxia during early life. In: Hoar, W. S., Randa11, D. J. 

(ed.) Fish physiology Vol. XI The physiology of developing fish Part A: 

Eggs and larvae. Academie Press, Inc., San Diego, p. 59-161 

Rosentha1, H., Hempel, G. (1970). Experimental studies in feeding and food 

requirements of herrlng larvae (Clupea harengus L.) In: Stee1e, J. H. 

(ed.) Marine food chains; Oliver and Boyd; Edinburgh. p. 344-364 

Rothschild, B. J., Osborn, T. R. (1988). Small-scale turbulence and 

plankton contact rates. J. Plank. Res. 10: 465-474 

SAS Institute Inc. (1985a). SAS/STAT Guide for Personal Computers, Version 

6 Edition. Cary, North Carolina. 378 p. 

SAS Institute Inc. (1985b). SAS User's Guide: Statistics, Version 5 

Edition. Cary, North Carolina. Procedure NLIN, p. 575-606 

Sinclair, M. (1988). Marine populations: an essay on population regulation 

and speciatlon. Washington Sea Grant program, University of Washington 

Press, Seattle, USA 



84 

Smetacek, V. (1981). The annua1 cycle of protozooplankton in the Kiel 

Bight. Mar. Biol. 63: 1-11 

Smith, S. L., Brink, K. H., Santander, H. Cowles, T. J. Huyer, A. (1981). 

The effect of advection on variations in zooplankton at a single location 

near Cabo Nazca, Peru. In: Richards, F. A. (ed.) Constal & Estuarine 

Sciences 1: Coastal Upwelling. American Geophysical Union, Washington, 

D.C. p. 400-410 

Stepien, W. P., Jr. (1976). Feeding of laboratory-reared larvae of the 

sea bream Archosargus rhomboidalis (Sparidae). Mar. Biol. 38. 1·16. 

Taggart, C. T., Leggett, W. C. (1987). Short-term mortality in post-

emergent larval capelin Mallotus villosus II. Importance of food and 

predator density, and density-independence. Mar. Ecol. Prog. Sel. 41: 219-

229 

Takahashi, M., Ishizaka, J., Ishimaru, T., Atkinson, L. P., Lee, T. N., 

Yamaguchi, Y., Fujita, Y., Ichimura, S. (1986). Temporal change in 

nutrient concentrations ana phytop1ankton biomass in short time scale 

local upwelling around the Izu Peninsu1a, Japan. J. Plankton. Res. 8: 

1039-1049 

Thayer, G. W., Hoss, D. E., Kjelson, M. A., Hettler Jr., W. F., Lacroix, 

M. W. (1974). Biomass of zoop1ankton in the Newport River Estuary and the 

influence of postlarval fishes. Chesapeake Sei. 15: 9-16 



-{ 

85 

Theilacker, G. (1987). Feeding ecology and growth energetics of 1arva1 

northern anchovy, Engraulis mordux. Fish. Bull. 85: 213-228 

Theilacker, G., Dorsey, K. (1980). Larva1 fish diversity, a summary of 

1aboratory and field research. In: Sharp, G. D. (ed.) Workshop on thl~ 

effeets of environmenta1 variation on the surviva1 of 1arva1 pelagie 

fishes. Intergovernmenta1 Oceanographie Commission Workshop Report No. 

28, UNESCO, FAO, Rome. p. 106-141 

Thei1acker, G. H., MeMaster, M. F. (1971). Mass culture of the rotifer 

Brachionus p1icati1us and its eva1uation as a food for 1arva1 anehovies. 

Mar. Biol. 10: 183-188 

Thresher, R. E., Harris, G. P., Gunn, S., C1ementsen, L. A. (1989). 

Phytoplankton production pulses and episodic sett1ement of a temperate 

marine fish. Nature 341: 641-643 

Ti1seth, S., E11ertsen, B. (1984). Food consumption rate and gut 

evacuAtion processes of first feeding cod larvae (Gadus morhua L.). 

Flodevigen rapportser. 1: 167-183 In: Dah1, E., Danie1ssen, D. S., 

Moksness, E., Solemdal, P. (eds.) The propagation of cod Gadus morhua L. 

Arendal, Norway 

Tont, S. A. (1981). Temporal variations in diatom abundance off Southern 

California in relation to surface temperature, air temperature and sea 



86 

level. J. Mar. Res. 39. 191-207 

Tucker Jr , J (1989). Energy utilization in bay anchovy Anchoa ntitchiUi 

and black sea bass Centropristis striata eggs and larvae. Fish. Bull. 87: 

279-295 

Vidal, J., Smi th, S. L. (1986). Biomass, growth and deve lopment of 

herbivorous zooplankton in the Southeast Bering S~~ during spring. Deep 

Sea Res. 33A: 523-556 

Vladimirov, V. 1. (1975). Critical periods in the development of fishes. 

J. Ichthyol. 15: 851-869 

von Westernhagen, H., Rosenthal, H. (1979). Laboratory and in-situ studies 

on larval development and swimming performance of Pacific herring Clup~ 

harengus pallasi Helgolander wiss. Meeresunters. 32: 539-549 

Vu, T. T. (1983). A histoenzymological study of protease aetivities in 

the digestive tract of larvae and adults of sea bass, Dieentrarehus labrax 

L. Aquaculture 32: 57-69 

Wa11ine, P. (1987). Grc~7th and ingestion rates of 1arval fish populations 

in the coastal waters of Israel. J. Plankton Res. 9: 91-102 

Ware, D. M. (1975). Growth, metabolism and optimal swimming speed of 

pelagie fish. J. Fish. Res. Board Cano 32: 33-41 



(~ 

87 

Werner, R. G., B1axter, J. H. S. (1981). The effect of prey density on 

mortali ty, growth, and food consumption in larval herring (Clupea harengus 

L.). Rapp. P.-v. Réun. Cons. lnt. Exp1or. Mer 178: 405-408 



88 

Chapter 2 

Wind-based Models for Estimating 

Turbulent Energy Dissipation Rates 

in Aquatic Environments, and Their Potential 

for Examining the Influence of Wind on Plankton Ecology 



( 

( 

89 

Introduction 

The rate of dissipation of turbulent kinetic energy in aquatic 

environments has recent1y been shown to have important effects on several 

aspects of p1ankton eco1ogy. Turbulence can enhance encounter rates 

between individua1s within plankton communities (Rothschild and Osborn 

1988; Sundby and Fossum 1990; Marrasé et al. 1990), increase deve10pment 

rates of some stages of herbivorous consumers (Saiz and A1caraz 1991), and 

disperse zooplankton and phytop1ankton populations (Haury et al. 1990). 

Turbulent dispersal of phytoplankton populations reduces the vertical 

differences in photoadaptive properties (e. g. maximum photosynthetic 

rate) of these populations (Lewis et al. 1984) and is part1y responsib1e 

for variability in phytoplankton cell size (Holligan and Harbour 1977; 

Marga1ef 1978) and growth rates (Lande et al. 1989). 

The turbulent contribution to these aspects of plankton ecology are 

derived from measures of E, the rate of dissipation of turbulent kinetic 

energy from large ta smal1 scales (Rothschild and Osborn 1988; Granata and 

Dickey 1990). This parame ter has been measured in a variety of aquatic 

environments (Rothschild and Osborn 1990), and it is known to f1uctuate 

with the rate at which kinetic energy is suppli,'d by winds (Oakey and 

E11iott 1982), tides (Veth 1990), or other phenomena (e. g. convection, 

Shay and Gregg 1986; fish swimming behaviour, Farmer et al. 1987). 

Within the surface layer of the ocean, several investigators have 

shown that dissipation rates increase when wind speeds are higher and that 

they decrease exponential1y with increasing depth (Gargett 1989). When 

considered together, these two patterns indicate that the upper layer of 

the sea, and of lakes, is an environment characterized by frequent changes 
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in the levels of small-scale t:urbulence associated with variable wind 

stress. 

This same environment 15 habitat for a large fraction of the 

plankton biomass of the global ocean (Riley 1970, Margalef 1978\, dnd 1s 

associated with sorne of the highest rates of primary (Riley 1970; 

Delafontaine and Peters 1986) and secondary (Riley 1970) plankton 

production in the sea. Inputs of wind energy to the water column will, 

therefore, generate variabili ty in rates of encounter (Rothsch lld and 

Osborn 1988) and growth (Lande et al. 1989; Saiz and Alcaraz 1991) among 

planktonic taxa livlng in the surface layers of the sea, and of lakes. 

This variability will occur temporally and in the horizontal and vertical 

dimensions of the spatial domain, independently of predator/prey 

population densities (Rothschild and Osborn 1988). 

The rate of dissipation of turbulent kinetic energy is an important 

input variable in equations describing the dynamics of water column mixing 

(Lueck and Reid 1984; Dewey and Moum 1990). Theoretical model!:. are 

available which describe how the rate of dissipation of kinetlc energy 

varies wi th wind stress (e. g. Lumley and Panofsky 1964; S irnpson and 

Bowers 1981). One of these models has been transferred from atrnospheric 

boundary layer theory (Lum1ey and Panofsky 1964; Dillon et al. 1981) in 

order to describe patterns in dissipation rates in aquatie systems (Dillon 

et al. 1981; Oakey 1985). 

However, to date, no statistical comparison of dissipation rates 

estimated by this model has been made with a large sample of in situ 

dissipation rate measurements obtained under diverse hydrographie 

conditions. Hence the re1iability, the potential biases and the 
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statistical confidence of predictions made by the atmospheric boundary 

layer model remain unknown. Moreover, it is unclear how much of the 

variation in mixed layer dissipation rates can be explained by wind speed 

or by vertical position within the water column, independently of other 

processes known to generate turbulence in the water column (e.g. 

convection, upwelling), nor is it clear how much additional turbulence 

these other processes could superimpose on the turbulence induced by wind 

stress. 

Given that the dissipation rate of turbulent kinetic energy is 

important to plankton ecology and to water column mixing, these models, 

if reliable in predicting in situ dissipation rates with depth from wind 

data, could help biological oceanographers, and limnologists, interpret 

plankton trophodynamics. distributions. and feeding adaptations when 

direct measures of dissipation rates are not availab1e (e. g. Sundby and 

Fossurn 1990; GLOBEC 1991). Such models, and the confidence limits 

associated with their predictions, would a1so be usefu1 for assessing how 

these aspects of plankton eco10gy might vary with spatial and temporal 

fluctuations in mixed layer dissipation rates (e. g. Ki0rboe et al.. 1990a; 

Shimeta and Jurnars 1991), inc1uding fluctuations caused by global climate 

change (Bakun 1990; see al 50 GLOBEC 1991). 

My objectives in this paper r~late ta these needs and were: (1) ta 

quantify empirica11y how dissipation rates within the surface layer of 

the sea vary with wind speed and depth; (2) ta quantify the fraction of 

the total variabi1ity in in situ dissipation rate measurements that can 

be explained by wind speed and samp1ing depth, and to compare levels of 

turbulence induced by wind and other processes; and (3) to assess how weil 
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the available theoretical models describe observed patterns in the 

turbulent dissipation of wind-induced kinetic energy. 

Methods 

1. Data collection 

(i) Dissipation rates of turbulent kinetic energy. € 

The analyses described be10w are designed to qUclntify general 

patterns in the variability of mixed layer turbulent dissipation rate (l) 

that can be exp1ained by easily measurab1e variables, such as wind speed 

and sample depth. To meet this objective, 1 developed a data set from 

literature values of E that were obtained under a wide range of 

oceanographie and meteorological conditions. 

In 9 studies surveyed (615 dissipation rate estimates), 

iovestigators provided the mixed layer depth in the text or tables of 

their report. In 3 other cases, mixed layer depths were e~tjmated from 

tempe rature or density profiles obtained concurrently with the reported 

vertical turbulence profiles (280 dissipation rate estimates). l excluded 

a11 studies for which the mixed layer depth was not reported or could not 

be reconstrueted for a turbulence profile. Dissipation rateb measured 

within and below the pycnocline were also excluded from the data set. 

These steps were taken because stratification inhibits the rate of 

dissipation of kinetic energy (Denwan and Gargett 1983, p 804; sec also 

Fig. 1 in Yamazaki 1990), and because dissipation rates withtn the mixed 

layer are more 1ikely to fo110w a lognormal distrtbution than are those 

from within the thermocline (Yamazaki and Lueck 1990). Observations of 

dissipation rate within the mixed layer are therefore more reliably 
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analysed with respect to wind energy inputs because these dissipation 

rates are less likely to be confounded by these 1 and possibly other, 

factors. 

ln cases where the mixed layer depth exceeded 150 m, data collection 

was restricted to depths shallower than 150 m. This range includes the 

photic zone in most are as of the sea (Jerlov 1968) and i5, therefore, the 

depth range within which m05t primary and secondary plankton production 

occurs and within which p1ankton biomass i5 most concentrated (Riley 1970; 

Margalef 1978; de Lafontaine and Peters 1986). Where estimates of 

dissipation rate and samp1e depth were reported in figures, l used an 

image analyser to digitize the data. Dissipation rates obtained in this 

manner are accurate, on average, to within 3.8 % of those reported in the 

original papers; the maximum measurement error, which was aS50ciated with 

12 % of aIl the observations in my data set was 9.3 %. The avûrage error 

introduced into my analyses by digitizing turbulence data reported in 

figures wa5 < 10 % of the errors associated with the original instruments 

used to measure dissipation rates (see Osborn 1978; Oakey and Elliott 

1982; Lange 1981). The average and maximum errors created by digitizing 

sample depths were 1.1 m and 2.4 m respectively. AlI dissipation rates and 

sample depths obtained from figures, or from tables, were converted to 

units of Watts-mo3 and m respectively. 

(i i) Wind speeds 

l used the reported average wind speed during the 24 hours prior to 

in situ measurement of turbulence as a surrogate measure of the kinetic 

energy transferred inta, and dissipated '\1ithin, the water colurnn. In one 

study (N - 6) where wind speed was reported only as a range (5 . 8 rn-s· 



1) for the entire sampling period (3 days; Lueck et al 
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1983), l chose the 

range midpoint as an estimate of the wind speed \"hich prevailed when 

dissipation rates were being measured AlI lUeaSUl"es of wind speed, 

including those based on the Beaufort wind scale (N - 176; Osborn 1978), 

were converted to mos-1 (Beer 1983). In cases where wind speedc; were 

digitized from figures, measurement error was = 2 % of the report~d value. 

The measures of wind energy inputs to the water columll uspd in the 

following analyses assume steady state wind fields over 24 hour lnterva1s 

and are, therefore, consistent with other simple descriptions of the 

influence of wind on mixed layer dissipation rates (Yamazaki and 

Kamykowski 1991). Nevertheless, employing this assumption excludes 

important aspects of the wind field (e. g. duration of wind speed in a 

particular direction, rate of change of wind speed or direction) which 

are very likely to have important influences on dissipation rates Wind 

conditions can be variable at periods up to and exceeding 24 hours (Lumley 

and Panofsky 1964; Dewey and Moum 1990), and dissipation rates cau respond 

to these high-frequency changes in wind speed « 3 h: Dillon and Caldwell 

1980; Dewey and Moum 1990; Haury et al. 1990). Sorne of the dissipation 

rate estimates in this data set do not, therefore, adequately reflect 

high- frequency fluctuations in wind conditions that may hdve occurred 

shortly before turbulence profiles were obtained. Any resulting mismatch 

of the time scales of the surrogate measure of wind energy input, and the 

response of the water column to these inputs, will cause the variance 

explained by the wind speed term in these analyses ta be reduced. As a 

direct consequence, the results reported in this chapter shou]d be viewed 

as minimum estimates of the variance in mixed layer dissipation roltes that 
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can be explained by local wind conditions. 

2 Comparing sources of variability in dissipation rates: 

Unear regression analyses (SAS 1985) were used to quant if y the 

fraction of the variability in vertical profiles of disr.ipation rate that 

could be explained indi vidually by wind speed and depth. Three data 

transformations were conducted prior to these analyses. First, l cubed 

wind speed measurements because the kinetic energy input of the wind to 

the water column is proportional to the cube of the wind speed (Gargett 

1989). Second, dissipation rates and (wind speed)3 were logarithmically 

transformed (base 10) because eviJence from site-specifie studiéS 

indicates that turbulence in the mixed layer increases exponentially with 

the cube of the wind speed (Oakey and Elliott 1982; Oakey 1985, Lueck 

1988). Third, sampling depths were logarithmieally transformed (base 10) 

beeause dissipation rates vary exponentially with depth (Gargett 1989). 

Regression models were first developed which used either wind speed 

or sampling depth as inputs. l used the R2 criterion as an approximate 

index of the relative importance of these predictors in explaining 

variability in the rate of dissipation of kinetic energy in nature. After 

quantifying the variance explained by each of thése variables, l developed 

a multiple regression model employing both sampling depth and wind speed 

as estimators of turbulent dissipation rates. 

Dissipation rates in coastal regions may be larger than those i 1 

oeeanic regions because of the contributions of tides (Simpson and Bowers 

1981; Lueck and Reid 1984), vertical current shear (Oakey and Elliott 

1982; Haury et al. 1990), fronts (Lueck 1988), bottom topography (Wolanksi 

and Hamner 1988) and coastal upwelling (Csanady 1989) to turbulent mixing. 
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In the studies that 1 surveyed, the importance of these effects could not 

be quantified individually because the relevant data were not routinely 

reported. As a first step towards a quantitative comparison of how large 

the aggregate influence of these factors might be relative to the 

influence of wind speed and depth, 1 used analysis of covariance (Draper 

and Smith 1966). Sampling sltes on continental shelves and in lakes, 

which, on average, are likely to exhibit higher dissipation rates after 

the influence of wind is removed, Viere therefore coded land thosE' located 

elsewhere were coded O. The effect of sampling site was found ta be highly 

significant with coastal and continental shelf sites having, as expected, 

higher overall dissipation rates. 1 therefore included this variable in 

a subsequent regression model (Model 3) having wind speed, s3mpling depth 

and sampling environment as inputs. In the balance of this paper when 

discussing this model, 1 equate ENV - 0 with environments in WhlCh sources 

of turbulence beyond that associated with wind are small. In contrast, ENV 

= 1 is equated to environments having multiple important sources of 

turbulence. 

To develop a more quantitative measure of the influence of sorne of 

these processes on turbulent dissipation rates, regression models were 

used to address how much additional turbulence convE'ction and an upwelling 

meander could produce, beyond the level of dissipation induced by wind. 

For analyses involving convection, 1 used convectively-driven turbulence 

data gathered by Shay and Gregg (1986) in warm core ring 82 - l ln the 

northwest Atlantic during January 1983. As stated by these authors (p. 

1783), sampling was conducted under conditions of large air-sea 

tempe rature contrast which would "maximize the chance of observing 
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convective1y driven turbulence". Hence the data obtained by Shay and Gregg 

(1986, Fig. 12 and 16) shou1d provide an estimate of the maximum effect 

that convection at temperate latitudes will have on oceanic mixed layer 

dissipation rates, independently of wind conditions. 

1 compared, therefore, the convective1y driven turbulence 

measurements with those expected to occur as a consequence of prevailing 

wind condi tions by p10tting the observed diss ipation rates relative to 

those predicted by my empirical dissipation rate models which used only 

wind speed and sample depth as inputs. The mean deviation between observed 

and predicted dissipation rates from such a scatterplot represents a 

measure of the increase in turbulence that can be attributed to 

convection. 

To assess the influence of an upwelling meander, and its frontal 

region, on mixed layer dissipation rates, 1 used data gathered by Dewey 

and Moum (1990, Fig. 7). These authors measured dissipation rates at five 

stations along a transect which passed through a meander of upwelled water 

adjacent to the northern coast of California. l compared dissipation rates 

measured at the frontal and core stations of this transect (i. e. regions 

il, iii, and iv in Fig. 7 of Dewey and Mouro 1990) with those predicted by 

empirical dissipation rate models. This was do ne to assess how much 

additional turbulence was associated with the currents and frontal mixing 

in this me,mder. The amount by which the meander dissipation rates 

exceeded those predicted by wind and depth was quantified in a manner 

similar to that described above for the convectively-driven dissipation 

rates measured by Shay and Gregg (1986). 

Neither the convective1y driven dissipation rates (Shay and Gregg 



,. '. 

-. 

98 

1986), nor the upwelling meander dissipation rates (Dewey and MOllln 1990, 

Fig. 7, regions ii, iH, iv), were used in the deve10pment of any of the 

empirica1 dissipation rate models presented here. Hence these two data 

sets are independent of those used in model development, and they were 

excluded from comparisons with theoretical dissipation rate models (see 

be1ow, sec tion 3). 

3. Other dissipation rate mode1s: 

(i) Theory 

Empirical analyses of the importance of wind and depth on the 

variability of f involve numerous a:;sumptions and simplifications which 

could contribute to substantial residual errors in, and misinterpretations 

of, the influence of these variables on dissipation rates. l, therefore, 

assessed whether previously published theoretically-based dissipation rate 

models were more effective in explaining the variance in reported in situ 

values of E. 

Dillon et al. (1981) and Oakey (1985) have demonstrated that the 

rate of dissipation of turbulent kinetic energy in an unstratified flow 

ls inversely proportional ta the distance from the surface: 

(equation 1) 

where W is wind speed (m- s-l) 

h is samp1e depth (m) 

P. is density of air (1. 2 kg.m-3 ; Loder and Greenberg 1986) 

Pw is density of sea water (1025 kg e m- 3 ; Lueck ) 988) 
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{, 

Co is coefficient of drag between the water surface and the 

wind (0.0015; Loder and Greenberg 1986), and 

0.4 is von Karmann's constant (Lumley and Panofsky 1964). 
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Eq l has been used to estimate turbulent dissipation within the 

atmospheric boundary layer (Lum1ey and Panofsky 1964, p. 120) and in the 

upper mixed lajer of the sea (von Karmann' s constant exc1uded; see 

Kullenberg 1977, p. 335). The dissipation rates predicted from this model 

can, therefore, be compared wi th those measured direct1y in the mixed 

layer. 

A second description of th(; rate of dissipation of wind energy in 

the surface mixed layer can be derived from the Simpson and Bowers (1981) 

energy balance model of water column structure. This model assumes that 

an amount of heat, Q, is introduced into a water column of total depth h 

with uniform initial density Pb (Simpson and Hunter 1974). When Q i5 

constant (as would be expected for geographic areas of limited extent, for 

short periods of time, and in the absence of convec tion) and when buoyancy 

sources from salini ty gradients are negligible, the overall potential 

energy balance in a water column relative ta the well-mixed condition can 

be quantified: 

(equation 2) 

where dV/dt - 0 is the net change in energy content over time, Q is the 

thermal expansion coefficient for sea water, g i5 gravitational 

acce1eration, c 1s the specific heat content of sea water, p and 6 are 
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rnixing efficiencies associated with tidal velocity (u) and wind speed (W), 

kb and ks are drag coefficients, and Pb and Ps are the denslties of sea 

water and air (Bowers and Simpson 1987). 

In are as where inputs of tida1ly-generated turbulent kitwtic energy 

(f3kbPbU3) are small, the tidai energy term in equation 2 will be negligible 

compared to the wind energy term. Eq 2 then becomes 

agQh/2c (equation 3) 

Eq 3 represents the energy balance between s tratifying (L. H. S ) and mixing 

(R.H.S.) processes within a water column. If the amount of turbulent 

kinetic energy supp1ied by the wind exceeds agQh/2c, then the water column 

will be comp1etely mixed, and turbulent kinetic energy will be disbipated 

at a rate ~ 5ks PsW
3/h (assuming that the production and dissipation of 

turbulent kinetic energy are in equilibrium at local scales; Tennekes and 

Lumley 1972; Denman and Gargett 1983). 

However, on other occasions or in other areas, the kinetic energy 

input from the wind may be insufficient to overcome the stratitication 

induced by Q. In these cases, a steady state wind energy input will create 

a surface mixed layer which will on1y ex tend to a depth hm, where hm < h, 

If cS' - 0.023 (Bowers and Simpson 1987), ks - 6.4 * 10- 5 (Bowers and 

Simpson 1987) and Ps - l.2 kg o m- 3 (Loder and Greenberg 1986), then l can 

compare dissipation rates estimated from 

€ (watts o m- 3 ) - QgQ/2c - 6ks~'I'Ps*W3 /11ro 

= 1. 77*10-6*W3/hm (equation 4) 
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with those directly measured at different depths within the mixed layer 

The atmospheric boundary layer model (Eq 1) and the energy balance 

model (Eq 4) are both capable of estimating € within the mixed layer from 

measures of wind speed and water depth. After substituting typicai values 

for the constants, their predictions will differ by a factor of 5.82/1.77 

"" 3.3, with the atmospheric boundary layer model (Eq 1) yielding the 

higher estimates. 

(ii) Using atmospheric and energy balance modeis to estimate field 

measurements of € 

The effectiveness with which Eq 1 and Eq 4 describe patterns in E 

was estimated by regressing the reported in situ dissipation rate 

measurements against predictions of E derived from these equations. The 

proportion of variance in the observed turbulence measurements explained 

by each model, R2, was used as one criterion of model accuracy. 

In addition, l assessed the slope and intercept of these regression 

lines as further measures of the potential biases associated with 

estimates of small-scale turbulence, E, derived from each model. By these 

measures, the model is considered ta produce unbiased estimates of 

turbulence if the slope and intercept do not differ significantly from l 

and 0 respectively. 
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Resu1ts 

The data set l assembled from the li terature (Appendi x 3) ls 

summarized in Tables 1 and 2. These data were reported in 12 pnpers and 

were gathered at 11 sampling sites, ten of which were marine (N ,. 889 

dissipation rate estimates), and one (N - 6 dissipation rate estimates) 

was a freshwater reservoir. Seven sampling sites (N = 715 estimates) were 

located beyond the limits of a continental shelf (ENV - 0). and 4 (N -

180) were from sites located in coastal regions or in a reservoir (ENV 

1). Most (75 %) of the observations used in analyses were recorded within 

~I the upper 57 m of the water column, and the remainder were recorded at 

depths between 57 and 150 m. 

Quantifying sources of variance in observed dissipation rates: 

Wind speed and sampling depth explained nearly equal portions of 

the variation in these dissipation rates. A linear regression model having 

wind speed as an input (Table 3) explained 31 % of the variance in 

turbulent dissipation rate (Model 1; P < O. 0001). Inclus ion of sample 

depth in a multiple regression model increased the proportion of explained 

variance to 54 % (Madel 2; P < 0.0001). In both Model l and Madel 2, 

dissipation rates increased proportionally to the cube of the wind speed; 

regression coefficients for the wind input terms in both models were not 

significantly different from 1.0 (P> 0.05). In Madel 2, dissipation rates 

decreased exponentially with depth (regression coefficient < ·1; P < 

0.05). 

As expected, sampling sites located over continental shelves and in 

a reservoir showed higher dissipation rates, as a group, than sites 
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Table 1. Dat.:t sources, geographic location of sampling sites, number of 

observations extracted froID eaeh paper, and the oceanographie region in 

which turbulent dissipation rates were measured. For multiple regression 

analyses, those regions listed as oceanic were coded ENV = 0 

(environments in which wind was assumed to be the principal source of 

turbulence) and those listed as coastal were coded ENV = 1 (environments 

were assumed to have multiple sources of turbulence). See Methods for 

further details. 

Reference 

Dewey & Moum 1990 

Dillon & Caldwell 1980 

Dillon et al. 1981 

Haury et al. 1991 

Lange 1981 

Lueck 1988 

Region 

central coast of 

California (outside 

upwel1ing meander) 

Station P (50 0 N; 

145 0 W) 

Green Peter Reservoir 

Monterey Bay, USA 

Station P (50 0 N; 

145 0 W) 

N Environment 

55 oceanic 

49 oeeanic 

6 coastal 

103 coasta1 

112 oeeanic 

266 oeeanic 
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Table 1 (continued) 

Reference Region N Environment 

Lueck et al. 1983 6 oceanic 

Moum & Caldwell 1985 24 oceanic 

Oakey 1985 27 oceanic 

Oakey & Elliott 1982 Emerald Basin, 30 coastal 

Scotian Shelf 

Osborn 1978 5 - 80 km west 176 oceanic 

of Santa Maria, Azores 

Veth 1983 54° 30' N; 4° 30' E 41 coas ta1 
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Table 2. Summary statistics of the variables used in developing and 

comparing models for estimating the dissipation rate of turbulent 

kinetic energy (d in aquatic environments. € = dissipation rate of 

kinetic energy (watts om- 3), W = wind speed (mos-l), and Z =- depth at 

which dissipation rates were measured (m). N ~ 895. 

Variable Mean 

Log f -4.782 

W 7.3 

Z 39.0 

Minimum 

- 7.543 

l.6 

0.4 

Maximum 

-1. 930 

15.5 

150.0 

Median 

-4.486 

6.0 

24.1 

Standard Deviation 

1.093 

3.37 

32.6 
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Table 3. Regression models and parameter estimates (± standard el l'or) 

for estimating dissipation rates of turbulent kinetie energy Ln the 

mixed layer of aquatie environments from measures of wlrd speed (W; mos 

1), sampling depth (Z; m) and sample sito (ENV; low turbulence - 0 and 

high turbulence - 1). R2 is the proportion of the total variance in 

dissipation rates explained by a given model; P ~ 0.0001 for all models. 

RMSE is the residual mean square error of observed values from estimated 

dissipation rates and ~l is the mean of all predieted values N Is 895 

for al1 models except for Model 4 where N - 1095. Model 5 is derived 

from the atmospheric boundary layer model (Lumley & Panofsky 1964, a1so 

Kullenberg 1977) and Model 6 is derived from the energy balance model 

(Simpson & Bowers 1981). 

Madel R2 RMSE 'i. 
----------~~~~----------------------------~~----~~~--~l-----

1 log € = (1.013 ± 0.051).logW3 0.31 0.910 -4.784 

· (7.270 ± 0.128) 

2 log € (0.963 ± 0.04l).logWJ 0.54 0.740 -4.783 

· (1. 429 ± 0.067) ologZ 

· (5.092 ± 0.146) 

3 log € - (0.776 ± 0.04l)ologW3 0.61 0.683 -4.783 

· (1. 067 ± 0.068).logZ 

+ (0.842 ± 0.067)· ENV 

· (5.323 ± 0.136) 



( 107 

Table 3 (continued) 

Model R2 RMSE Yl--

/. log € = (0.762 ± 0.034).logW3 0.65 0.660 -4.596 

- (1.039 ± 0.056).logZ 

+ (1.040 ± 0.04)·ENV 

- (5.331 ± 0.115) 

5 log e - log(5.82*10-6~:W3/Z) 0.52 0.753 -4.218 

6 log ( .. log(l. 77"'(10-6~~W3/Z) 0.52 0.753 -4.734 

( 
• 0 
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located beyond a continental shelf, after the effects of wind .:111d depth 

were statistically removed (ANCQVA; P < 0.0001). A modified n'gression 

model explained 61 % of the variance in dissipation rates (Hodel 3. Table 

3). This model included an indicator variable to distinguish enVll'Ol1ments 

likely to have multiple sources of turbulenct' (ENV - 1) from ~nvironments 

where wind i5 the principal source of turbulence (ENV = 0) In Mode 1 3, 

the regress ion coefficient for wind speed wa5 less than 1.0 (P < 0 05) and 

the regression coefficient for samp1e depth did not differ from l 0 (P > 

0.05). When this model is expressed in arithmetic units (fENV"O oc 4.75 X 10-

those expected from theoretical considerations (Eq 1 and 4 in Methods). 

As expected, all of the dissipation rates (N - 133) extracted from 

the study conducted in a warm core ring by Shay 0. Gregg (1986) exceeded 

those derived using wind 5peed and depth alone (range 3-24 fo1d Eor ENV 

~ land 0 respectively; Figure l, 2). However, 81 (61 %) of these 

convectively-driven dissipation rates lie within the 95 % confidence 

limits for predictions made by Model 3 with ENV - 0 (in which wind is 

major source of turbulence). If the environment variable in Model 3 is 

coded as 1 (multiple sources of turbulence), 126 (95 %) of the 

convectively-driven turbulence measurements are found to lie wi chin the 

95 % confidence limits (Figure 2B). 

These comparisons suggest that Model 3, which contains an 

appropriate code based on an a priori knowledge of processes that 

generate turbulen-:e in nature, i5 capable of explaining a significant 

portion of the variance in the rates of dissipation of turbulent kinetic 

energy, even in environments characterized by strong convective mixing. 
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Fig. 1. Cornparison between dissipation rates induced by convective mixing 

and local wind energ)' input. Symbols represent observed dissipation rates 

measured in the centre of warrn-core ring 82-1 during January 1983 

(convectively-dnven turbulence: Shay and Gregg 1986). For comparison 

purposes, solid Unes show predicted dissipation rates obtained from 110del 

3 (log e - O. 776·log(WIND SPEED3) - l.067.1og(DEPTH) + O.842·ENV - 5.323; 

input data are 895 mixed layer dissipation rates extracted from the 

literature). Dashed Unes show approximate upper and lower 95 % confidence 

limits for predictions made by Model 3 for the 895 literature-derived 

dissipation rates. In panel A, observed rates are plotted against rates 

predicted using Model 3 with ENV = 0 tassumes an environment in which wind 

is the principal .source of turbulence). In panel B, observed rates are 

plotted against rate!'; predicted from Model 3 with ENV - 1 (assumes an 

environment in which there are mul tiple sources of turbulence). In both 

panels. wind and depth data are as reported by Shay & Gregg (1986). 
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Figure 2. Comparison of dissipation rates associated with three different 

turbulence-generating phenomena. Solid, heavy line represents mixed layer 

wind-induced dissipation rates predicted from Madel 3 (log E 

0.776.log(WIND SPEED3 ) - l.067.log(DEPTH) + O.842·ENV - 5.323). Solid. 

thin Iines represent approximate upper and Iower 95 % confidence limits 

for predictions from Model 3. Input data for these lines are derived from 

895 literature-based dissipation rates. The dashed line represents the 

regression line (observed = 1.487·predicted + 3.713; RZ - 0.72) relating 

observed dissipation rates measured in January 1983 in warm core ring 82-

l to values predicted using Madel 3 with ENV - 0 (assumes an environment 

in which wind is the principal source of turbulence). Yind and depth data 

are as reported in Shay and Gregg (1986). The chained line represents the 

regression 1ine (observed - 0.7l6·predicted - 0.686; R2 - 0.65) relating 

observed dissipation rates in the central and frontal regions of an 

upwelling meander off the central coast of California ta dissipation rates 

predicted using Madel 3 with ENV - 0 (assumes an environment in which wind 

is the principal source of turbulence). Yind and depth data are as 

reported in Dewey & Moum (1990) . 
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In fact, Model 3 explained 72 % (P < 0.0001) of the variance in rates 

reported by Shay and Gregg (1986). However, the slope and intercept of the 

observed vs. predicted scatterp10t (based on Model 3 output) exceeded 1 

and a r~spective1y (P < 0.05; Figure 1). This indicates, as noted above, 

that Model 3 will underestimate dissipation rates that are generated by 

multiple causes, inc1uding convection. 

As expected, nearly aIl (66 of 67) of the dissipation rates measured 

by Dewey and Moum (1990) in the central and frontal region of an upwelling 

meander also exceeded predictions made ~{ Model 3 (Figure 2, 3A) which 

used wind and sample depth as inputs, and wh 'h assumed an environment in 

which wind was the only source of turbulence (ENV - 0). The mean 

difference between observed and predicted dissipation rate was 6.8-fold. 

A large majority (84 %) of the observed values were distributed within the 

95 % confidence limits associated with predictions based on Model 3. When 

the environment was assumed to have multiple sources of turbulence (ENV 

- 1), aIl of the observed dissipation rates were observed to lie within 

the 95 % confidence limits of the predictions of Model 3 (Figure 3B). The 

factor by which observed rates differed from predicted rates under the 

assumption that multiple sources of turbulence were present (i. e. ENV -

1) was 0.97 (i. e. essentia1ly unit y). There was no systematic difference 

between dissipation rates measured in the core of the meander and at the 

frontal reglon of the meander (Figure 3). 

Model 3 explained 65 % of the variance (N - 67; P < 0.0001) in 

dissipation rates measured within the upwelling meander. However the slope 

and intercept of the relationship between observed and predicted values 

differed from 1 (P < 0.05) and a (P - 0.0529) respectively (Figure 2). 
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Figure 3. Comparison of dissipation rates in an upwelling meander with 

those induced by local wind speed. Symbols represent observed dissipation 

rates measured in the centre (denoted as "CH) and frontal (denoted as "F") 

regions of an upwelling meander off the central coast of California (Dewey 

and Moum 1990). For comparison purposes, solid lines show predicted 

dissipation rates obtained from Model 3 (log t - O.776·log(WIND SPEED3 ) -

l.067.log(DEPTH) + O.842·ENV - 5.323; input data are 895 mixed layer 

dissipation rates extracted from the literature). Dashed lines show 

approximate upper and lower 95 % confidence limits for predictions from 

Model 3 for the 895 literature-derived dissipation rates. Panel A: 

observed rates vs. rates predicted using Model 3 with ENV - 0 (assumes an 

environment in which wind is the principal source of turbulence). Panel 

B: observed rates vs. rates predicted using Madel 3 with ENV - l (assumes 

an environment in which there are multiple sources of turbulence). AlI 

wind and depth data are as reported by Dewey & Moum (1990) . 
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This indicates that, within the upwelling meander studied by De\~ey & Moum 

(1990), as wind speed increased and/or as sampling depths became 

shallower, upwelling-related circulation became progressively less 

important in causing deviations from predictions of Model 3. However, at 

low wind speeds and/or in deeper water, upwelling circulation proc~sses 

are likely to make a relatively greater contribution to observed mixed 

layer dissipation rates, thereby resulting in positive deviations from the 

predictions of Model 3 

These results clearly show that the inclusion of an indicator 

variable, which distinguishes environments according to a Briori 

expectations of their turbulence characteristics, may serve as a useful 

first-order approximation of spatial or temporal variability in turbulence 

associated with non-wind processes. A more general model which employs all 

of the mixed layer dissipation rate data, including convection and llIeander 

data, might, therefore, be useful in sorne circumstances. Such a model 

(Model 4; Table 3, Figure 4) which was based on a data set that included 

the convection and upwelling meander sites explained 65 % of the variance 

in these dissipation rates (N 1095). However, the regression 

coefficients for chis model were not significantly different from those 

associated with Model 3 from which convectively- and upwelling-driven 

turbulence was excluded (Table 3). 

Evaluation of theoretical dissipation rate models: 

The atmospheric boundary layer model (Eq 1; Model 5, Table 3) and 

the energy balance model (Eq 4; Model 6, Table 3) each explained 52 % of 

the variance in the in situ dissipation rates l assembled (N - 895; 

convection and upwelling meander data excluded from both comparisons). The 
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Figure 4. Scatterplot of observed rates of dissipation of turbulent 

kinetic energy vs. those predicted by Model 4 (log f '"' O.762 0 1og(WIND 

SPEED3
) - 1.039.log(DEPTH) + 1.040oENV - 5.331; N - 1095). The lines 

represent predicterl values (slope .. land intercept ,.. 0) and their 

estimated upper and lower 95 % confidence limits. The average of aIl 

predicted log f values is -4.596. 
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variance in { explained by these models was, therefore, slightly less th an 

that explained by Model 2, which employed wind and depth as inputs, and 

which can be expressed in arithmetic units in the form ! = 8.09 X 10-

6.W2 889/Z1 429. 

The intercept of the regression line for the observed vs. predicted 

scatterplot for predictions made by the atmospheric boundary layer model 

did not differ from 0 (Table 4), although the slope was slight1y 1arger 

than 1.0 (P < 0.05). This indicates that the atmospheric boundary layer 

model underestimated mixed layer dissipation rates, but only by a small 

amount. However, predictions derived from the energy balance model 

underestimated dissipation rates by a 1arger amount because the intercept 

of the observed vs. predicted scatterplot was significantly greater than 

a (P < 0.05; Table 4), and the slope was slight1y less than 1.0 ( P < 

0.05; Table 4). lt must be emphasized, however, that the magnitude of 

underestimation by either of these mode1s is very sma1l relative to the 

substantia1 residua1 error associated with both the theoretical and the 

empirica1 models which l have considered here. 

Discussion 

Developing new models, and critica11y evaluating the power and 

reliability of existing models (e. g. Rice and Cochran 1984; Hall 1988) 

are important initial steps in estimating how natural phenomena or 

populations might vary at other times or places (Rice and Cochran 1984; 

Peters and Downing 1984; Hall 1988; GLOBEC 1991). These analyses represent 

the first statistical evaluations of factors associated with variability 

in estimates of the dissipation rate of turbulent kinetic energy in the 
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Table 4. Parameter estimates (± standard error) of regression 1ines 

~ , 
~ 

relating observed dissipation rates ta those estimated by Mode1s 5 and 6 
~ 

~ 
~ 

in Table 3. P denotes the probability of a fitted value differing 

R r significantly from zero. The slopes and intercepts for Models 1 - 4 . , 
• (Table 3) did not differ from 1 or 0 respectively (P > 0.05) . 
t 
r , 

Model Slope P Intercept P 

5 1.097 (0.035) < 0.0001 -0.153 (0.149) 0.3047 

6 1.097 (0.035) < 0.0001 0.414 (0.167) 0 0135 
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mixed layer. They also provide the first direct quantitative comparison 

of the effectiveness of the two most frequently referenced theoretical 

models for representing the depth-dependent rate of dissipation of wind 

generated turbulent kinetic energy in aquatie systems. 

The prineiple findings of these analyses are that wind speed and 

sample depth are nearly equally effective at explaining variability in 

the dissipation rates in this data set, and that, when combined wi th a 

knowledge of additional processes known to generate turbulence (e. g. 

convection; upwe11ing and other interactions between current f10w and 

bathymetry), simple empirica1 or theoretical models based on existing data 

ean explain up to 65 % of the variance in these rates. 

The observation that up to 65 % of the variability in dissipation 

rates can be explained by wind speed, sarnple depth and an environmental 

coding variable may be surprising, given that replicate measures of 

dissipation rate under identiea1 wind conditions ean differ by at 1east 

an order of magnitude (e. g. Osborn 1978; Oakey 1985). Atmospheric forcing 

is gcnerally believed to be the dominant source of variation in the 

dissipation of turbulent kinetic energy within the rnixed layer (e. g. 

Ku11enberg 1976; Oakey and E11iott 1982; Lueck and Reid 1984). Dissipation 

rates should, therefore, be expected to vary strongly and quantitatively 

with wind speed (Table 3; Gargett 1989). 

The fact that Models 5 and 6 (Table 3), whieh are derived from 

theoretical considerations, explained identical fractions of the observed 

variance in ln situ dissipation rates suggests that Model 6, the energy 

balance model (Simpson and Bowers 1981), can be used to estimate turbulent 

dissipation rates within the mixed layer at least as reliably as Madel 5, 
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the atmospheric boundary layer model (Lumley and Panofsky 1964), This 15 

due partly to che fact that turbulent dissipation rates, in genera1, are 

proportional ta a cubed velocity measure divided by a length scale 

corresponding ta che size of the largest eddy within the flow (Kullenberg 

1977; Csanady 1986). 

Potentia1 errors in assessing the quantity of wind energy 

transferred to the water column prior ta the sampI lng of diss ipation 

rates, and the appropriate time lags in chese respective measures (see 

Methods), are likely ta contribute signlficantly to the residuol variance 

associated with empirical and theorecical models of turbulent dissipdtion. 

These measurement inaccuracies also inflate the standard error of the 

regression coefficient for the wind Cerm in empirical models Because 

dissipation rates are known to respond quickly to high-frequency changes 

in wind stress (Dillon and Caldwell 1980; Dewey aM Moum 1990), the 

relationship of dissipation rates in my data set ta local wind condltions 

would be obseured by the integrated wind speeds l employed 

Simple wind-based models (Table 3) can, however, be much improved 

if a~d when the cime response of water column mixing ta changes in wind 

speed is defined more precisely. For example, cross-correlationsl and 

coherence analyses of time series records of wind speed and depth­

specifie dissipation rates would identify frequency-dependent lag times 

between these two variables. The incorporation of these time lags into 

empirical and theoretical models of mixed layer dissipation rates would 

be straightforward and could significantly improve exisiting models (Table 

3) for estimating mixed layer dissipation rates from wind speeds. 

In addition, much of the residual variability associated with these 
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models can probably be reduced by col1ecting replicate dissipation rate 

profiles under identica1 conditions. If these individual profiles are 

subsequently averaged, the mean profile lill be more closely related to 

wind conditions than the individua1 profiles (e. g. Dillon and Caldwell 

1980, p. 1915; Oakey 1985, p. 1671; Shay and Gregg 1986, p. 1789; see also 

Gibson 1990). 

Many pub1ished reports of marine turbulence failed to provide any 

measure of wind speeds during or adjacent to the times when dissipation 

rates were being measured. Consequent1y, these rates were exc1uded from 

the data set. Wind speed and direction are now routinely measured and 

recorded during oceanographie cruises. The fact that no other single 

variable has yet been shown to explain an equivalent amount of variance 

(R2 - 0.31) in in situ dissipation rates within the mixed layer across 

sites and depths, indicates that future studies of turbulent dissipation 

should routinely inc1ude measurements of wind speed prior to and during 

the samp1ing interval. This minor improvement in data reporting protocol 

would facilitate further, and more detailed, comparisons of turbulence 

measurements obtained in different areas and under different wind 

conditions (e. g. Figure 2 and Model 3). 

As expected, dissipation rates were inversely related to sample 

depth (Table 3; Figure 5). This occurs principally because water at 

shallower depths is closer to the source of turbulence (wind energy) than 

water at greater depths. Descriptions of mixed layer dissipation rate 

which provide a depth-averaged measure of f Ce. g. Oakey and Elliott 1982) 

will, therefore, underestimate dissipation rates close to the surface and 

overestimate dissipation rates near the bottom of the mixed layer. 
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Figure 5. Dissipation rates of turbulent kinetic energy at different 

combinations of depth and wind speed, as estimated with Hodel 4. In this 

simulation, the environment variable was assigned a value of 1 (assumes 

an environment in which there are multiple sources of turbulence). 
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It is possible that the influence of depth on the dissipation rates 

in this data set could be associated with weak stratification wi thin, or 

strong stratification near the bottom of. the surface mixed layer (Dewey 

and Moum 1990; Yamazaki 1990). If this occurred, some of the kinetic 

energy of turbulent motion would not be diss ipated, but would il1S tead be 

retained as potential energy by the new uniform dens i ty of the mixed layer 

(Dewey and Moum 1990). 

However, the effect of stratification on dissipation rates within 

the mixed layer was probably small because analyses were intentionally 

confined to the mixed layer where vertical density gradients are known to 

be weak. This conclusion is supported by the correspondance between the 

empirica1 mode1s and expectations based on theory. Theory (Kullenberg 

1977; Denman and Gargett 1983; p. 804) suggests that the exponent for the 

depth term in modeis of turbulent dissipation within unstratified fluids 

subject to a surface stress should equal -1. The regression caefl icient 

for depth as defined in Mode ls 3 and 4, did not differ from -1 O. The 

results based on dissipation rates measured in diverse environments are, 

therefore, consistent with the theoretical nature of turbulent dissipation 

in unstratified fluids. 

It is widely recognized that variance in turbulent diss ipation rates 

can originate from many sources other than wind stress. These would 

include co:wection (Shay and Gregg 1986), upwelling meanders and jets 

(Csanady 1989; Dewey and Moum 1990). bottom topography (Wolanski and 

Hamner 1989), current shear (Haury et al. 1990), or the passage of schools 

of fish near the turbulence profiler during data collection (Farmer et al. 

1987) . 
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Identifying and quantifying these sources of variance will be a 

difficult task because of the hlgh natural variability in dissipation 

rates in nature (Table l, Fig. 1 - 4; see also Osborn 1978; Gibson 1990), 

and because mul tiple causes of turbulence can co-occur (convection and 

wind stress, Fig. 1 - 3; Gargett 1989). The chances of distinguishing sucJ't 

effects can probably be increased by (1) collecting replicate profiles 

under identical conditions, (2) removing the variability in averaged 

profiles that can be attributed to known sources (e. g. wind) and (3) 

subsequently comparing patterns in the residual dissipation rates with 

other phenomena suspected of being responsible for turbulent di3sipation. 

Applying this approach with a data base derived principally from 

unreplicated turbulence profiles (which often misrepresent both the 

magnitude and form of an averaged turbulence profile; Gibson 1990), two 

important patterns in dissipation rates associated with non-wind processes 

can be observed. First, the maximum increase in turbulent dissipation 

rates induced by free convection at temperate latitudes is likely to be, 

on average, 24- fold higher than that induced by wind speed (Figure l, 2). 

Second, the amount of turbulence associated with one particular upwelling 

meander off the central coast of California was nearly 7-fold higher than 

the turbulence induced by local wind speed (Figure 2, 3). 

These, and other, non-wind sources of turbulence were highly 

significant contrihutors to the overall variance explained by Models 3 

and 4. An important shortcoming of this approach is that a new empirical 

model employing dissipation rates measured in other hydrographic 

situations (e. g. during periods of variable upwelling intensity; adjacent 

to the high velocity region of a warm core ring [Yentsch and Phinney 
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1985); in are as of strong tidal currents [Bowers and Simpson 1987]) is 

likely ta cause a change in the magnitude (but perhaps not the sign) of 

the coefficient for this variable. It would be preferable, therefore, to 

use continuous, rather th an discontinous, input variables in future modl"ls 

which attempt to quantify these lnfluences. However, in the studies which 

provided data for these analyses such information was lacking 

Biological implications 

Variability in the dissipation rate of turbulent energy within 

aquatic ecosystems is an important component of the environmental 

heterogeneity experienced by planktonic organisms. Consequent1y, turbulent 

dissipation is likely to have a pervasive influence on several aspects of 

p1ankton ecology (Marga1ef 1978; Lewis et al. 1984; Rothschild and Osborn 

1988; Lande et a1. 1989; Haury et al. 1990; Sundby and Fossum 1990; 

Shimeta and Jumars 1991). From an evolutionary perspective. the upper 

layer of stratified seas, and of lakes, represents a habitat thdt has 

predictably high rates of dissipation of kinetic energy relative to deeper 

layers (Table 3; Figure 5), and the magnitude of these rates can vary in 

predictable ways. For example, mixed layer dissipation rates can vary 

daily (Moum and Caldwell 1985), seasonal1y and annua1ly (Rothschild and 

Osborn 1988) because of frequency-dependent variab1ility in wind speed 

(Colin and Garzo1i 1988; Harris et al 1991) or heat inputjloss (Moum and 

Caldwell 1985). Planktonic taxa, and benthic and nektonic taxa with 

planktonic lHe stages, have had ample time to adapt their behavioural and 

lifehistory characteristics to these predictable characteristics of mixed 

layer dissipation (Marga1ef 1978; a1so GLOBEC 1991). 

The presence of a vertical gradient in dissipation rates within the 
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mixed layer suggests that distributions of those plankton species for 

which reproductive rates or swimming behaviours are insufficient to 

overcome the dispersive effects of turbulence are likely to be more 

homogeneous in the upper turbulent layers than in deeper, less turbulent 

layer~ (Owen 1989; Sundby 1990, Haury et al. 1990; Davis et al. 1991). 

Patch size and the number of organisms per patch (Owen 1989) is likely in 

sorne species to be greater in deeper water than closer to the surface. 

Consequently, even under constant wind conditions, p1anktonic predators 

(e. g. larval fish) , whose rates of encounter with prey may depend on 

small-scale turbulence (Rothschild and Osborn 1988), can potentially 

experience very different feeding conditions, depending on their vertical 

position within the water column (Chapter 3). For example, near the 

surface, turbulence and light levels will be higher which would favor high 

encounter rates with prey, but these prey may be more dispersed than in 

calm water (e. g. Davis et al. 1991). Conversely, in deeper water, 

turbulence and light levels are lower but these factors could be offset 

by a more favorable distribution of prey (i. e. more patches and higher 

densities of prey within patches) 

Turbulence also has an important role in determining the size of 

phytoplankton cells in different hydrodynamic environments (Ho1ligan and 

Harbour 1977; Margalef 1978), and the rate at which these cells coalesce 

and settle from the water eolumn (Ki0rboe et al. 1990a). Pelagie food web 

structure (Ki0rboe et al. 1990b), rates of secondary production by 

copepods (Dam and Peterson 1991), and the proportion of primary production 

which is consumed by higher trophic levels (including fish populations; 

Legendre 1990; Ki0rboe et al. 1990b), may all depend on phytoplankton cell 
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size, whieh, in turn, i5 believed to be hydrodynamically controlled 

(Holligan and Harbour 1977, Margalef 1978; Cushing 1989, Legendre 1990). 

These findings suggest that interannual variability in pelagie food web 

structure ("classical" vs "micl:obial"; Kiorboe et al_ I990b) and in the 

rates of production at higher trophie leveis in stratified seas. and 

Iakes, may be partly determined by levels of turbulence induced by wind 

energy inputs, which can be estimated using simple mode1s (Table 3) 

In this connection. Modeis 3 and 4 (Table 3). and their 95 % 

confidence limits. ean provide realistie bounds for in situ ranges of 

dissipation rate, and for parameters derived from these dissipation rates 

(e. g. eneounter rates: Chapter 3). for varying combinatlons of wind and 

depth. Moreover, the confidence limits about some of these dcrived 

parameters may be substantially less than those associated wich 2 ltself, 

if f is subsequently used in nonlinear models whose terms have exponents 

smaller than 1.0. 

Processes other than wind can generate large, positive deviations 

from predictions made by empirical and theoretieal wind-based models For 

example, the 7 - 24-fold increase in dissipation associated with an 

upwelling meander and Ci convection event are very likely to have had 

important consequences on' predator-prey interactions and phytoplankton 

growth rates in sueh environments. These aspects of the phys ieal 

environment would probably contribute to the higher rates of plankton 

production reported in upwelling regions (Cushing 1975), and sub~equent 

to convection events in warm core rings (Tranter et al. 1980; Yent'lch and 

Phinney 1985). 

In conclusion, the dissipation rate models considered here (wind 
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energy), and elsewhere (tidal energy: Bowers and Simpson 1987), can be 

particularly useful in considering the potential influences of turbulence 

on biological processes when instrumentation for direct estimation of € 

is unavailable. lt is likely that improved models will soon be developed, 

given the increasing recognition of the importance of small-sca1e 

turbulence to plankton eco10gy (e. g. Lewis et al. 1984; Lande et al. 

1989; Costello et al. 1990: Haury et al. 1990; Ki0rboe et al. 1990a; 

Marrasé et al. 1990; Sundby 1990; Sundby and Fossum 1990; GLOBEe 1991; 

Granata and Dickey 1991; Chapter 3; Saiz and Alcaraz 1991; Shimeta and 

Jumars 1991). Given the assumptions required in these analyses, the 

potential for such improvement, with only minimal modification to existing 

sampling and reporting protoco1s, appears to be great. Towards this end, 

investigators should measure and report E, and other relevant 

environmental variables (e. g. wind speed, stratification, etc.), more 

routine1y and effectively in the future. 
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Introduction 

The dissipation of turbulent kinetic energy from large to small size 

scales is an inherent characteristic of the aquatic environment (e g. 

Simpson et al. 1978; Lueck and Reid 1984; Thorpe 1985) Planktonic 

organisms respond both actively and passively to fluctuations in turbulent 

kinetic energy in their habitat (Yamazaki and Osborn 1988). For example, 

vertical differences in photoadaptive properties (e g. maximum 

photosynthetic rate) of phytoplankton populations are reduced by high 

turbulence levels (Lewis et al. 1984) and plankton populations are more 

dispersed in turbulent than in calmer water masses (Lasker 1975; Hauryet 

al. 1990). 

Small-scale turbulence is suggested to be an important component of 

plankton trophodynamics (Rothschild and Osborn 1988), inc1uding 1 arval 

fish (Murphy 1961; Hunter 1972; Sundby and Fossum 1990). Rothschild and 

Osborn (1988) showed analytically that zoop1ankton feeding rates may be 

underestimated by failure to consider turbulent motion when assessing the 

potentia1 frequency of encounters between predators and prey. Sundby and 

Fossum (1990) found that the feeding rates of cod larvae increased twofold 

when winds were 6 rn/s, compared to periods when winds were only 2 rn/s. 

These studies strongly suggest that contact rates, and hence feeding 

rates of zooplankton and larval fish, may be seriously biased by excluding 

the contribution of small-scale turbulence to these rates This is 

consistent with observations (e g. Chapter 1) that wild populations of 

larval fish collected during plankton surveys feed at higher rates than 

would be predicted from laboratory studies (in which turbulence is absent 

or reduced) when exposed to equivalent food and tempe rature conditions. 
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The nature and magnitude of this bias is likely to be reLlted to 

differences in winds, tides, and water depths, aIl of WhlCh are known to 

influence the presence and character of small-scale turbulence in aqudtic 

systems (e. g. Lueck and Reid 1984; Nixon 1988). The preclse influence of 

these factors on plankton encounter rates has not yet be~n systematically 

investigated, although they can be evaluated through simulation'> 

The range of possible contact rates between larvae and prey in 

nature is vast, given the natural variability in dissipation rates (Osborn 

1978; Oakey and Elliott 1982; Shay and Gregg 1986), prey densiti~s (Owen 

1989; Chapter 1) and swimming speeds of larvae (~til1er et al 1988) and 

prey (Check1ey 1982). Individual larvae may be exposed to only a small 

portion of this variability because adult spawning and larval swimming 

behaviours may be adapted ta placejmaintain larvae in geographic areas 

(Sinclair 1988) and/or at depths (Munk et al. 1989) where feeding success 

is likely ta be high (Ki0rboe and Johansen 1986) Such locatlons might 

include sites of prey aggregations (e g. thermoclines and fronts; LeFèvre 

1986) or places where historic wind and tidal conditions increase 

turbulence, and hence the ~ncounter rates between larvae and their prey. 

In this paper l explore, through simulation, some of the 

meteorological and oceanographic circumstances under WhlCh small- scale 

turbulence created by wind and tide energy might significantly increase 

contact rates between larval fish and their prey. l also estirnate the 

potential bias produced by failing to recognize the contribution of 

turbulent motion ta the feeding ecology of larval fish in nature. Such 

-ctt know1edge is useful both as a first arder guide to correcting larval fish 

.-
and zooplankton feeding rates in the sea, and as a guide to improving the 
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des igns of 1aboratory experiments in which predator/prey dynamics 

explored (Chapter 1). 

Methods 
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Estimating the dissipation rate of wind generated turbulent kinetic 

eneq~y. (; 

Oakey and Elliott (1982) identified an empirical relationship 

between wind speed and the depth-averaged rate of dissipation of turbulent 

kinetic energy, f, in the mixed layer (0 - ::::: 20 m) at a site on the 

Scotian Shelf, Canada. Sundby and Fossum (1990) used this model to 

estimate the influence of small-scale turbulence on the encounter rate 

between cod larvae and their prey near Lofoten, northern Norway. HO\l1ever, 

wind-induced turbulence in the upper layer is known to decrease inversely 

with depth (Dillon et al. 1981; Oakey 1985; Yamazaki and Kamykowski 1991). 

Many species of fish larvae (Heath et al. 1988; Frank and Carscadden 1989) 

and zooplankton (McLaren 1963; Williams et al. 1987) have complex vertical 

distributions. Larval fish and their prey will, therefore, be exposed to 

variations in turbulence caused by fluctuations of both wind speed and 

their distance from the water surface. lt is, therefore, necessary to 

estimate small-scale turbulence at different depths within the water 

column. To assess this question, published reports of f, the dissipation 

rate of wind-generated turbulent kinetic energy, were used to develop a 

multiple regression model incorporating wind speed, water depth and 

habitat (open ocean, coastal zone) as inputs. 

Density gradients within the water column (stratification) may also 

be important in influencing the rate of dissipation of turbulent kinetic 
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energy (Yamazaki 1990; Rothschild and Osborn 1990). However thesp data 

were reported too infrequently to be included in my analyses. l dttf'mpted 

to minimize the influence of stratification on estimates of small-seale 

turbulence by using dissipation rates measured exclusively within the 

wind-mixed layer where density gradients are small relative to those 

within the pycnocline. 

The model l developed is glven by 

log f = - 5. 104*Z 079 + O. 748*10g(W3 ) + O. 945*ENV (1 ) 

where € is dissipation rate of turbulent kinetic energy (watts/m3 ), 

Z ls water depth (m), 

H is wind speed (mis), and 

ENV is environment (ENV = 0 if turbulence was measured at a 

site beyond a continental shelf; ENV - 1 if turbulence was measured on a 

continental shelf or in a lake). 

This model is an eariier version of those presented in Chapter 2, and is 

based on 1138 measurements of the dissipation rate of turbulent kinetic 

energy at 12 different aquatic sites, of which Il were marine (N - 1132) 

and 1 was freshwater (N - 6). Additional detai1s regarding the deve10pment 

of wind-based models for estimating turbulent dissipation rates, and the 

data used in their derivation, can be found in Chapter 2. 

l used turbulence values derived from Eq (1) ta calcula te the 

turbulent velocity contribution to the swimming velocity of a predator 

relative to its prey (Rothschild and Osborn 1988). lu this formulation, 
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when the separation distance, r (metres), between predator and prey 

exceeds the Kolmogorov length scale, YJ - 2*1f*(v3/€)O 25 (v ~ kinematic 

viscosity = 10-6 m2 5-1), the turbulent velocity i5 given by 

(2) 

which is equation 4 in Rothschild and Osborn (1988). l assume that the 

separation distance r. is approximated by W 333, where li - the number of 

prey per m3 (1 m3 - 103 
= 106 cm3). 

The velocity of a larval fish relative to that of its prey, denoted as 6 

(cm/s), can then be calculated from: 

A - (52 + 3*t2 + Lp~w2) 1 3*( t 2 + w2) 1/2 

where ~ - 5wimming velocity of the prey (cm/s) , 

1 - swimming velocity of the larva (cm/s) , and 

~ - turbulent velocity (cm/s). 

Prey contact rate, g, is then calculated as 

(3) 

C - A*D (4) 

where ~ is 1f*R2*N, and B (cm) i5 the encounter radius of the predator 

(Rothschild and Osborn 1988). 

In employing this derivation of contact rate, l assume, as did 

Sundby and F05sum (1990), that the encounter radius, B (also known as the 

reactive distance, RD; Wanzenbock and Schiemer 1989), of 1arval fish i5 

constant in aIl directions This may not be strictly true (Rosenthal and 

Hempel 1970; Blaxter and Staines 1971; Wanzenbock and Schiemer 1989) but 

for the present purposes is a reasonable approximation. 

In addi tion, encounter radii for a given predator, even when assumed 

constant in a11 directions 1 vary with factors such as light intensity, 
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size and swirnming velocity of the predator, and prey si~e and 

conspiciousness (Gerritsen and Strickler 1977, Laz::.aro 1987; Miller et 

al. 1988; Wam.enbock and Schiemer 1989). 1 have excluded exact valut-'s of 

K*R2 from the calculation of contact rate (Eq 4) to lsolate the cffects 

of turbulent velocity, ~2, and relative velocity, ~, on Iarval contdct 

rates. ln my simulations, therefore, Q is taken to be proportional to prey 

density N. Consequent1y, contact rate, f, is expressed in units of 

preY/s/cm2 • Where the prey encounter radius, R, lS known, these rates can 

be converted to prey/s by multip1ying f by the appropriate value of 1r><R2. 

Wind effects on contact rates 

l used the empirical turbulence modei (Eq 1) to estimate the contact 

rates between larvae and prey at several combinations of wind speed and 

water depth, and at two Iarval swimming velocities The wind speeds 

eva1uated (0 - 15 mis) spanned the range that occurs over many larva1 

nursery are as (e. g. Bowers and Simpson 1987; Frank and Carscaddcn 1989). 

The depth range evaluated (0 - 60 m) encompasses the vertical range ln 

distribution of many species of marine fish 1arvae (e. g Buckley and 

Lough 1987; Heath et al. 1988; Munk et al. 1989; Frank and Carscadden 

1989). AlI simulations assumed larvae were located in a continental shelf 

habitat where there were likely to be addi tionai non-wind sources of 

turbulence (ENV - 1; Eq 1. See a1so Chapter 2). 

Larval swimming speeds evaluated were 0 2 cm/s and 0.5 cm/s. The 

slower speed is close ta the average cruising speed of first-feeding cod 

larvae (standard length - 4.5 mm; Sundby and Fossum 1990). Given the 

relationship between larval size and swimming speed across species, as 

reported by Miller et al. (1988), the 0.5 cm/s speed approxima tes that 
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for larvae of total length 5.7 mm The two swimming speeds were used to 

evaluate the influence of identical turbulence levels on larvae having 

dUferent !:>wimming abilities (commonly associated with size; Hiller et 

al. 1988). 

The prey modelled were copepod nauplii which constitute the dominant 

prey of larvae of many commercially exploited marine fish species 

(Thera~ra chalcogramma, Dagg et al. 1984; Gadus morhua, El1ertsen et al. 

1984; Scomber scombrus, Peterson and Ausubei 1984 and Buckley and Lough 

1987; Clupea harengus, Heath et al. 1989; Melanogrammus aeglefinus, 

Suckley and Lough 1987). These prey were assumed to swim at a velocity of 

0.02 cm/s for the simulations involving larval swimming speeds of 0.2 

cm/s. This prey velocity is considered to approxima te that for Calanus 

finmarchicus nauplii (Sundby and Fossum 1990). 

l assume that the difference in swimming speeds in the larvae in my 

simulations is due principally to differences in their sizes and thus, 

that the faster swimming larvae (0.5 cm/s) prefer 1arger prey (Hunter 

1981). Prey swimming speeds in these simulations were increased to 0.05 

cm/s. This tenfold difference in swimming speeds between prey and f1sh 

larvae is consistent with Gerritsen and Strick1er's (1977) observation 

that vertebrate predators swim much faster th an their prey. 

l used two prey densities (5 and 35 nauplii/L) to compare how 

different leveis of turbulence affect contact rates when food supplies 

differ. Tht'se prey densities approximate those found in many Iarvai 

nursery areas (e. g. Cape Hatteras, North Carolina, Check1ey et al. 1988; 

Lofoten, Norway: E1Iertsen et al. 1984; Sering Sea: Dagg et al. 1984), but 
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are lower th an the median density found in 46 marine environments if one 

assumes that one copepod nauplius weighs ~ 0.2 - 0 5 ~g dry (Chdpt~r 1). 

The spatial distribution of zooplankton, an imporL.:mt dl.1r,ll'tl'ristic 

of larval food resourees (Owen 1989), lS also likely to Inflllt!l1ce the 

eneounter rate between larvae and their prey. The l1LlIllber, sizE', and 

intensity of prey patches ls influenced by biotic (e g zoopLlI1ktoTl 

migratory behaviours, growth and mortality rates; McLaren 1963, WiLliams 

et al. 1987; Owen 1989) and ablotte (wind conditlOTlS, water column 

turbulence; Owen 1989, Haury et al. 1990) factors However, conventiona1 

plankton sampling methods are unreliable in identifying and quantlfying 

the scale and density of these patches (Owen 1989). We, therefore, used 

my models to quantify Cl) the bias in estimates of contact rates that may 

result when integrative sampling methods are employed and Lhe contribution 

of turbulence to contact rates lS ignored, and (2) how larval contact 

rates can change with storm-related redistribution of prey (e g LI~ker 

1975). 

l compared turbulence-enhanced contact rates between slow-swlmmlng 

larvae and prey under two scenarios: (1) prey were patchily distributed 

on a vertical spatial scale of 5 10 metres; and (2) prey were 

distributed homogeneously throllghout the 60 m water co1umn The tirst 

scenario is analogous to a prey dlstribution which might occur prior to 

a wind mixing event (Lasker 1975; Frank and Carscadden 1989) or in areas 

of weak tidal currents (Bowers and Simpson 1987). This situation, 

therefore, considers prey patchiness within a mixed layer (e. g. Peterson 

and Ausubel 1984; Fortler and Harris 1989; Checkley et al. 1988), but not 
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patchiness associated with pycnoclines where Eq (1) may give unreliable 

estimates of turbulence. 

The scenario involving homogeneously distributed prey corresponds 

to conditions which might prevail after passage of a storm (Lasker 1975; 

Owen 1989), or in tidal1y-mixed water columns (Bowers and Simpson 1987; 

Heath et al. 1989). The range of wind speeds used in these simulations 

was restricted to 0 - 10 mis because it is unlikely that prey would remain 

heterogeneously distributed at higher wind speeds (Owen 1989). 

In the pre- and post-storm scenarios, the depth-averaged prey 

density for the entire water column (0 - 60 m) was 20 nauplii per litre 

Tida1ly induced turbulence 

Ta estimate the rate of dissipation of tidally-generated turbulent 

kinetic energy, the viscous dissipation of energy was derived from the 

large-scale dynamics (p. 19-20, 68; Tennekes and Lumley 1972) of tidal 

flow. In this formulation, the rate of energy supply from large - scale 

eddies ta small- scale eddies is proportional ta y' 31 i., where 1. i5 the 

largest eddy size associated with the flow or the width of the flow 

(Tennekes and Lumley 1972; Veth 1990). 

Bowers and Simpson (1987) have shown that the potential for tidal 

flow to completely mix a water column is expressed by a tidal stirring 

pnrameter, !!J/h, where !! is the depth-averaged tidal velocity of the Mz 

tidal constituent (period - 12.42 h) and h is the water column height. 

Most of the dissipated tidal energy represented by !!3/h is lost as heat 

(Bowers and Simpson 1987), but a percentage of yJ/h i5 available for 

creating turbulent motion and vertical mixing within the water column 



147 

(Bowers and Simpson 1987). If this percentage is denoted as ç, then the 

absolute amount of dissipated turbulent kinetic energy which results in 

vertical mixing, €, can be estimated as 

( 5) 

In Eq (5), l assume that 1:!,3 - ç~\-1:!3 and that the largest eddy size, .R, is 

proportional to the water column height, li (Tennekes and Lumley 1972, Veth 

1990). 

Eq (5) and values for g and h (Bowers and Simpson 1987, Table 1) 

were used ta estimate the depth-averaged turbulent kinetic energy 

dissipation rate at tidally-energetic sites on the northwest European 

continental shelf during the summer In this region, tidal fronts, which 

delimit the transition zone between mixed and stratified water columns, 

are delimited by contours of g3/h - 0.004 mZ 5-3 (Bowers and Simpson 1987). 

Depth-averaged turbulent kinetic energy dissipation rates (€) in frontal 

are as can, therefore, be estimated (Eq 5) as 

€ = ç~~[g3/hJ 

o . 006* [O. Ou4 m2 5 -3) 1 

2.4*10- 5 m' s-3 

2.4*10-2 Watts m- 3 

(Bowers and Simpson 1987) 

where ç = 0.006, the fraction of the dissipated tidal energy which is used 

for vertical mixing (Bowers and Simpson 1987). Values of e exceeding 

2.4*10-2 Watts m- 3 (i. e. values of g3/h > 0.004 m2 5- 3 ) are typical of 
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tidally-mixed areas (Figure l: Rothschild and Osborn 1988; Bowers and 

Simpson 1987; Otto et al. 1990; Veth 1990). 

Dissipation rates of turbulent kinetic energy obtained from Eq (5) 

were then used as inputs in Eq (2) to enable cdlculation of ~2, and a, 

and, therefore, approximations of the importance of the tidal contribution 

to con tac t rates. It is important ta note that the tidal velocity term, 

y, in the stirring parameter is a depth-averaged value and that tidally­

generatE'd turbulence is concentrated near the sea-bottom (Loder and 

Greenberg 1986). The depth-averaged contact rates derived here will, 

therefore, overestimate contact rates for larvae that feed near the 

surface. The amount of overestimation will be small for frontal and 

tidally-mixed areas because the source of turbulent energy is, by 

definition, relatively clo::;e to the water surface and because the maximum 

eddy size from the tidal flow is order b. However, the magnitude of the 

overestimation will, however, be large for stratified regions where the 

source of tidal energy is farther from the surface and because the largest 

eddy size from the tidal flow is < order h. For these reasons, l do not 

quantify the influence of tidal energy on plankton encounter rates in 

stratified areas. In any case, the contribution of tidal energy to 

plankton contact rates in tha surface layer of a stratified water column 

is likely to be small relative to the contribution of wind, and in 

comparison to tidally energetic areas. 

In my analysis of the influence of tidally generated turbulence, l 

conducted two types of simulations using only slow swimming larvae and 

slow swimming prey. First l assessed how spatial variations in tidal1y­

generated turbulence might affect contact rates when prey densities were 
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uniform across three types of hydrographie environments (no tidal enelgy, 

frontal, well-mixed). This simulation was conducted wi th 4 prey dC'ns i t les' 

5, 20, 35 and 70 nauplii per litre. Next 1 assessed how the comolned 

spatial variance in both turbulence and prey distributions influenced 

contact rates across hydrographie environments. 

Both the wind and the tidal simulations which follow intellt i0l1a11y 

focus on the eva1uation of contact rates under conditions when standing 

stock prey densities are such that larva1 feeding success as measun.,>d in 

laboratory studies are low (Chapter 1). Clear1y, numerous other 

combinations of larva1/prey swimmlng speeds, prey densi ty, tidai velue i ty 1 

wind speed dnd water depth are possible, but l restricted my analyses to 

a sma11 number to faci1itate interpretations and to assess Lhe general 

importance of the influence of small-scale turbulence on contact rates 

Nevertheless, 1arva1 swimming speeds increase as larvae grow (Mi L 1er et 

al. 1988) and larvae in nature can encounter mixtures of prey 

species/sizes (Govoni et al. 1986; Kellerman 1990) having different 

swimming speeds and behaviours (Checkley 1982). These aspects of larva1 

feeding ecology deserve attention and shou1d be considered ln future 

studies. 

Resu1 ts 

Wind induced turbulence 

(i) Homogeneous prey distributions 

l consider ini tially the scenario involving a homogeneously 

distributed ~ref population and 1ar'lae swimming at 0.2 cm/s (Figure lA, 

B). Under these conditions, contact rates are highest near the surface 
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and dimini&h with depth at all wind speeds. Contact rates are higher at 

nll depth& when there is wind than when there is no wind. The decrease in 

encounter rate with depth under all wind conditions reflects the e~peeted 

decren&e in turbulent kinetic energy with depth (Eq 1; Chapter 2) 

These contact rate - depth profiles sugges t that larval fish could, 

therefore, benefit from storm mixing events even when prey are 

homogeneously distributed before a storm. For example, consider larvae 

that swim slowly (0.2 cm/s) located at a depth of 20 m in a prey field of 

5 nauplii/L (Figure lA) with winds at 7.5 mis (an approximate value for 

Uni ted Kingdom meteorological stations in summer, Bowers and Simpson 

1987). If the wind veloeity increases to 15 mis causing larvae to actively 

migrate or passively mix to a depth of 60 m, these analyses prediet that 

the new contact rate at 60 m (0.00355 preY/s/cmz ) would still exceed that 

prevailing in shallower water at the lower (7.5 mis) wind speed (0.00334 

prey Is/cm2 ). Further, this new rate is more than 3 X higher than the 

contact rate at any depth in the absence of winds (0.00100 preyjs/cm2 ). 

Fast swimming larvae have higher encounter rates than do slow 

swimming larvae. However as turbulence levels increase, the differenc~ in 

encounter rates between fast and slow swimming larvae deerea5es (Figure 

lB). In my simulation, at wind speeds of 15 mis, contact rates of fast and 

slow swimming larvae loca ted in the upper 10 - 15 m of the water eolumn 

become equivalent. 

The increase in contact rates created by sruall-scale turbulence is 

also relatively greater at lower prey densities (Figure 2). For example, 

( at winds of 5 mis, the contact rate for a larva feeding at a depth of 20 

m and at a prey density of SIL i5 predicted to be 155 % higher than that 
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Figure 1. A. Simu1ated contact rates between fish 1arvae and zoopLlIlkton 

prey at different wind speeds (0 - 15 m/5) and water depths (2 - 60 m) 

Prey density '" 5 nauplii/L, larval swimming speed - 0 20 cm/s ~\ld prey 

swimming speed = 0.02 crnls B The influence of larval and prey s\oJimming 

speeds on contact rates between larvae and prey at wind speeds of ] and 

15 mis and at depths of 2 - 60 m Dashed Unes. 1arva1 swimming speed -

0.20 cm/s and prey swimming speed '" 0.02 cm/s. Solid l ines. l..lt'val 

swimming speed = 0.5 cmls and prey swimming spped - 0.05 cm/s Prey 

density = SIL. 
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Figure 2. Percent increases in contact rate between fish L:lrvLle and 

zooplankton prey at two prey densities and at 5 wind speeds relative ta 

the contact rates at equivalent prey densities but in the absence of wind­

induced turbulence. Larval swimming speed = 0.20 cm/s and prey 5wi mmlng 

speed = 0.02 cm/s. Solid bars: prey density - SIL; striped bdrs prey 

density = 3S/L. Percent lncrease = [(ratewlnd - rateno wlnd) / r3t€llo w1ndJ ~~ 

100 %. 
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for a larva in a nonturbulent environment. At prey densities of 35;L. the 

percent increase in contact rate due ta turbulence is 112 %. TIlt.' higher 

relative increase in contact rates at lower prey densitlt's occlIrs because 

prey are separated by greater distances at 5/L (han at 35jL (sl't~ Eq 2). 

(ii) Heterogeneous prey dlstributions 

l next consider the potential bias in estimated contact rates c.Jused 

by fai lure to account for both prey pa tchiness and small- sca le turbu lence 

(Figure 3) If an investigator performs il depth-integrated pl.:mkton haul 

and ignores the contribution of wind- induc.ed turbulence to 101rva1 contdct 

rates, these rates would be assumeJ constant at a11 depths (Figure 3B, 

curve II). 

However, depth-stratified samp1es from the same environment, 

adjusted for the effect of wind-generated turbulence, revea1 a > 5 X 

increase ln contact rates for larvae located at a depth of 20 III (Figure 

3B, curves l and III), but smaller increases at other depths If the 

effect of turbulence is ignored when depth-stratified sampling is 

employed, contact rates of larvae located at 20 m depth would be 

underestirnated by 100 % (Figure 3B, curves l and Ill). 

The magnitude of the bias created by failure to recognize the 

important contribution of turbulence to contact rates increases with bath 

wind speed and patchiness (Figure 3.\ and 3B). For exarnple, at wind speeds 

of 7.5 mis, a depth- integrated samp1e which failed to account for 

turbulence would underestimate contact rates of larvae located at 20 m by 

> 6 X (Figure 3A and 3B, curve II) 

For sorne combinations of prey density and depth, contact rates 

estimated from vertically-integrated sarnples and without reference to the 
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Figure 3. The influence of prey distrihution, wind- induced small- sc ale 

turbulence and zooplankton sampling protocols on simulated contact rates 

between fish larvae and zooplankton prey. Larval swimming speed = 0.20 

cm/s élnd prey swimming speed ~ 0.02 cm/s Note that the horizontal scale 

in b. differs from that in~. 6. Simulated contact rates between larvae 

and prey .'lt 5 wind speeds ranging from 0 - 10 mis and at depths ranging 

from 2 - 60 m. Prey density = SIL for depth - 2 and 60 m, 10lL for depth 

- 5, 35, 40, and 50 m, 15/L for depth .,. 30 m, 25/L for depth - 10 m, 40/L 

for depth - 15 and 25 m, and SOIL for depth - 20 m. The depth-averaged 

prey density is 20/L. li. Curve 1 depicts the contact rate between larvae 

and prey in the absence of wind. Prey are heterogeneously distributed as 

described in the legend for Figure 3A. Curve III describes contact rates 

under the same vertical prey distribution but in the presence of \vlnd '"' 

5 mis. Curve II depicts contac t rates when prey are homogeneously 

distributed in the absence of wind Curve IV depicts contact rates when 

prey are homogeneously distributed but with wind - 5 rn/s. In a11 four 

simulations the depth-integrated prey density - 20/L. Larval and prey 

swimming speeds were 0.20 and 0.02 cm/s respectively. 
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contribution of turbulent kinetic energy (Figure 3B, curve II) may 

actually overestimate contact rates (e g. 60 m; Figure 3B, Curves II and 

III) . 

(iii) Storm effects 

The increases in small-scale turbulence and changes in prey 

distrlbution associated with storms can have either detrirnenta1 or 

beneficia1 effects on larval contact rates. For example, if larvae are 

located at 20 m where prey density is 50lL and if the wind speed is 5 mis, 

their contact rates will decrease by 32 % during a storm having 10 mis 

winds (Figure 4), assuming that the storm homogenizes prey densities 

throughout the water column The decrease in contact rates would have been 

even greater if not for the increase in turbulence generated by a doub1ing 

of wind speed. Moreover if this same larva was mixed downwards or actively 

swam to deeper water (e. g. 40 m), its post-storm contact rate would be 

reduced by 46 % (Figure 4). These interactions probab1y contribute to the 

negative influence of strong wind events on in situ survival of 1arval 

anchovy (Peterman and Bradford 1987) 

It is important to note, however, under other circumstances fish 

larvae may a1so benefit from storm events. In my simulation, 1arvae 

located at 40 m before the storm passed wou1d experience a 187 % increase 

in encounter rates during the storm. This occurs because prey densities 

increased in deep water due to redistribution of prey from shallower 

waters, and because of the storm-related increase in small-scale 

turbulence. At these depths contact rates can be expected to diminish 

slowly as wjnds slacken and turbulence dissipates during the post-storm 

period. They will, however, continue to equal or exceed pre-3torm levels 
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Figure 4. Simulated influence of a storm on contact rates between larval 

fish and their zooplankton prey. Pre-storm prey densities vary wi th depth 

1:'.S follows: 5/L for depth ~ 2 and 60 m, 10/L for depth - 5, 35. 40. and 

50 m, 15/L for depth ~ 30 m, 25/L for depth - 10 m, 40/L for depth - 15 

and 25 m, and 50/L for depth - 20 m. The depth-averaged prey density 

before the storm 1S 20/L. Prey densities during and after the storm are 

homogeneous with depth at 20/L. Wind speeds before, during and after the 

storm are 5, 10 and 0 mis, respec tively. Larval swimming speed is 0.20 

cm/s and prey swimming speed is 0.02 cm/s. 
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because prey densities are now double the pre-storm levels. 

Tidally indueed turbulence 

157 

In simulations in whir.h prey densities were uniform across threl' 

hydrographie regimes representing different levels of tidally-generatcd 

turbulence, contact rates increased \oJ'i th increased t idal mixing (Figure 

5). For example, at prey densities of 35/L, an lI·fold increase in contact 

rate might be expeeted as a consequence of the tidai energy input that 

occurs in a frontal region (y3/h = 0 004 mZ s-3; Bowers and Simpson 1987). 

When prey densities differ across hydrographie regions, the 

contribution of tidal energy to plankton contact rates can be even 

greater. For example, prey densities in a water column having no 

turbulence would have to be 14 X higher (70/L; Figure 5) ta produce 

contact rates equivalent ta those at a frontal zone where prey dens i ty 1S 

only SIL. 

Discuss ion 

Estimating the realized food abundance and assessing its influence 

on feeding and growth rates of natural populations of 1arval fish 1s a 

maj or challenge in fisheries oceanography. Most conventiona 1 samp 1 ing 

programs can not estimate the quantity of prey available to lar'la1 fish 

at the appropriate spatial seales (owen 1989). Further they fail ta 

identify larval behavioural responses to prey patchiness at these ses les 

(centimetres - metres, Hunter and Thomas 1974; Munk and Ki0rboe 1985), 

and link mortality rates to coincident measures of food dens i ty (C!. g. 

Taggart and Leggett 1987). In addition predators of larval fish have the 

potential to remove larvae selectively from the water column (Bailey and 

M 
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Figure 5. The contribution of tidal energy to contact rates between fish 

larvae and their zooplankton prey at 4 prey densities. Larval swil11ming 

speed - 0.20 crnls and prey swirnrning speed - 0.02 cm/s. The horizontal axis 

displays the Sirnpson-Hunter (1974) stratification index, from which t:, the 

dissipation rate of turbulent kinetic energy, can be estimated (see text, 

Eq 5). A value of 1000x(y3/hl - 4 m2 s-3 occurs at tidally generated fronts 

(Bowers & Simpson 1987, p.37). Values of JOOOx(1!3/h) > 4 m2 S-3 are 

characteristic of tidally-rnixed water columns. In these simulations, tidal 

velocities, Y, were 0, 0.620 and 0.900 [R's-l, and h "'" 60 rn. 
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Houde 1989). Larval populations which are captured in plankton collections 

may, therefore, be growing at rates different from the average for their 

cohort and independently of the potentially biased estimates of the larval 

food resource (Chapter 1). 

The simulations which l developed from my estimates of wind and 

tidally induced turbulent energy demonstrate the important effect of 

small-scale turbulence on contact rates between fish larvae and their 

prey. Failure to recognize the influence of turbulence has undoubtedly 

biased earlier estimates of the contact rates between larvae and prey 

(Rothschild and Osborn 1988, and hence of in situ ingestion rates (Sundby 

and Fossum 1990; Chapter 1). Under the conditions used in one of my 

simulations, in which prey density was 5/L, these biases resulted in an 

underestimate of contact rates by 155 % at a wind speed of 5 mis. my 

simulations also suggest that contact rates could be underestimated by as 

much as 11- fold for larvae located at frontal regions such as those on the 

northwest European continental shelf (prey density - 35/L; Figure 5). The 

magnitude of this bias will covary with wind speed and tidal energy, and 

with temporal and spatial variation in prey density. which i5 itself 

subject to other biases (Owen 1989). 

My simulations involving heterogeneously distributed prey 

considered patchiness on the vertical dimension at scales of 5 . 10 m. 

Patchiness can exist in aIL three dimensions and at sma11er spatial seales 

(Jenkins 1988; Owen 1989) than those which l have considered. l expect 

that the same general principles that l observe wo,tld operate at smaller 

scales (cm' s - m' s) c10ser to those of larval feeding activity. Moreover, 

patchiness on the scale of centimetres persists at wind speeds up to at 
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least 10 mis (Jenkins 1988; Owen 1989), although the number of patches, 

and the density of individuals in the patch decrease as wind speeds 

increase (Owen 1989). Consequent1y, if larvae encounter such a patch, 

their contact rates wi th prey will be higher than if prey were 

homogeneously distributed. 

Small-scale turbulence in the mixed layer is ubiquitous. This 

indicates that, in general, the surface layer must be considered a 

turbulent environment (Lueck and Reid 1984) when judged fram the 

perspective of a 1arval fish and its prey. This is precisely the habitat 

occupied by first-feeding larvae of many species of marine fishes (Heath 

et al. 1988; Fortier and Harris 1989; Oauvin and Oodson 1990; Nie1son and 

Perry 1990). This suggests that 1arval fish, and more generally 

zoop1ankton (e. g. Costello et al. 1990; Marrasé et al. 1990), shou1d 

possess behaviours that enable them to capture and inges t prey under 

conditions of moderate turbulence. 

As residents of this environment, larval fish are known to be 

periodically dispersed downwards, or to active}y avoid the surface, during 

strong winds (Heath et al. 1988). Interactions between illumination, wind-

induced turbulence (Heath et al. 1988), and prey density (Munk et al. 

1989) are 1argely responsible for the vertical distributions of 1arval 

herring, and possibly for other species. For example, very high turbulence 

levels cou1d allow prey ta pass through the larva's visual field without 

being successfully captured because larval reaction times may. be too slow 

to respond to fast-moving prey (e. g. see Checkley [1982] and Govoni et 
J 

( 
al. [1986] for factors affecting prey selection by larval fishes). In 

extremely turbulent environments 1arva1 feeding success may, therefore, 
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be lower th an in less turbulent environments. It is like1y. therefore, 

that larvae use combinations of light. turbulence and prey densi ty to 

maximize in situ feeding success in the sea during both calm and storm 

periods. 

In particular. larval vision (Hunter 1981; Wanzenbock and Schiemer 

1989), and its dependence on illumination (Blaxter 1988), will influence 

the enCO'.lnter radius, R. For example, the gut contents of many species of 

larvae that have been collected at regular intervals throughout the day 

and night reveal a diel cycle (Arthur 1976; Kellerman 1990; Young and 

Davis 1990), even though turbulence continues, and, in sorne areas even 

increases, at night (Moum and Caldwell 1985; Shay and Gregg 1986). 

The demonstration of the potential effect of small-scale turbulence 

on contact rates at tidal fronts (Figure 5) adds to the understanding of 

processes which enhance biological production in such areas. Previous 

explanations of the high production and/or standing stocks common1y 

observed at fronts have focused mainly on the positive effects of 

increased amounts of phytoplankton cells, light and nutrient condit ions, 

and circulation processes which entrain organisms towards the front (see 

review by LeFèvre 1986). Much of the enhanced production may be 

attributable to increased encounter rates between secondary consumers and 

their prey as a resuit of small-scale turbulence characteristic of such 

regions. High turbulence levels in these areas reduce the 5 ize of the 

smallest eddies. whose mean length scale is related ta the Kolmogorov 

scale (Lazier and Mann 1989; Granata and Dickey 1991). This suggests that 

a larger size range of organisms. and possibly more trophic leve1s wi thin 
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the planktonic food web, will benefit from the high levels of turbulence 

found Ilt t idal fronts. 

Given the results of these simulations l would expect that in 

stratified regions of the sea and in lakes, that the relative contribution 

of wind energy (Lueck and Reid 1984) 1 and the dependence of the biota on 

this energy source 1 will be more important than tidal energy in 

influencing trophodynamics among planktonic taxa. Moreover 1 wind energy 

inputs are less reliable ecological signaIs than tidal energy inputs. If 

larval fish and other zooplankton do require turbulence ta offset the 

potentially negative effects of low food densities commonly reported for 

marine environments (Chapter 1; see also Huntley and Boyd 1984; OIson and 

01son 1989), populations which inhabit nontidal regions may experience 

more variable encounter rates 1 and hence different selection processes, 

than populations inhabiting areas associated with more reliable inputs of 

turbulent kinetic energy (e. g. fronts). 

My analyses, like those of Rothschild and Osborn (1988), indicate 

that the positive effects of turbulence are greatest on the slowest 

swimmers (Figure lB). which tend to be the smallest larvae (Miller et al. 

1988). First-feeding and young fish larvae are therefore most likely ta 

benefi t from small-scale turbulence. These larvae may, therefore 1 have 

lower foraging-related metabolic costs than in the absence of turbulence 

(Rothschild and Osborn 1990; a1so Wieser et al. 1988; Boisclair and 

Leggett 1989). As swimming ability deve10ps. larvae are less dependant on 

extrins ic 1 ab iotic energy sources (winds, tides) as a means to encounter 

prey (Rothschild and Osborn 1988). However. even for these larger larvae. 

should their physiologica1 condition deteriorate to a point where swimming 
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ability is reduced (Blaxter and Ehrlich 197 t.; Frank and Leggett 1982), 

kinetic energy inputs, such as those that occur during di rect wind­

mixing, at fronts (Bowers and Simpson 1987), and during upwelling (Csanady 

1989) can potentially increase contact rates of larvae with their prey. 

This could reduce the likelihood that larvae would starve to dea th 

in the sea (e.g. Hovenkamp 1990) as weIL as the likelihood of finding 

starving larvae in the sea. However, if slow swimming larvae are indeed 

dependent on tidal or wind- generated turbulence for increas ing the i r 

encounter rates with prey, '.:hen temporal and spatial changes in tidal 

circulation and wind speeds could result in intermittent periods of 

reduced feeding and growth rates (e. g. Buckley and Lough 1987; Hovenkamp 

1990; see also Rothschild and Osborn 1988). Such changes could occur if 

(1) winds slacken, which would reduce turbulent motions that otherwise 

increase contact rates; (2) winds increase by sa lJ1uch that larvae are 

rnixed, or actively swim towards, depths where light intensities reduce the 

ability of larvae to see their prey; or (3) larvae are physically 

displaced by whatever means from "geographically stable physical 

oceanographie systems" (Sinclair 1988, p. 37 - 38) and subsequently 

experience conditions where reduced turbulence resul ts in lower prey 

encounter rates than those prevailing prior ta displacement. 

Reports of periods of intermittently poor larval growth linked ta 

low prey numbers are relatively rare (e. g. Sinclair 1988, p. 137; Chapter 

1). This may reflect difficulties in accurately estimating growth rates 

and larval prey abundance simultaneously. In any case, periods of reduced 

growth will protract the larval period (Houde and Schekter 19B1; Chambers 

and Leggett 1987) and increase the time that larvae are exposed to 
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relatively high mortality (Folk'!ord and Hunter 1986). In addition, the 

weakened condi tion of slow- growing larvae may make them more vulnerable 

to sorne predators (Bailey and Houde 1989). 

A cautionary note 

My interest in this chapter has been to explore quantitatively the 

potential influence of small-scale turbulence on encounter rates between 

fish larvae and their prey. The empirical wind- induced turbulence model 

developed for this purpose represents a first-order description of the 

variability in small-scale turbulence in nature. It should be remembered 

aIso that turbulence is itself patchily distributed and highly 

intermittent (Gezentsvey 1985; Lazier and Mann 1989; Yamazaki and Lueck 

1990), and that aU of the results reported here represent average values 

for contact rate. A sensitivity analysis of Eq (1) (Figure 6) showed that 

the 95 % confidence limits of a wind-induced turbulence estimate deviate 

by a factor of ::::: ~O from predicted values of f. However, contact 

rates derived using these 95% confidence limits for ! vary by only a 

factor of ::: 3 (Figure 6B). This range approximates the range of biases in 

estima tes of i.n situ larval food resources when determined by integrative 

sampling methods which fail ta account for microscale plankton patchiness 

(Owen 1989). 

Moreover, the contact rates 1 report are based on either wind- QI: 

tidally- generated turbulence. ln frontal regions, these effects could 

interact in an additive way. In addition, coastal upwelling (Csanady 1989; 

Chapter 2), breaking internaI waves, fish schools (Farmer et al. 1987) and 

other processes (Monin and Ozmidov 1985; Oakey 1985) can produce 

turbulence in nature which may, in local areas, al.so influence encounter 
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Figure 6. Sensitivi ty analysis of the influence of turbulence leve 15 

estimated from Eq. (1) on contact rates between larval fish and their 

zooplankton prey. The wind input used in this analysis is the mean value 

of log (W3
) (2.468; w- 6.6 mos-1) in our data set The indicator variable 

for the sampling site was given a value of l, which represents .1 coastal 

habitat. (A) Average dissipation rate of wind- induced turbulent kinet ie 

energy as a function of depth. Dashed lines represent 95 % confidence 

limits calculated from Eq (8) in Peters and Downing (1984') (B) Contact 

rates for fish larvae and zooplankton prey for the turbulence levels ~hown 

in (A). Larval swirnrning speed 1s 0 20 cmos-l and prey swimmlng speed ts 

0.02 crnos-l. Prey density is 5 1-1 . ~ote that the 95 % confidence limits 

for turbulent dissipation rate vary by a factor > 10 but that the 

confidence limits of contact rates derived using these confidence vary by 

a factor of :::: 3. 



Log Dissipation Rate 
-3 

(Watts m ) 100 x Contact Rate (preyl s 1 cm2 
) 

-6 -5 -4 -3 -2 0.2 0.6 1.0 1.4 1.8 2.2 

o ~--- - ---- ----------- ----- --------~ 

'" ,; r --+-
/ / -~ y cl ;-

/ / , ", 

/ / 
", , ", , , - l' ; 

1 1 1 1 
j 1 / 

1 1 + t 
1 , 1 1 

.-. 20 - t t ~ J 

E 1 1 1 1 

~ J 1 1 - f t , 1 ..c. , , 1 1 ..... f t 
, -1 a. 

Q) 
, , 1 1 

.f. J t 1 
0 , , t , 1 

, , , 
401 J t t t , , 1 , , 1 1 , , , 1 , 

J ~ 1 , , , - 1 t , , 1 , , , 1 , , 1 A 1 1 B 
60

'
- ~ • ! 1 

''- .. 
_;ili 



166 

rates. 

It is important, therefore, that more precise mode1s be devE'lopE'd 

wi th which to predict the diss ipation rate of turbulent kinet ie ene rgy, 

given the apparent importance of !:>mal1-scale turbulence to plankton 

ecology For example, coincident reporting of water column stl'atiticdtion 

and vertical turbulence profiles, together wi th wind field recotds 0ver 

the sampling interva1 could signiflcantly reduce the residudl vdrial1ce 

associated with Eq (1) (Lueck et al 1983; Oakey 1985. Yamazaki 1990; 

Rothschild and Osborn 1990). It shou1d be noted, tao. that turbulence 

measurf!ments in the upper rnixed layer. inc1uding those used in deve10ping 

Eq (1), sometimes depart from a lognormal distribution (Yamazaki and Lueck 

1990; Yamazaki et al. 1990). This factor should be considered in the 

development of future models. 

These simulations do, however, clearly il1ustrate the importance of 

turbulent energy to feeding rates in the plankton. and provide quantlfied 

estirnates of the relative differences in contact rate that turbulent 

energy inputs can create in nature. They also provide insights into where 

in the vertical (wind) and horizontal (tidal) dimensions such incre..tses 

are most likely to oceur. Finally they clearly highlight sorne of the 

consequences of fluctuating turbulence levels on the rates of contact 

between fish larvae and their prey, and indeed, be tween zooplankton 

generally and their prey, and of the fai lure to incorporate knowledge of 

these effects into analyses of plankton dynamics. These results, and the 

mode1s from which t1,.ey are derived, ean also aid in the interpretation of 

in si tu larval grow.:h and feeding rates when es timates of prey abundance 
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and turbulence, or at least rneasures of the wind or tidal velocity which 

generate this turbulence, are available. 
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Introduction 

Stochastic inputs of externa1 energy can be important regulators 

of physical characteristics of coasta1 marine (e. g. Harris et al. 1991) 

and 1acustrine (e. g. Dunsta11 et al. 1990) environments. For examp1e, 

variable wind conditions can cause rapid fluctuations in current flow, 

salinities, and water temperatures (Bohle-Carbonnel 1986; Taggart and 

Leggett 1987; Rose and Leggett 1988). In sorne cases these energy lllpUts 

to the water column can result in synchronous water mass exchanges in 

entire bays and inlets (Table 1) a10ng 100'5 of km of coastline (Platt 

et al. 1972; Leggett et al. 1984; Rose and Leggett 1988). If these 

environmental perturbations occur after the spring b100m, the y could 

change a stratified, nonturbu1ent water column into one that ls well-

mixed (Frank and Leggett 1982; Harris et al. 1991), more turhulent. and 

possibly more eutrophie (e. g. P1att et al. 1972; Dunsta1l et al. 1990a; 

Harris et al. 1991). 

The response of coasta1 hydrography to wind energy inputs likely 

has important consequences on biological production processes. For 

example, the flux of nutrients (e. g. nitrate) into the photlc zone, 

which is strongly contro]led by physical processes (Levasseur et al. 

1984; Lewis et al. 1986), is one of the principal factors lirniting rates 

of primary production in the surface layer of the sea (Dugdale 1976; 

Levasseur et al. 1984; Lewis et al. 1986). Field evidence shows that 

replacement or conversion of a stratified, oligotrophic environment into 

one that is well-mixed and relatively nutrient-rich can stimulate growth 

rates of phytoplankton 1 - 3 days later at temperate and boreal 

latitudes (Iverson et al. 1974; Takahashi et al. 1986; Ki0rboe and 
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Table 1. Geographie regions where episodes of wind- indueed water mass 

exehange or upwelling have been observed. Sites are listed 

alphabetically by literature reference. 

Region 

Izu Peninsu1a, Japan 

Lake Erie, Canada-O.S. 

Bryants Cove, Newfound1and 

Adriatie Sea (northeast coast) 

Sweden (east coast) 

Western Greece 

Gullmar fjord, Sweden 

Gulf of Lyons 

Sicily (south coast) 

Nova Scotia (Atlantic coast) 

Québec (lower north shore) 

Gulf of Panama 

Newfoundland (east coast) 

Lake Ontario 

Trinit y Bay, Newfoundland 

Favorite Channel, Alaska 

Reference 

Atkinson et al. 1987 

Dunstall et al. 1990 

Frank and Leggett 1982; 

Taggart and Leggett 1987 

Ga ié et al. 1987 

Gidhagen 1987 

Lasearatos et al. 1989 

Lindah1 and Perissimotto 

1987 

Millot 1979 

Piceioni et al. 1988 

Platt et al. 1972 

Rose and Leggett 1988 

Schaefer et al. 1958 

Schneider and Methven 

1988 

Simons and Sehertzer 1988 

Yao 1986 

Ziemann et al. 1991 
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Nielsen 1990). Moreover, the frequeney of mixing and stratification 

events (e. g. storms, upwellings) determines phytoplankton success ion 

(Levasseur et al. 1984), and the proportion of primary production \vhich 

is either transferred to higher trophie leve1s or whieh enters thp 

microbia1 food loop (LeFèvre and Frontier 1988; Ki0rhoe and Nie1sen 

1990) . 

In this chapter, l present physieal oceanographie results from a 

field study designed to eva1uate whether wind- indueed eoastal wat2'- mass 

exchange in Conception Bay, Newfoundland, Canada, oecurs wi th suffie ient 

frequeney and magnitude to supply nutrients to the photic :Ofle. l chose 

this partieular site because interactions between wind and hydrography 

are cornmon and variable both within and between years (Frank and Leggett 

1982; Taggart and Leggett 1987), and, therefore, are like1y to have 

important consequences on the distribution and abundance of plankton. 

My objective in this study was, therefore, to investigate 

hydrographie characterist:.cs of an embayment which is strongly 

influenced by inputs of ,yinl.! energy, and to assess whe ther these inputs 

can convert a relatively nltt":.ient-poor, nonturbulent environment into 

one that i5 nutrient-rich and more turbulent. l describe the frequency 

and magni tude of wind- indueed upwelling during the summer rnonths, the 

size of the spatial zone influenced by these events, and the relative 

nutrient status of surface and upwelled water masses. This information 

could help to explain temporal and spatial patterns in biological 

variables (e. g. rates of production and distribution of plankton) in 

Conception Bay, and in other regions Ce. g. Table 1) where wind energy 
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inputs may be important regulators of nutrient supply to the photic 

zone, and of light conditions experienced by phyt~<)lankton. 

Methods 

Study site 

185 

Conception Bay (~ 65 by 25 km) is 10cated on the northeast coast 

of insular Newfound1and. The maj or axis of the bay is oriented southwes t 

- northeast. The residual circulation pattern in the bay has not been 

investigated thoroughly, but is presumed to be dominated by exchange 

with the Labrador Current (Butler 1971). This current f10ws south along 

the Labrador and Newfoundland coast (Hachey 1961; Butler 1971). The 

colder, slower moving (8.3 kmoday-l; Hachey 1961) inshore portion of 

the Labrador Current is believed ta flow into Conception Bay a10ng the 

western shore and out of the bay along the eastern shore (Butler 1971) . 

The flow of water carried southward by the Labrador Current varies 

substantially between years (Hachey 1961), which likely contributes to 

differences in rates of exchange between shelf waters and those inside 

bays along the coast. 

Conception Bay receives no major riverine inputs of nutrients; its 

surrounding watershed is sparse1y populated (= 75,000; Statistics Canada 

1988), and it supports little agriculture. Wind-generated upwe1ling and 

storms are 1ikely ta be particular1y important processes governing 

nutrient supply ta the surface layer after the spring b100m in 

Conception Bay, and in the numerous other simi1ar bays along the 

northeastern coast of Newfoundland (Yao 1986; Schneider and Methven 

1988) during the summer months. 

PreviOllS studies have show-.. , that wind, as measured at St. John's, 
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Newfound1and airport (19 km from the centre of Conception Bay) , i5 a 

significant factor in determining physica1 and bio1ogica1 

characteristics (e. g. water temperatures, current speeds, 

microzoop1ankton abundance; coherence squared - 0.4 - 0.7) at a site 

(Bryants Cave) on the western shore of Conception Bay (Frank and Legge te 

1982; 1ao 1986; Taggart and Leggett 1987; Taggart and Frank 1988), Tidal 

energy inputs in this, and neighboring, regions are, in comparison, 

re1ative1y small (Yao 1986; Taggart and Leggett 1987; Schneider and 

Methven 1988). Moreover, temperature fluctuations at this site are 

synchronous with nearshore temperatures at severa1 other sites a10ng at 

1east 700 km of Newfound1and coastline (Leggett et al. 1984; a1so 

Schneider and Methven 1988). Consequently fluctuations in physical 

variables that are recorded in the vicini ty of Bryants Cove are like1y 

to broad1y represent those a1ang much of the northeast coast of 

Newfound1and. 

Sampling plan 

During the summers of 1987 and 1988, current flow and water 

temperatures were monitored at several locations seaward of Bryants Cove 

(Fig. 1; Table 2). A sampling frequency of 3 . 4 times per week is 

necessary to observe short-period fluctuations (2 - 6 days; Yao 1986; 

Taggart and Leggett 1987; Schneider and Methven 1988) in these physical 

oceanographie variables. This samp1ing frequency was accomplished by 

c011ecting vertical temperature and nutrient profiles several times per 

week during the periods Ju1y 14 - August 19, 1987 and June 8 - August 

13, 1988, and by continuous1y recording water temperatures, current 
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speeds and current directions with moored instruments during the periods 

June 15 - August 15, 1987 and 1988. 

Data collection: 

(1) Vertical temperature and nutrient profites. 

l obtained vertical tempe rature profiles along a transect 

approximately perpendicular to the principal axis of Conception Bay and 

originating near Bryants Cove (Figure 1). Nearshore stations « 3.9 km 

from the western shore of Conception Bay; 90 m bathymetric contour) were 

spaced at intervals < 2 km apart (Figure 1; Table 2) and those beyond 

3.9 km were spaced at 2 km intervals. This distribution was designed to 

provide greater sampling resolution in the nearshore area where l 

anticipated the largest fluctuations in abiotie and biotic variables 

(see Taggart and Leggett 1987). 

Temperature at depth was measured by recording the temperature of 

seawater pumped from fixed depths to the boat deck. Flow rates were ~ 

900-1000 L/minute, and water transit time (13 - 15 seconds) was 

sufficiently fast to avoid significant temperature changes during the 

pumping. (Mean temperature difference [depth - 40 m] between that at the 

pump outfa11, and that recorded sirnu1taneous1y at depth 40 m by an 

Aanderaa current meter was < 0.4 C [N - 20, SD - 0.25 Cl. All 

temperature pairs were recorded between June 17 and August 12, 1988.) 

The pumping system is described by Taggart and Leggett (1984), a1though 

l rep1aced the pressure transducer at the hase intake, which they used 

for depth determination, with a boat-mounted meter wheel. A 75 kg weight 

he1d the hose intake at depth. 

Temperatures were recorded at 5 m depth intervals within the 
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Figure 1. Map of Conception Bay showing location of sampling transect, 

orientation of wind and current velocity vectors and latitude and 

longitude coordinates of sampling stations. The longshore pas itive 

vector is oriented parallel to the principal axis of the bay, and takes 

on positive values when winds are directed out of the bay. The cross-

shore positive vector ls orlented perpendicular to the principal axis of 

the bay, and is directed away from the western shore. Inset: Map of 

insular Newfoundland. Wind speeds and directions were measured at St. 

John's. 
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Table 2. Latitude and longitude coordinates of sampling stations 

emp10yed during the summers of 1987 and 1988. 

Station No. Latitude Lon~itude 

1 4r 40' 88" 53° 10' 30" 

2 47° 40' 78" 53° 9' 48" 

3 47° 40' 68" 53° 8' 3" 

4 47° 40' 65" 53° 6' 40" 

5 47° 40' 62" 53° 4' 55" 

6 47° 40' 59" 53° 2' 90" 

7 47° 40' 57" 53° l' 20" 

8 47° 40' 56" 52° 59' 35" 

9 47· 40' 54" 52° 57' 55" 

10 47° 40' 53" 52° 56' 60" 

11 47° 40' 52" 53° 54' 00" 

12 47° 40' 51" 52° 52' 28" 
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surface mixed layer and the thermocline. The sampling interva1 was 

increased to 10 m below the thermocline to a maximum depth of 50 m. On 

aIl but five occasions, transects were restricted to the western 10 km 

of Conception Bay. l extended the transect to inc1ude the entire cross­

bay distance (~ 22 km) on three occasions in 1987 and two occasions in 

1988. 

Pumped water samples were retained to determine nitrate 

concentrations in surface and subsurface water. Vertical nitrate 

profiles were obtained in 1988 at approximately 3-week interva1s. On 

each date, a11 nitrate samples were taken at a single station at which 

the vertical temperature profile indicated a strongly stratified water 

mass. Nutrient samples were drawn fro~ depths identical ta those from 

which water temperatures were recorded. This facilitated estimation of 

surface, thermocline and subthermoc1ine nitrate concentrations. 

Water samp1es used for nitrate determinations were p1aced in 

darkened containers and held in closed refrigerated coolers until the 

research vesse1 returned to shore (maximum holding period ~ 7 h) . 

Samp1es were then immediate1y fi1tered through Whatman GF/C filters and 

frozen at _20 0 C. Frozen samp1es were held for no more than 4 weeks 

before being assayed. Analytical procedures fo110wed those described by 

Strickland and Parsons (1968). 

(ii) Sea-surface tempe rature measurements. 

On each sampling day, sea-surface tempe rature (SST) was recorded 

continuous1y as the boat travel1ed between samp1ing stations. 

Temperatures were recorded at 10 and 3 s intervals in 1987 and 1988, 
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respectively, using a digital temperature logger. During the transect 

survey, researchers noted station locations and the times at which the 

research vessel passed them. The time scale of the temperature 

observations was converted to a distance scale by noting and 

interpolating the cruise time between stations which were located by 

Loran C and radar fixes. These data were used to quantify in real-time 

the spatial extent of upwelling in the off~hore direction, and how the 

size of the upwelling zone varied with wind conditions. 

(iii) Depth of photic zone. 

On each sampling date, and at each station, water column 

transparency was measured with a 40 cm Secchi disk. These measures were 

used to estimate the water column extinction coefficient, k (k -

l.7/Secchi depth; Parsons et al. 1977), and the depth of the photic zone 

(Z.u - 4. 60S/k; Parsons et al. 1977). AU estimates of photic zone depth 

were derived from transparency determinatlons made between 07:00 and 

19:00 h. Light intensity (400 - 700 nm spectral response; ~E'm-Z's-l) was 

recorded on the boat deck with a Biospherical Instruments QSR-240 solar 

reference hemispherical light sensor. These measurements were used with 

estimates of the extinction coefficient, k, to calculate 1ight 1eve ls at 

depth. 

(iv) Wind Time Series. 

Hourly records of wind speed and direction were obtained from the 

Atmospheric Environment Service for the meteorological station located 

at St. John's Airport, St. John's, Newfoundland. The raw wind records 
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were resolved into longshore and cross-shore components of wind velocity 

according to: 

WL ... -W· cos (A - 20); and ong 

WCross .. -W.cos(A - 20) 

where W is the unresolved wind speed and A is the angle of the wind 

direction relative to true north (Schneider and Methven 1988). The 

principle axis of Conception Bay was set at 20°. The longshore cornponent 

waS oriented approxirnately parallel to the major axis of Conception Bay; 

this component was designated to have positive values (> 0) for winds 

originating approximately from the southwest. The cross-shore cornponent 

waS oriented perpendicular to the major axis of the bay; this component 

was designated to have positive values (> 0) when winds originate from a 

northwesterly direction (Figure 1). In Conception Bay, Trinit y Bay and 

a10ng the east coast of Newfound1and south of St. John's, the longshore 

wind component is more inf1uential than the cross-shore cornponent in 

determining nearshore water temperatures (Taggart and Leggett 1987; 

Schneider and Methven 1988), current speed (Yao 1986; Taggart and 

Leggett 1987), and fluctuations in zooplankton size and cornrnunity 

structure (Frank and Leggett 1982, 1986; Taggart and Leggett 1987; 

Taggart and Frank 1988). Therefore, in most analyses l use the longshore 

wind cornponent as a measure of wind energy input. 

Hourly wind velocity cornponents were smoothed with an equally-

weighted 4-point moving average. Wind velocities extracted from this 

( 
series at 4-hour intervals were used in time series analyses to assess 

relationships between wind conditions and hydrographie fluctuations (see 
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Oceanographie Time Series below). 

(v) Oceanographie Time Series. 

An array of Aandpraa current meters (depth 6, 25, 40, 56 m) ~nd 

Ryan temperature recorders (depth 15 and 32 m) was deployed dt tlw 

second station (2.2 km from shore; water co1umn depth - 60 m) sedwnrd of 

Bryants Cove on our transect (Fig. 1) A similar array was dep10yed ùt 

the same site in 1987 except that current meters were moored at depths 7 

and 56 m, and temperature recorders were moored at two intermediate 

depths (25 and 40 m). The Aanderaa instruments recorded water 

tempe rature , salinity, and current speed and direction Instruments were 

dep10yed at a site and at depths where the results of previous studies 

(Frank and Leggett 1985; Taggart and Leggett 1987) had indicated that 1 

could expect surface, thermocline, and subthermocline variations ln the 

recorded variables. 

Current meters recorded data nt 20 and 15 min intervals in 1987 

and 1988, respectively Temperature recorders collected data at 20 

minute intervals in both years. Values extracted at 4-hour intervals 

from these series were used in subsequent data analyses. 

Current directions were rotated 180 0 to be consistent with the 

orientation of wind vectors (see above). They were then decomposed into 

U (longshore; positive northeast) and V (cross-shore; positive 

northwest) components resolved around the major axis of Conception Bay 

(20 0
; Figure 1). 

l conducted exploratory analyses of the time series data to 

identify major anomalies in the records. This involved, for example, 
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serutiny of the raw time series plots of temperature or current 

velocities reeorded at various depths. These preliminary analyses 

enabled a visual identification of the occurrence and duration of 

probable upwelling events. These exploratory analyses also helped in 

loeating vert ieal displacements of the nutricline, and to identify 

occas ions when countercurrent flow between water masses occurred. 
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Time series of physical oceanographie variables commonly show 

lagged responses to ather oceanographie and meteorological variables 

measured at adjacent depths or sites (Taggart and Lpggett 1987; Rose and 

Leggett 1988). l used cross-correlation analyses (Chatfield 1989) to 

quantify the time required for water tempe ratures and longshore and 

cross-shore current components at different depths to respond to changes 

in wind condition. 

l also analysed time series records spectrally (Chatfield 1989; 

SAS Proc Spec tra, SAS 1985) to identify those frequencies which 

contributed maximally to the total variance in the data series 

(Chatfie1d 1989). Raw spectral estimates from periodograms were smoothed 

using a triangu1ar-shaped smoothing window (18 degrees of freedom; n ". 

9, Thompson 1979). Power spectra are presented in the variance­

conserving convention, in which the area under the curve is proportional 

to the total variance in the time series (Platt and Denman 1975). 

AU time series were seasonally detrended using linear regression 

prior to cross -correlational or spectral analyses (Chatfield 1989) . 

Results 

ill Winds 
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The frequency distributions of longshore wind velocities differt'ù 

significantly between 1987 and 1988 (Ko1mogorov-Smirnov test; P < 

0.001). Longshore wind veloc i ties and t:1e frequency of longshore 

positive winds were generally higher in 1988 than in 1987 (Fig. 2). 

Visua1 inspection and spectral analyses of the time series of the 

longshore wind components for 1987 and 1988 revea1ed that the 1987 

series was more variab le. Variance in longshore wind veloe i ties was ,.11so 

concentrated at longer periods in 1987 (peaks at periods of 4 and 10 

days) th an in 1988 (peaks at periods of 1.6 and 2 - 4 days; Fig. 2). 

Cii) Temperatures and nitrate concentration 

Variabi1ity in wind stress within and between years was &ssociated 

with large and rapid fluctuations in hydrographie conditions along the 

sampling transect (Fig. 3-5). The surface temperature evidence of 

spatial temperature variabi1ity was diverse. Sorne SST - distance plots 

were approximately 1inear (Fig. 3: Ju1y 17/87; Fig. 4: June 23/88, Ju1y 

12/88). while others exhibited a stepped re1ationship between 

tempecature and distance (Fig. 3: August 6/87, Fig. 4: June 4/88, Ju1y 

18/88). Most of the surface temperature variability was confined to 

within 4 km of shore (Fig. 5). where temperatures tended to be lower 

(Fig. 3-5), and tempe rature - distance gradients steepest (Fig. 3-4). 

When the sampling transect was extended to inc1ude the entire width of 

Conception Bay. surface temperatures were consistently lower and mate 

variable on the western haU of the Bay (Fig. 6). 

Horizontal variations in sea surface telllperature were accompanied 

by large variations in the vertical position of thermoc1ine and sub-
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Figure 2. Time series of 1ongshore wind ve10cities during the summers of 

1987 and 1988. Frequency distributions of 1ongshore wind ve10cities and 

variance-conserving power spectra are shown in lower panels. 
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Figure 3. Sea-surface temperatures measured in 1987 at 10 second 

intervals along the transect shown in Figure 1. Note that temperatures 

were recorded at only 8 sites on July 23. 
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Figure 4. Sea-surface temperatures measured in 1988 at 3 second 

intervals alang the transect shown in Figure 1. Note that the range in 

temperature (17 0 C) is identical ta that for 1987, but is shifted to 

lower values in 1988. 
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Figure 5. A. Seasonal variation in sea -surface temperatures measured at 

transect stations during 1988. The equation for the regression line is 

S5T - O.0182·GDD + 0.580 (R2 - 0.77; N - 339) where GDD is the 

cumulative number of growing degree days > 5° C starting on May l, 1988. 

B. Sea-surface tempe rature variation relative to distance from shore. 

5ea surface temperatures shown here are the residuals from the 

regression relationship presented in Fig. 5A. 
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Figure 6. Left column: Sea surface temperatures recorded continuously on 

five occasions across the entire width of Conception Bay. (Temperatures 

on August 11, 1987 were measured at spot locations corresponding to 

hydrographie stations listed in Table 2). Right co1umn: Isotherms across 

Conception Bay. Note warmer water at surface on eastern side of the bay 

and sloping isotherms in 1987. Isotherms are spread farther apart on the 

western side of the bay in 1988. 
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thermocline water masses (Fig. 7). Under stratified conditions, the 

thermocline, at a station 10cated 2 2 km offshore, occurred at a depth 

of 20 " 30 In (Fig. 8, 9). This depth a1so coincided with the nutricline 

(Fig. 8), and was typica11y ab ove the mean depth (35 m; N ~ 149; SD 

8.2) of the 1% light level, where light intensity was :::: 7 JlEom-Z's"l 

(median of aIl measurements of incident 1ight intensity - 737.4 ~E'm-

2.s-1; N - 148). Under stratified conditions, the light intensity at the 

nutricline (25 m) averaged :::: 3% of the incoming 1ight intensity, or 21 

jlEom"2os-1 (calculation emp10yed the mean extinction coefficient of 0.139 

m- l ) . 

When coastal waters were co1d and we11 mixed, indicating upwe11ing 

(e. g. Fig. 9: June 7 " 8/88; June 18 - June 23/88; June 27 - July 

4/88), the thermocline and nutric1ine were displaced upwards by as much 

as 25 m, although most thermocline disp1acements were 10 - 15 m. These 

thermocline and nutricline movements e1evated dissolved nitrate levels 

by 2 - 3 fold (from 1 " 2 JlM to 4 - 5 jlM) at a depth of 12.5 m (Fig. 8, 

9), where light intensities were :::: 18 % of incoming values (~ 130 jlEom­

Z'S-l). Phytoplankton ce11s normally resident in nutricline water would 

therefore be exposed to an increase in light intensity of approximate1y 

6-fo1d under upwelling conditions. In addition, phytop1ankton normally 

resident in the surface mixed layer wou1d become exposed to increased 

leve1s of nitrate and other nutrients because of mixing between water 

masses during upwel1ing/downwe11ing. 

Time ~eries of water temperatures recorded continuously by 

surface-moored Aanderaa current meters (Fig. 10), revealed 7 occasions 

in 1987 and 9 in 1988 when water temperatures dec1ined by more than 2.5 0 
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Figure 7. Temperature secti0ns in the western portion of Conception Bay 

measured on samp1ing dates in 1988. 
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Figure 8. Vertical profiles of ternperature (solid line) and nitrate 

concentration (dashed line) during 1988. Note that the vertical seales 

for June 7 and July 4 differ from those for the remaining dates. Nitrate 

levels in the nutricline (20 - 30 m) are ::::: 50 % of those in deep (150 m) 

water. AlI profiles were obtained in stratified water 2 . 4 km from 

shore. 
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Figure 9. Temperature profiles collected at a Station 2 (2.2 km from 

shore; Fig. 1) during the summer of 1988. Arrows indicate vertical 

movements of the thermocline and nutricline. See Figure 8 for nutricline 

depths. 
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Figure 10 Time series of water temperatures recarded at depth 6, 15, 

25, 40 and 56 m in 1988 at Station 2 (2,2 km from shore; Fig. 1). Also 

shawn is the time series of water tempe ratures recorded at depth 7 ni at 

the same site in 1987 (dashed line top panel). 
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t C within 24 hours. This corresponds to an upwe1ling frequency of 1 
t> 
f , 
;~ 

moderately-sized event per 7.5 days. Upwelled, nutrient-rich water 
.-
~ 
<, 

~": 
remained higher in the photic zone for 2 - 3 days during some upwell ing 

" ~ 
f 

events (e. g. June 29 - July 2; July 4 6; Fig. 10). On other 
\' 
t 
~ ,- occasions, upwe11ing events persisted for more th an 24 hours (e. g. 
, 
c, 

'" i August 3,4 and 5; Fig. 10). Consequent1y, the magnitude of temperature 
1, 

f .. decline and the duration of individual cold-water episodes varied within 
'" .' r 
k' 

t 
years. Moreover. such episodes were more common in 1988 than in 1987 

An approximate measure of the amount of time that cold watet' 

appeared near the surface in each year can be obtained by sUffiming the 

dura tians of each cold water event, and then expressing this summation 

as a percentage of the entire samp1ing period (1987: 66 days; 1988: 59 

days). According ta this measure, co1d water appeared at the surface 23 

% and 55 % of the time in 1987 and 1988, respective1y. However the5e 

values should on1y be cansidered approximate because in many cases, 

temperatures remained 1aw at the surface for only 1 day. but continued 

to be low for longer dura tians in deeper water. For example, event no 9 

in 1988 la.sted only 1 day at 6 m but 1asted ::: 3.5 days at 25 III Similar 

differences in duration of tempe rature decline between depths are also 

obvious for events 4 and 5 in 1988 (Fig. 10). 

Overal1, the frequency of upwelling episodes, as estimated 

visually from the ternperature time series, was broadly consistent wi th 

the results of spectral analyses of these two series (Fig. 11). 

Temperatures recorded at 6 m in 1988 had spectral peaks at periods of 

- 2.4 and 6.3 days; variance was aiso high at longer periods (6 3 . 10 

days). The spectrum for temperatures recorded at a similar depth (7 ln) 
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Figure 11. Power spectra for temperatures recorded at Station 2 (2.2 km 

from shore; Fig. 1) in 1987 and 1988. 
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in 1987 did not have obvious peaks, but was instead lower than that for 

temperatures at 6 m in 1988, and was broad1y distributed across periods 

2.2 - 10 days. 

Spec tra1 analyses of temperatures recorded at greater depths (15, 

25, and 40 m) during 1987 and 1988 showed even greater tempe rature 

fluctuations th an those at the surface (Fig. Il). In particu1ar, 

temperatures at 25 and 40 m were more variable th an those at 7 m in 

1987, and temperatures at 15 and 25 m were more variable than those at 6 

m in 1988. Temperatures recorded at 56 m were 1east variable in both 

years. 

High variability in mid-depth temperature is probab1y a direct 

consequence of vertical disp1acements of the thermocline about the 

instruments moored at depths of 15 and 25 m (Fig. 9; 10). In contrast, 

tempe rature fluctuations at 6 and 7 m, were probab1y associated with the 

advection of co1d upwe1led (or warm downwel1ed) water seaward (or 

1andward) past the instruments. 

(iii) Current speeds and directions 

The compass direction of current flow was generally bimodal wi th 

peaks separated by 180 - 200· (Fig. 12). When direction and speeds were 

reso1ved into vector components, surface (6 m) flow vas genera11y 

oriented along an axis of 20· - 220·, corresponding broad1y ta the 

dominant axis of the local wind field Deeper currents were shifted 

progressively towards an axis of ~ 70· - 260·. 

The frequency distributions of the longshore component of surface 

current f10w differed between 1987 and 1988 (Kolmogorov-Smirnov test: P 

- 0.002; Fig. 13 - 15). In 1987, longshore f10w (para1le1 to the coast) 
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Figure 12. Percent frequency distributions for current directions 

measured during the summers of 1987 and 1988 (2.2 km from shore; Fig. 

1). Direetj ons shawn are in the oceanographie convention, and therefore 

represent the direction to which the current is f1owing. 
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Figure. 13, Time series of longshore current velocity recorded in 1987 "t 

Station 2 (2.2 km from shore; Fig. 1) at depths 7 and 56 m. 
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Figure 14. Time series of longshore current velocity recorded in 1988 dl 

Station 2 (2.2 km from shore; Fig. 1) at depths 6, 25, 40 and 56 m. 
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Figure 15. Percent frequency distribution of 1ongshore current ve10city 

measured at depth 7 and 6 m in 1987 and 1988, respectively. 
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was directed more frequently into the bay (negative velocities), thon in 

1988. In addition, when currents were flowing into the bay, the 

magnitude of their ve10cities was higher in 1987 than in 1988 (Fig 15) 

Converse1y, positive longshore velocities (paralle1 to coast and out of 

the bay) were more frequent in 1988 than in 1987, and these ve1ocltlt2b 

were higher than the 1987 positive longshore velocities. 

The variance in longshore current velocity peaked at periods of ~ 

2.9 days in 1987 (Fig. 16), but was distributed across a broad ranee of 

periods in 1988 (1 6 - 6.3 days; Fig 16). In both years, longshore 

current velocities measured in the surface layer were more variable than 

those st depth (Fig 16) Complete reversaIs of flaw were con~on (e. g 

Fig. 15: June 30 - July 2 [Julian days 180-182]; July 31 - Aug 5 

[Julian days 213-218]), as were counterflowing currents at different 

depths (e. g Fig. 15. 25 and 40 m on June 27 - 30 (Julian days 179-

182]) . 

The variance in longshore current velocities at tida1 periods (~ 

2.day-l) was small when compared with that st longer periods. Current 

velocities and tempe ratures were, therefore, dominated by non-tidal 

external energy inputs. 

(iv) Dynamics of inter-relatationships among meteorological and 

oceanographie variables 

Our expectation for the respopse of the water column to wind 

energy inputs was broadly based on the Ekman model for coastal upwelling 

(Pond and Piekard 1983). Yao (1986), Taggart and Leggett (1987), and 

Schneider and Methven (1983) have shown that the wind velocity component 

(positive direction) para11el to the principal axis of the coast was 
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Figure 16. Variance-conserving power spectra for longshore current 

velocities measured at Station 2 (2.2 km from shore; Fig. 1) in 1987 and 

1988. 
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associated with dramatic and rapid fluctuations in water temperature and 

current velocities in Newfoundland. Consequently, it was anticipated 

that deep ~/3ter flow would be in the onshore direction shortly after, or 

simultaneous with, increases in surface longshore velocity in the 

positive direction (see Fig. 1 for orientation of vector components). It 

is also anticipated that the deep onshore flow would lead to, and be 

coherent with, reduced surface temperatures due to coastal, 

bathymetrically induced upwelling. 

The field observations were fully consistent with these 

predictions Variations in longshore wind and longshore current 

velocities at 6 m were positively correlated with longshore wind 

velocities (P < 0.05) at lags of 0 - 36 hours (wind leads current; Fig. 

17). Surface flow was, therefore, in the direction of the wind at these 

time lags. At depths > 6 m, however, we observed significant inverse 

correlations between wind and current velocities. These first occurred 

at lags of 12 - 36 hours (wind leads current). 

Surface (6 m) and deep (25 m) longshore current velocities were, 

therefore, inversely correlated (Fig. 18). However, this correlation was 

highest when 25 m currents were lagged, relative to those at 6 m, by 12 

- 24 h. Positive longshore currents at 6 m (out of the bay) at time ~ 

will, therefore, be followed 12 - 24 hours later by a negative current 

at 25 m (into the bay). Winds which persist for periods longer than 24 h 

are, therefore, likely to create current shear and turbulent mixing at 

the interface between these two currents. Similar patterns were evident 

for other depth combinations (Fig. 18). 

Cross-correlation analyses also showed that deep water (56 m) 
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Figure 17. Cross-correlations between longshore (LS) wind velocity and 

longshore current velocity measured in 1988 at 4 depths at station 2 

(2.2 km from shore; Fig. 1). Correlations for negative lags relate 

values for longshore wind to values of current velocity that number of 

periods earlier. Correlations at positive lags relate longshore wind 

velocity ta subsequent values of longshore current velocity. Dashed 

lines represent minimum significant correlation coefficient (P < 0.05). 
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Figure 18. Cross-correlations between longshore (LS) current velocities 

measured at two different depths in 1988 at Station 2. Correlations for 

negative lags relate values of surface velocity to values of deep 

velocity that number of periods earlier. Correlations at positive lags 

relate values of surface velocity to subsequent values of deep velocity. 

Dashed lines represent minimum significant correlation coefficient (P < 

O.OS). 
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flowed towards the coast when surface flow was out of the bay (Fig. 

1ge). This correlation was strongest at zero lag, indicating nearly 

instantaneous (i. e < 4 h) response of deep water v~locities to changes 

in surface current veLocities Significant negative cross-correlations 

were also evident between the velocity of the surface (6 m) longshore 

current and the velocity of the 25 m and 40 m cross-shore current (Flg. 

19A, B). However, these correlations were maximal at positive lags of 24 

- 36 h (surface current leads deep current). 

Offshore flow (positive cross-shore current velocity) in deep 

water led to higher surface temperatures, and onshore flow (negative 

cross-shore velocity) in deep water Led to lower tempe ratures (Fig. 20) 

This indicates that the appearance of co1d water at the surface (Fig. 3-

5) was associated with the fLow of deep water towards the coast. These 

correlations (Fig. 20) occurred at short (::.:::: 12 - 16 h) or zero lags 

(current leads temperature). The strength of these relationships, as 

measured by R2 , increased as the vertical distance between instruments 

measuring temperature and cross-shore current ve10city (56 m) decreased 

(i. e. r 40m temp 1 56m XS current > r 25m temp 1 56 m XS current > r 6m terrp 1 56 m XS current; 

LS and XS denote longshore and cross-shore respective1y). Hence negative 

cross-shore currents (onshore flow) at 56 m were fo1lowed less than 4 h 

later by reduced temperacures at 40 m, compared with a 12 - 16 h lag at 

depth 6 m. 

Discussion 

Intermittent periods of wind-induced upwelling introduced 

relatively nutrient-rich, deep cold water higher into the photic zone of 

western Conception Eay at intervals of 2.5 - 6 days during the summer of 



( 

( 

219 

Figure 19. Cross~correlations between longshore (LS) current velocity at 

6 m and cross-shore (XS) current velocity at depths 25, 40, and 56 m 

(panels A, B, C respectively). All data were collected in 1988, except 

for chained line in panel C, which represents data collected in 1987. 

Dashed lines represent minimum significant correlation coefficient (P < 

0.05). 
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figure 20. Cross-correlations between water tempe rature (6, 25 and 40 m) 

and cross-shore (XS) current velocity at 56 rn rneasured in 1987 and 1988. 

Correlations for negative lags relate temperature values to current 

velocity that nurnber of periods earlier Correlations at positive lags 

relate values for tempe rature to subsequent values of current velocity. 

Thin solid 1 ines represent minimum significant correlation coefficient 

(P<O.OS). 
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1988 and at less frequent intervals during the summer of 1987. 

Temperaturé and current velocities responded predictably and rapidly to 

longshore wind velocities. The residence time of this upwelled water at 

shallower depths can be as long as 2 - 3 days, or dS brief as 18 h. 

The spatial extent of upwelling in 1988 was 4 - 6 km. However, in 

other years, the upwelling zone could be expanded or contracted, 

depending on prevailing wind conditions. For example, in 1987, when 

winds were unfavorable for upwelling, the upwelling zone was narrow or 

nonexistent (Fig. 3). These observations suggest that an upwelling index 

for this region could be derived from either a cumulative measure of the 

spatial zone occupied by cold water on successive days, or 

alternatively, and with greater ease, from the longshore wind velocity 

that is associated with this upwelling. 

Horizontal variations in temperature are accompanied by dramatic 

and rapid temperature fluctuations in the vertical dimension (Fig. 10). 

These variations and their associations with wind conditions, are 

similar to those observed in the intertidal and nearshore zone of 

Bryants Cave (Frank and Leggett 1982; Taggart and Leggett 1987). 

The upwelling episodes observed in 1987 and 1988 were primarily 

the result of classica1 wind-driven Ekman f10ws in which the net 

transport is to the right of the wind direction in the northern 

hemisphere and to the le ft of the wind direction in the southern 

direction (Pond and Pickard 1983). When current directions were resolved 

into vector components, the directions and velocities of surface and 

deep currents were consistent with the expectation of a deep shoreward 

flow replacing water advected away from the coast. Surface temper~tures 
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a1so responded to 10ngshore and cross-shore current veloclties in a 

manner (time lags, direction of change) that was consistent with Ekm.:m 

upwelling. 

Upwelling events such as those observed in western Conception Bay 

and elsewhere (Table 1) are like1y ta benefit the local phvtopLl!1kton 

population in at least two ways Flr~t those phytoplanktan initLllly 

resident in the upwelled, nutrient-rich water mass were exposed to a 6-

fold increase in light intensity, WhlCh would bring them closer to 

optimal light leve1s for photosynthesis (Epp1ey 1977; Prezelin 1987) 

Second, phytoplankton inicia11y resident in the surface mixed layer are 

likely ta benefit from elevated nutrient leve1s caused by upwelling dnd 

surface mixing resulting from flow reversaIs and countercurrent flow 

during upwelling/downwelling. The nearshore zone in 1988 W3S. thert·tore. 

probably more productive than in 1987 because of more frequent events of 

wind-induced nutrient supply to the photic zone, and because light-

limited phytoplankton residing in deep, nutrient-rich water would 

periodically experience large increases in light intensity These 

increases in light levels persisted for sufficiently long periods (18-

72 hours) that sorne phytoplankton species were likely able to adapt 

physiologically to the new light conditions (Auclair et al. 1982; Lewis 

et al_ 1984) experienced during an upwelling episode. 

In addition, small-scale turbulence which increases p1ankton 

contact rates (Rothschild and Osborn 1988; Chapter 3) would also be 

greater in the nearshore zone in 1988 than in 1987. This is because 

higher longshore wind velocities in 1988 (Fig. 2) would produce more 

- turbulence within the mixed layer (Chapter 2) than in 1987, and because 



( 

( 

223 

upwe lling- re lated mixing (Csanady 1989) can subs tantially increase 

turbulence levels beyond those predicted by empirica1 and theoretical 

wind-based models of turbulent energy dissipation rates (e. g. 7-fo1d 

increase for one upwelling meander off Cal ifornia; Chapter 2). On the 

basis of field (Sundby and Fossum 1990), experimenta1 (Saiz and Alcaraz 

1991), and theoretical (Granata and Dickey 1991; Davis et. al. 1991) 

results of the influence of small-scale turbulence on encounter rates 

between planktonic predators and their prey, and on plankton growth 

rates, it is likely that rates of secondary production were higher in 

1988 than in 1987, assuming a11 other factors (e. g. temperature, food 

densi ty) are considered equal. 

The depth from which water upwells fol1owing a given wind input, 

and the nutrient concentration of this upwelled water, could vary 

because of other non-wind factors. These factors wou1d include seasona1 

heat and freshwater inputs, which cause the water column to stratify 

(Simpson and Bowers 1981). For example, the cumulative number of degree­

days (an approximate measure of seasonal heating of the water column; 

Frank and Leggett 1982) during the period May 1 - August 31 in 1987 and 

1988 was 855.3 and 993.4, respectively, and the cumulative precipitation 

during the same time periods was 239.4 and 319.3 mm (Month1y 

Meteoro1ogical Summaries, Environment C~nada, Downsview, Ontario, 

Canada). Consequently, even though the potential for water co1umn 

stratification was much greater in 1988 than in 1987 because of greater 

heat and freshwater inputs, these effects were largely overcome by the 

stronger winds in 1988. These winds were more effective in forming a 

deeper mixed layer, a;,d in promoting more frequent upwelling in 1988 
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than in 1987. This finding emphasizes the important role that wind will 

have on the physical structure of aquatic habitats. 

Given the variation in local weather (wind: Husby and Nelson 1982, 

Bakun and Parrish 1990; heat input. Bowers and Simpson 1990; freshwater 

runoff: Skres1et 1986), annual deviations from mean values and 

frequencies could favor higher (lower) rates of mixing or upwell ing of 

new nutrients into the photic zone, and of turbulent energy dissipation. 

These water column attributes (rates and occurrence of turb~llent rnixing) 

strongly influence the size structure of phytoplankton communities 

(Cushing 1989; Legendre 1990, Ki0rboe et al. 1990), and the degree ta 

which primary production is utilized by the "tradj tional" food chain 

(Nielsen and Ki0rboe 1991). 

In summary, the significant air-sea interactions that occur in 

western Conception Bay suggest that interannual variability in the 

combination of energy inputs that mix or stratify the water column and 

alter the frequency and intensity of small-seale turbulence, will be 

important in the conversion of what would otherwise be an unproductive, 

stratified environrnent to an environrnent whose nutrient, 1 ight and 

turbulence characteristics are favourable for the support of high rates 

of primary and secondary production. Such interactions, which are now 

known to occur over large areas of the east coast of Newfoundland 

(Leggett et al. 1984; Yao 1986; Schneider and Methven 1988), along the 

north shore of the Gulf of St. Lawrence (Rose and Leggett 1988), and 

presumably in other areas (Table 1), may be fundamental to the high .. production of these cold water environments . 
, 
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Introduction 

Trans ient periods of wlnd- induced upwell ~ng and mixing cause L.lp iJ 

and dramatic changes of physica1 characteristics in coastal 3éjU3tlc 

envirorunents (see Table l in Chapter 4) For example, nutrient suppl)' to 

che photic zone (Chapter 4; Ki0rboe and Nie1sen 1990; Harris et al 19l)1). 

irradiance levels at the nutricline (Lande and Yentsch 1988), and r3tes 

of turbulent energy dissipation withln the surface mixi.ng layer tChapter 

2) can a11 increase durirg an upwelling episode or storm-related mixing 

These phenomena are likely to be important in determining the 

availability of phytoplankton and zooplankton prey for larval fishes, and 

more genera11y, the availabilityof nutrients, light, and prey for primary 

and secondary consumers. The lmportance of these events to pnmary 

p1ankton production is like l.y to be greatest at times (places) when 

(where) production rates are expec ted ta be Low (e. g. after the spring 

diatom b1oom; Cushing 1975) Consequent1y. if upwelling and mixing e'lents 

occur regu1arly during the post-bloom period, they have the potential, in 

sorne years. ta transform a typically unproductive environment into one 

whose rates of phytoplankton production are highe.: th an usual for a 

particular region. 

Moreover. increases in turbulence associated with wind energy lnputs 

which cause upwe1ling or mixing, together with the additiona1 turbulence 

associated with upwelling circulation (Chapter 2; Csanady 1989). could 

increase rates of secondary production through their beneficial effect on 

rates of encounter among planktonic predators and prey (Rothschild and 

Osborn 1988; Costello et al. 1990; Marrasé et al. 1990; Chapter 3) 

Turbulence increases feeding. development. and metabolic rates of sorne 
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sef'ondary consumers (Gadus morhua Sundby and Fossum 1990; Acartia ~rani 

Saiz and Alcaraz 1991; Daphnia pulex .. :'.cartia sp.· Alcaraz and Saiz 1991) 

In addi tion. ingestion rates of lar .!al fish ln nature, where tur-bulence 

is ubiqultous and variable, exceed ingestion rates predicted by empirical 

madels derived from laboratory experiments, where turbulence 1s absent or 

reduced (Chapter 1) Spatial and temporal differences in turbulent 

dissipation rate may, therefore, partly determine feeding success by 

larval fishes (Sundby and Fossurn 1990; Chapter l, 3). and rates of 

plankton production at severai trophic leve1s within plankton communitles 

In this chapter, l eva1uate how interactions between wlnd. 

nutrients, light and turbulence affect the avaiL1bility of prey for larval 

fish, and more generally, the temporal and spatial distribution of 

phytoplankton and zooplankton in a coastal pelagie eeosystem. The site of 

these s tudies was western Conception Bay, Newfoundland, Canada where 

commereially exp10ited popalations of capelin, Mallotus villosus, and 

several other species (Frank and Leggett 1983) spawn in the intertida1 and 

subtidal zones during the sumrner months (Taf,;gart and Nakashima 1987). 

Larvae of capelin dominate the local ichth~,oplankton community (Frank and 

Leggett 1982, 1983). Their diets at first-feeding include diatoms 

(Courtois and Oodson 1986), tintinnids (Courtois and Dodson 1986) and 

copepod eggs and nauplii (Frank and Leggett 1986). These prey are members 

of the first and second trophic 1evels. Secause of their small size and 

physio1ogica1 adaptability, they can rapid1y enter food chains following 

upwelling- re1ated pulses in nutrients (Takahashi et al. 1986; Ki0rboe and 

Nie1sen 1990), light (Auclair et al. 1982; Lewis et al. 1984), or 

phytoplankton (Ki0rboe et al. 1985, Verity 1986; Peterson and Be11antoni 
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1987) . 

~1v object1ves '.,;ere ::0 dssess the degree to ' .• hich pl,1:'k::on 

distributions. and ::he a'lailabill::'; of prey for br'.'.3l fishes. .lre 

control1ed by intermittent upwelling/downwelling events Episodes of 

upwelling and downwelling occur a t approximate ly weekly inten:a 15 in 

Conception Bay and individual upwe 1l1ng events can pers 1S t for pe l'lods 

lasting 0.75 - "" 6 days (see also I"ao 1986; Taggart and Leggett 198~. 

Schneider and ~ethve'1 1988) During an upwelling episode, the nutridine 

is displaced upwards by, on average, 10 15 m. This dlspl.:lcement 

temporarily increases nutrier.t levels in the lower portion of the phorte 

zone by 2 3 fold. and increases the light intensity received bv 

phytop1ankton within the nutricline by. on average. 6-fold (Chapter 4) 

l hypothesized that upwelling-related gradients in nutrients, llght <lnd 

turbulence wou1d be ref1ected in the temporal and spatial distribue ions 

of phytoplankton and zooplankton, and that these gradients may he 

important in the feeding success of larval fishes, 

Methods 

Study site 

A. complete description of the study site is gi,en in Chapter 4 

Briefly, Conception Bay is a fjord-like embayment (~ 65 by 25 km) located 

on the northeast coast of Newfoundland, Canada, It is typical of numerous 

such bays and inlets on the east coast of Canada. In summer, transient 

periods of wind- induced upwelling and downwelling occur in this, and 

neighboring regions (Yao 1986; Schneider and Methven 1988), at periods of 

2 - 6 days (Chapter 4; Taggart and Leggett 1987) Tidal energy inputs are 
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relati'/el:/ small (Taggart and Leggett 1987, Chapter 4). The hlgh frequency 

of this environmental variabilit:; neeessi:::ates :he co11ee:ion of 

biologieal samples &t a fre~uency of several times per week to resolve 

biological variation at ~imilar time scales. 

SampI ing plan 

l monitored hydrographie fluctuations continuous1y during the 

surnrners of 1987 and 1988. The collection of the physieal oceanographie 

and meteorologicai data is described in Chapter 4. In general, 

hydrographie variability (water current speed and direction, water 

temperature, salinity) was monitored with 4 current meters and 2 

temperature recorders deployed at 6 depths at a site (47°40' 78" ~j, 

53 Q 9' 48" \.1) located 2.2 km from the western shore of Conception Bay. This 

station was situated on a sampling transect whose point of origin was 

Bryants Coye, and whose orientation was approximately perpendicular to the 

principal axis of Conception Bay (Fig 1, Chapter 4). 

Sea surface temperatures were concinously recorded during crave1 

between stations This record provided real-time spatial description of 

the magnitude of upwelling occurring on each sampling day. Most sampling 

was conducted within 10 km of shore, except for 3 occasi,ns in 1987 and 

2 occasions in 1988 when biotic and abiotic data were col1ected across 

the entire cross-Bay distance (:::: 22 km). 

l used plankton samp1ing methods that enabled simultaneous 

estimation of biotie and abiotic variables. A modified pump sampler 

(Taggart and Leggett 1984; see Chapter 4 for design changes) was used, to 

provide depth-specific samples of known volumes of seawater. These samp les 

( were used ta estimate vertical tempe rature , chlorophy11 and zoop1ankton 
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profiles 

Sarrpl ing methods for '/ertical temperature profilee; are full\' 

desc ~ibed in Chapter 4 

· .. ;a:er samp1es co be used for the determinacion of e'\cracted 

ch1orophyll il concentration (a commonly used index for approximating the 

abundance of phytop lankton, de Lafontaine and Pe ters 1986. Harr i5011 199()) 

were collected by pumping seawater from the water column at 5 m depth 

intervals 'Ni thin the surface mixed layer, the thermocline and the 

subthermocline waters to a maximum depth of 50 m. In a11 cases the pump 

intake was maint.ained at one depth during pumping \,Jater samp1es (1 L) 

were held in darkened, refrigerated containers until the research vesse l 

returned ta the laboratory (maximum holding period :::: 7 h) 

Immediately upon return to the laboratory. 250 ml of seawater from 

each sample was fil tered through Whatman GF le fil ters (pore size 1 2 j.l1n) 

AU filters were then frozen before pigment extraction Approximately 75 

% of the fil ters were frozen at - 20 0 C for a period of 2 - 3 weeks before 

extraction. The remaining 25 % were shipped by air cargo from St. John' s. 

Newfoundland to Montreal, Quebee in packages containing dry iee; in 

Montréal, fil ters w€re he1d at -BO 0 C for 6 - 8 weeks before process LOg 

After frozen storage, aH filters were transferred ta darkened plastic 

tubes containing 12 ml 95 % acetone for chlorophyll extraction (Strickland 

and Parsons 1968) at room tempe rature ; che extraction period was 24 hours 

Fluorescence of the extracted pigment solution was rneasured before and 

after acidification using a Model 110 Turner fluorometer These 

measurements enabled estimation of the concentration of chlorophyll I! and 

pheopigments (Strickland and Parsons 1968). The fluororneter was calibrated 



'",ith standard solutions of chlorophyll ~ 

Se[l'..;ater from the pump outfail ~:as aiso used for the collection of 

zooplankton samp1es Zooplankton ·..,ras retaineè by ehoking a 20 Ilm mesh 

plankton net: (diameter = 30 cm; length oz l.2 m) around the end of the 

effluent hose cf the pump sampler Particles retained by this net were 

immediately rinsed into jars cûntaining 10 % buffered formalin These 

samples were subsequently enumerated and 5 ized in the laboratory 

Zooplankton was colleeted from several depth intervals at each 

station. During the period June 8 - July 4, 1988. Depth-integrated 

zooplankton samples were obtained by raising and lowering the pump intake 

during pumping. Samples were taken a t 5 m depth intervals from the surface 

to 25 m; below 25 m, one sample was eollected in the depth interval 2S -

40 m. After July 4, 1988, the pump intake was maintained at one depth 

during pumping; sample depths during this period were 3 , 8, 13, 18, 23, 

28 and 40 m, All depths were determined with a shipboard-mounted meter 

wheel. 

The volume of seawater pumped from each depth was 2000 L, except 

for dep th inte rvals spanning a dep th range exeeeding 5 m (e. g. 25 - 40 

m). Here the sample volume wac; increased proportionally (e g. 6000 L) 

Sample volumes were monitored in real time by a flow meter installed 

directly in the pump effluent (see Taggart and Leggett 1984). The vessel 

was s ta tionary during each sample interval. These sample volumes (2000 -

6000 L), which are considerably smaller than those used in larger seale 

oceanographie surveys (10 4 105 L) 1 significantly inereases the 

probability of detecting microscale patches « 1 m) of zooplankton prey 

( (Jenkins 1988; Owen 1989). 
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2oopl.:mk::on samples were enumerated and sized \virh Coulter TA/1I 

and :!Ul~lsi::er II electronic partie le counters. In this ch.:1pter, 3:1aLyses 

are focussed on t·..;o si2e classes (40 - 80 }.Lm equivalent spherical ùi.amE'ter 

and 80 - Hl. ,ùm e. q. s.) of zooplankton known ta be potential prey fol." 

first-feedlng larval fish (Courtois and Dodson 1986; Frank and Leggett 

1986), and which, because of their small size, are likely to respond 

quickly ta temporal and/or spatial variability in their food supply. 

The bio ..... olume rneasures of prey abundance obtained from the particle 

counters ,-rere convert:ed into estimates of dry weight biomass (J.Lg. "1) bv 

assuming that zoop1ankton are neutrally buoyant (1 g.cm- 3 ) and that 20 % 

of zooplanl<'ton body mass 1.;:- dry material (Parsons et al. 1977) These 

assumptions enabled comparison of Conception Bay prey abundance es t imates 

with those obtained for other sites around the world (Chapter 1) . 

Water eolurnn transparency at the time of plankton sampling ',Ias 

measured <,vith a 40 cm Secchi disk. Incident light intensities (400 - 700 

nm spectral response; jlE.m-Z.s' l ) were measured with a Biospherical 

Instruments QSR- 240 solar reference hemispherical light sensor. These data 

were used ta estimate light intensities within the \.Tater column and the 

depth of the photic zone (Parsons et al. 1977; see also Chapter 4) . 

Data analyses 

Linear regression analyses were used to quantify seRsonal patterns 

in depth- averaged plankcon biomass The depth range chosen for these 

analyses, a - 30 m, comprises larval fish habitat in Conception Bay, 

encompasses the photic zone and the surface mixed layer (Chapter 4), and 

is likely to be more turbulent chan deeper layers during wind· forcing 

(Chapter 2). In addition, during transient upwelling events, the 
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nutricline is displaced vertica1ly from its usual summer position (20 -

30 m) to depths shallower than 15 nt (Chapter 4) These considerations 

suggest that wind energy inputs cou1d be associated with seasonal 

increases ln p1ankton biomass. These same wind inputs could a1so produce 

spatial gradients in plankton biomass because of the beneficial effect of 

wind-induced upwelling on plankton production. 

These hypotheses were evaluated with a seasonal wind index which 

approximates the cumulative amount of upwelling during the each summer. 

This wi nd index was ca1culated as the daily average of the 24 hourly 

values of longshore wind component (see Chapter 4 for calcu1ation) derived 

from daily wind records gathered at St. John's airport (19 km from the 

centre of Conception Bay; Environment Canada Monthly Meteorological 

Summaries). Oaily measures of this wind index were summed starting from 

June 1 (approximate1y the end of the spring bloom; Pomeroy et al. 1991). 

Cumulative values of this index were used as inputs to linear regresslon 

models relating temporal variability in depth-averaged plankton biomass 

to wind conditions during the summers of 1987 and 1988. 

Another important variable which influences rates of plankton 

production CEppley 1972; Huntley and Boyè 1984), and which could be highly 

correlated to seasonal distributions of p1antkon biomass (Frank and 

Leggett 1982), is water temperature. Seasonal warming of the water column 

could, therefore, be a significant correlate of plankton biomass. This 

hypothesis was assessed by comparing estimates of depth-averaged plankton 

biomass with the depth averaged (0 - 30 m) water tempe rature recorded at 

the time of plankton sampling. 

The residual variabili ty from the seasona1 plankton - wind and 



p1ankton - tempe rature relationships was used to assess the hypothesis 

that plankton was more abundant in the nearshore zone where upwelling W3S 

most intense. For these analyses, multiple regression models w~re 

developed that employed cumulative wind speed and distance offshore .:lS 

input variables. 

Encounter rates of larval capelin with prey 

Zooplankton densities measured in 1988, and an empirical estimate 

of turbulent dissipation rate, e, were used to estimate encounter rates 

of capelin larvae with their prey for different combinations of wind speed 

and prey density. Prey were considered to be tintinnids, which ;lre 

important components of larval capelin diets (Courtois and Dodson 1986). 

Jonsson (Table l, 1989) measured vertical velocities of two tint innid 

genera, Parafavella denticulata, and Tintinnopsis sp. which occur in 

Conception Bay (Davis 1982). Jonsson (p. 43, 1989) states that these 

vertical velocities are more than half the swimming speeds for these 

species. l, therefore, increased the vertical velocities reported by 

Jonsson (1989) by 2-fold, and subsequently used the average of these 

swimming velocities (0.095 cm- SOl) in encounter rate simulations. 

Larval cape1in swimming ve10city was estimated using an empirical 

swmming speed - body size re1ationship derived from 9 species (Miller et 

al. 1988). As input for this relationship, l assumed that first-feeding 

larva1 capelin were 4.8 mm in standard length (Fortier and Leggett 1982); 

swimming velocity as ca1cuiated from Miller et al. 1988) was 0.42 cm·s-

1 Predator velocity was, therefore, ~ 4-fold higher th an prey velocity. 

Newly-hatched larval capelin are principally discributed within 

the upper 20 of the water column (Fortier and Leggett 1982; Frank and 
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Carscadden 1989) 1 assllmed that the centre of mass of capelin 1arvae in 

Conception Bay was located at a depth of 15 m for these simulations 

The prey densities used in these simulations were the mean and 95 

% confidence 1imits of the abundance of sma11-sized p1ankton (40 - 80 ~m) 

observed at two stations situated 2.2 and 9.9 km from the western shore 

on the transect across Conception Bay. They represent environments exposed 

to different levels of upwelling intensity (Chapter 4) and, presumably, 

small-scale turbulence (Chapter 2). Prey biomass, ~g dry weightol- l , was 

converted ta nWilber of individua1s o1- l by assuming that the geomet.ric mean 

diameter of particles in the 40 - 80 ~m size class was 57 ~m. Individua1 

particle weight in chis size class was, therefore, 0.019 pgo1"1. 

Turbulent dissipation rates, f, were estimated from an empirical 

model that uses wind speed, depth from the water surface and an 

environmental code as inputs (Chapter 2). Three wind speeds. including 0 

mos"l (no turbulence) > and the median (4.2 mos"l) and 75th percentiles (5.8 

mos"l) from the distribution of positive longshore wind ve10cities (i. e. 

those most likely to cause upwel1ing in Conception Bay; Chapter 4) were 

used in these simulations. The environmental code approximates the 

additional am~unt of turbulence that can be induced by phenomena other 

than wind (e. g. upwelling; Chapter 2). This variable was assigned a value 

of l for simulations involving the nearshore site. and values of 0 and 1 

for separate simulations involving the offshore site. 

Further details regarding the estimation of encounter rates from 

turbulent dissipation rates, prey-predator swimming speeds and prey 

densities are described in Chapter 3. 



Results 

Wind-driven upwelling of cold I.;ater was a common and intermittent 

phenomenon in 1988 Upwe11ing a1so occurred in 1987, but was less frequent 

and 1ess intense (Fig. l, also Chapter 4). This upwelling caused mixing 

between water masses and the vertical displacement of isotherms tow3rds 

the surface (Fig. 2 - 4). 

Ch1orophyl1 a distributions' temporal patterns 

During the summer of 1988, chlorophy1l ~ concentrations within 10 

km of the western shore of Conception Bay ranged from < 0.05 - 3 1 ~g 1-

1 during the summer of 1988 and were generally highest at mid-depth (e 

g. June 27, July 7 - 13; Fig. 2 - 5) During upwelling, the subsurface 

ch1orophyll layer was e1evated with the nutric1ine (20 - 30 m; Chapter 4) 

into shallower water (e. g. July 4; Fig. 3, 5). On these OCC..lS ions. 

phytoplankton residing in deep 'later became exposed ta large increasc:s in 

light intensity. Those phytoplankton associated with the 4 5 soc 

isotherms received ~ lOO-fold higher light intensity during one upwelling 

event in 1988 (Fig. 6). This increase in 1ight intensity occurred durlng 

a period when bright sunshine coincided with strong wind- induced up· ... e 11 ing 

(Fig. 2, 3), which brought the 5Q C isotherm from a depth of 25 m to 2 m 

Smaller displacements of the thermocline (10 15 m) caused Itght 

intensities associated with this isotherm to increase by amounts ranging 

from 5 - 25 fold (Fig. 6). 

Depth-averaged ch1orophyll i! concentrations within 10 km of che 

western shore of Conception Bay increased by 10 . 15 fold during the 

summers of 1987 and 1988 (Fig. 7). These increases were highly correlated - with the cumulative wind energy input to the water column in both 1987 dnd 
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Figure 1. ',·later temperatures recorded during the summers of 1987 and 1988 

at 3 depths at a site (4r 40'78", 53°9'48") located 2.2 km from the 

western shore of Conception Bay. Total water column height is 60 m 
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Figure 2 \'ertical sec tions of water temperature (top row) , chlorophyll 

Q concentration (~gol-:; middle row), and the biomass of microzooplany.ton 

(~g dry weightol- 1
; slze c1ass 40 - 80 ~m equivalent spherical diameter; 

bottom ro',,) during June 18 - June 27, 1988 at coastal sites in western 

Conception Bay. 

( 
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Figure 3 ~er:ical sections of ~ater :emperature (top row), chlorophyll 

Q concentr3:1on (~g.l-:; middle row), and the biomass of microzooplankton 

(~g dry weigh:.l- 1
; size c1ass 40 - 80 ~m equivalent spherical diameter. 

bottom rO',I) during June 27 - July 7, 1988 at sites at coastal western 

Conception Bay. 
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Figure 4 ~ertica1 sections of water temperature (top row) , ch1orophy1l 

fi concen~r3::on (~gol-l; middle row) , and the biomass of microzooplankton 

(~g dry weighto1- 1 ; size class 40 - 80 ~m equivalent spherica1 diarneter; 

bottom row) during July 9 - Ju1y 13, 1988 at coasta1 sites in western 

Conception Bay. 
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Figure 5 '!ertical sections of chlorophyll ~ concentration (J,lg.l-l) in 

western Conception Bay during the summer of 1988, 
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Figure 6. Light intensity at the depth of the 4.5 - 5° C isotherm during 

periods of up·.velling and downwelling in 1988. Light intensities were 

estimated from extinction coefficients calculated fram depths of secchi 

depth disappearance and from incident light intensities measured on the 

research vesse1. The numbers shawn on the line indicate the depths at 

which the isotherm was located on particular sampling days. Water 

ternperature data are thase associated with vertical profiles collected 

during plankton sampling. 

( 
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Figure 7 Seasona1 changes in depth-averaged chlorophy11 ~ concentration 

(0 - 30 m; J.Lgol- 1 ) for 1987 (diamonds) and 1988 (squares). 

1988 (Fig BA, Hode1 1 and 2, Table 1). 
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1988 (Fig. 8). The slopes of the 1988 and 1987 linear regression models 

relating chloraphyll ê ta wind inputs (~adels 1 and 2) did not differ 

significantly (t-test; P > 0.50). However, the intercept for the 1988 

regression mode1 was significant1y 1arger than that far 1987 (ANCOVA' P 

< 0.0001), ref1ecting the higher overa11 ch1orophyll ê leveis in 1988. A 

multiple regression model (Mode1 3, Table 1) emp1oying, as inputs, the 

cumulative wind speed, and a dummy variable ta account for interannual 

variabi1ity, explained 52 % of the variance in seasona1 ch1orophy11 ê 

concentration in 1987 and 1988 (Madel 3, Table 1). 

Depth-averaged water temperature explained an equivaient fraction 

of the variance in the 1988 ch1orophy1l g concentrations as cumulative 

wind speed (Fig. 9A; Model4, Table 1). However when 1987 chlorophyll ê 

concentrations were compared with predictions calculated from the 1988 

chlorophyll - tempe rature re lationship, the 1987 chlorophyll values 

differed dramatical1y and significantly from the 1988 pattern (Fig. 98). 

In 1987, ch1orophy11 g concentrations decreased with increases in water 

temperature, and, more generally, were distributed towards lower values 

than those measured in 1988 (Kolmogorov-Smirnov test; P < 0.001; Fig. 7). 

Chlorophyll a distributions: spatial patterns 

The chlorophyll - wind speed regression models (Models land 2, 

Table 1) were used to quantify the spatial distribution of chlorophyll ~ 

concentration. Residuals from the 1988 chlorophyll - wind speed regression 

model (Model 1) were significantly higher (P < 0.05; R2 - 0.08) nearshore 

th an offshore (Fig. SC; Madel 5, Table 1). In 1987, there was no 

sign1ficant pattern in the residua1s from the 1987 chlorophyll - wind 

speed regression model (Fig. 80; Mode1 2, Table 1). 
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Figure 8. Seasonal and spatial distributions of ch1orophyll a 

concentration at stations along a transect across the western portion of 

Conception Bay, Newfound1and during 1987 and 1988. A. Re1ationship between 

depth-averaged chlorophy11 2 concentration (0 - 30 m) and cumulative 

1ongshore wind velocity starting from June 1, 1988. B. Comparison of 1987 

seasona1 chlorophyll 2 concentration and cumulative longshore wind 

ve1ocity. The thin line represents predicted chlorophyll concentrations 

derived from the 1988 regression model (Madel l, Table 1). C, D. Spatial 

dis tribut ion of seasonally-detrended chlorophyll 2 concentrations measured 

in 1988 and 1987. Values in panels C and D are rt'siduals from the best-

fit regression mode1s shown in panels A and B. Distances are specified as 

originating from the western shore of Conception Bay, Newfoundland at a 

site near Bryants Cove. In D, the fitted 1ine is same aS that shown in C. 
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Table 1. Regression models and related statistics for descrlblng temporal 

and spatial patterns in the distribution of chlorophyll .ù ,1nd 

microzooplankton biomass during the summers of 1987 and 1988 The fittt'd 

regression coefficient and its standard error are given for e.:h.:h modt' 1. 

RZ is the proportion of total variance in the dependent variable thdt i5 

explained by the independent variables. P denotes the s ignificance le'.'l-'l 

for fitted regression coefficients RMSE. i5 the re5idual mean square error 

of observed values from those predic ted by the fi tted mode 1. N is samp le 

size, CHLOR =- depth-averaged chlorophyll i! concentration (llg.1-1), Sl'~t -

cumulative longshore wind velocity (m's- l ), YEAR - dummy variable for 

sample year (if 1987, YEAR - 0; if 1988, YEAR - 1), TEMP - depth-averaged 

water temperature, DIST ,. distance (km) from western shore of Conceptlon 

Bay, and ZOO - depth-averaged abundance of microzooplankton (40 - 80 Ilm 

size class; J1.g dry weight-l- 1). RES8 and RES9 - residual zooplankton 

densities derived from Models 8 and 9 respectively. All depth-averages are 

calcu1ated for the upper 30 m of the water co1umn. 

Madel 

l CHLOR .. (0.00374 ± O.OOOS)-SUM 

+ (0.281 ± 0.069) 

2 CHLOR - (0.00594 ± 0.0016) - SUM 

- (0.094 ± 0.135) 

Year(s) 

1988 

1987 

p 

< 0.0001 0.37 

< 0.0001 

0.0008 

0.4917 

0.28 

RMSE 

0.244 93 

0.137 37 



Table l (continued) 

'!ode l 

'1 CHLOR = (0.00380 ~ 0.004S)·SUM J 

+ (0.190 ~ O.046)·YEAR 

+ (0.082 ± 0.052) 

4 CHLOR - (0.084 J:. 0 011) ·TEMP 

+ (0.326 ~ a 062) 

258 

Year(s) P R2 RMSE ~ 

87&88 < 0.0001 0,52 0,219 130 

< 0.0001 

0.1164 

87&88 < 0.0001 0.37 0.242 93 

< 0.0001 

5 CHLOR - (0.00385 ± O.OOOS)·SUM 87&88 < 0.0001 0.41 0.236 93 

· (0.0283 ± 0.010)·OIST 

+ (0.376 ± 0.075) 

0.0076 

< 0.0001 

6 CH LOR - (0.00384 ± O.OOOS)·SUM 87&88 < 0.0001 0.46 0.230 99 

· (0.028 ± 0.0056)·OIST < 0.0001 

+ (0.374 ± 0.068) < 0.0001 

7 CHLOR - (0.00389 ± 0.0004)·SUM 87&88 < 0.0001 0.56 0.208 136 

· (0.027 ± O.OOOS)·OIST < 0.0001 

+ (0.183 ± 0.044)·YEAR < 0.0001 

+ (0.182 ± 0.052) 0.0006 

8 ZOO - (0.122 ± 0.046) -TEMP 1988 0.0107 0.10 0.585 65 

+ (1.202 ± 0.255) < 0.0001 



, 
~ 
t 

1 
1 

1 
t 

--

Table 1 (continued) 

'Iode 1 Year(s) p R.~1S E 

9 ZOO = (0.0050 ± a 019) ·SU~l 1988 o 0089 0.10 0 584 65 

+ (1.179 ± 0.257) < 0.0001 

10 ZOORES - (0.062 ± 0.027)·D1ST 1988 0 0254 0.14 0.462 36 

+ (0.628 ± 0.165) o 0018 

11 zaoRES = - (0.048 ± 0.030)·015T 1988 0.1150 0.07 0.515 36 

+ (0.447 ± 0.184) 0.0204 
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Figure 9 A Scatterplot of depth-averaged chlorophyll i! concentration (0 

. 30 m) '/S depth-averaged water tempe rature (0 . 30 m) at the time of 

sample collection during the summer of 1988. B. Sarne variables as shawn 

in Fig. lOA, but for samples collected during the swruner of 1987. The 1 ine 

represents predic tians of 1987 chlorophyll i! concentration derived from 

the 1988 chlorophyll - ternperature regression model (Model 5) shawn in A. 
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-Jer::lcal chlorophyll ~ profiles on t'..;o occasions in 1988 for the 

entire ',;idtb of Conception Bay (Fig 10) were obtawed. Chlorophyll §. 

concentrations at sites on che ·..,restern side of the sampling transect were 

2 - 3 fold higher th an chose aC sites on che eastern side of the transect 

A new model (Madel 6) including data from the two cross -Bay transects 

explained 46 % of the temporal and spatial variance of chlorophyll §. 

concentration in 1988. The regression coefficients of this model were not 

significantly differenc from those associated with Model 5 (spatial scale 

- 0 - 10 km; 1988 data). Model 6 explained 30 % of the variance in the 

1987 chlorophy1l concentrations; the slope (1.03) of the regression model 

relating the observed 1987 chlorophyll i! concentrations to chlorophyll §. 

concentrations predicted by the 1988 model (Model 6) did not differ from 

1 (P> 0.05). and the intercept (-0.21) had a standard error (±0.30) \.;hich 

included O. In total, 56 % of the seasonal, spatial, and interannual 

variability of depth-integrated chlorophyll â concentrations was 

associated with cumulative longshore wind speed, distance from the western 

shore, and a dummy variable for year (Mode1 7, Table 1). 

Distributions of microzooplankton 

As expec ted, the densi ty of microzooplankton was greater in the 

upper 30 m of the water column th an in deeper water (one -way !\NOVA [P < 

0.0001) and Student-Neumann-Keuls multiple comparison test [P < 0.05]: 

Fig. 11). Depth-related variation was greater for the larger size class; 

the abundance of plankton in the large and small size classes in the upper 

30 m layer were :> 3-fold and ~ 2-fold higher, respectively, than densities 

Within the upper 30 m, the overall mean densities of partic1es in " ~ .. 
in deeper water. 
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Figure 10 Horizontal. and vertl.cal distribution of chlorophyll ..l 

concentration on July 6 and B. 1988 .:!long a transect .:lcross Conception 

Bay, Newfoundland . 

..... 
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Figure 11. Depth-specific variation in the standing stock of tlvO size 

classes of microzoop1ankton during 1988 (mean ± 2 standard errors) No~e 

that depths are arranged in ascending order of the abundance of 

microzooplankton. Horizontal lines near the top of each panel join depths 

at which microzooplankton biomass did not differ significantly (Student-

Neumann-Keuls test; P < 0.05). 
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the 40 - 80 pm and 80 - 160 pm si=e classes were 98 ind .1- 1 (Fig. l2A; N 

= 345; SD = 43.9; CV = SD/mean = 0 45) and 22 ind .• 1-1 (Fig. l2B: N = 345, 

SD - 11.5, CV - 0.52) The frequency distnbutions of the indl\'iduc11 

density ~stimates (Fig l2A, B) for bath size classes were skewed ta the 

right, indicating that there were patches of high plankton density on sorne 

occasions during the summer. Densities within these patches exceeded 

overall median densities by 2 - 3 fold (Fig. l2A, B). 

However, at any given station on any given sampling date, the 

variation in zooplankton density within the 30 m layer was relatlvely 

small. The mean (and median) values of the coefficients of variation 

associated with each depth-averaged zooplankton density estimate (Fig. 

l2C, D; N - 65) for each sampling date at each station were 0 31 and 0.41 

for the 40 - 80 pm and 80 - 160 ~m size classes, respective1y (Fig I2C, 

D). Hence, the primary zooplankton prey available to larval fish at these 

spatial scales appears to be distributed re1ative1y homogeneously within 

the upper 30 m of the water column. 

The depth-averaged zoop1ankton density within the upper 30 m of the 

water column increased significantly as depth-averaged water tempe ratures 

increased, and as longshore wind input increased during the summer (R2 -

0.10; P ~ 0.01; Fig. 13A, B; also Models 8 and 9, Table 1) On sampling 

dates when both offshore (8 - 10 km from western shore of Conception Bay) 

and nearshore « 8 km from shore) stations were samp1ed, residuals 

ca1culated from the zooplankton - temperature regression model (Mod~l 8) 

were significantly higher closer to shore (Fig. 13C; P - 0.0254; N - 36. 

See a1so Model 10. Table 1). This pattern was a1so evident for residuals 

derived from the zooplankton - wind speed regression model (Model 9, Table 



265 

Figure 12. A, B. Frequency distributions of microzooplankton density at 

different depths within the upper 30 m of the water column. Panel A. 

distributions of the 40 - 80 J1.m size class; panel B: distributions of the 

80 - 160 }-lm size class. C,D. Coefficients of variation (SD/mean) for 

depth-averaged microzooplankton densities within the upper 30 m of the 

water column. Panel C: distribution of the 40 - 80 JJ..m size class. Panel 

D. distribution of the BD - 160 J1.m size class. 



80 13 

12 
70 A 11 C 
60 10 

,.. 
D< 
D< 

9 

50 De 
De 8 
De 

,. De 

40 ~ ,. De 
;>< )< 
>< 
)< )< 

7 

6 
)< x ~ 

30 >< >< 
>< 

:x 
:x x :x x :x 20 >< :x 

>< )0. )( l< 
)< )c >< 

10 )< )c >< 
)c >< 
)c >< 

1~E3~ ~ 
)c >< 

0 
)c >< 

10 50 90 130 170 210 250 

5 

4 

3 

2 

1 

0 
9 

13 

!:' 
1> 8 1> 
C> 

80 
12 

11 D 
C> 
1> 70 10 
C> 
1> 

>< 
60 9 

>< 
>< 

8 
50 >< 7 

40 6 

30 

20 

10 -
'21~ .)l'x. ___ 

o o 10 20 30 40 50 60 70 

Zooplankton Density (no./L) Coefficient of Variation (SC/Mean) 



(" 266 

1), although the level of statistical significance was lower (P - 0.1150; 

N - 36; Fig. 13D. See also Model 11, Table 1). 

Seasonal changes in biomass of the 1arger zooplankton size class 

(80 160 jJm) varied independently of both water tempe rature and 

cumulative longshore wind vell)city (P > 0.05; N - 65). 

Simulated encounter rates between larval capelin and microzooplankton 

Prey densities used in these simulations were estimated from an 

empirical model relating zooplankton density ta water temperature and 

distance from shore on those sampling dates when both nearshore « 8 km) 

and offshore (> 8 km) stations were sampled (ZOO - O. 3430TEMP - 0.097· DIS! 

+ 0.706; N - 36; R2 - 0.36; P - 0.0002). Simulated encounter rates for 

capelin larvae preying on microzooplankton prey at the nearshore site (2.2 

km from shore; mean prey density - 170 particle'l-l; 95 , confidence limits 

- 123 - 217) were 19 % and 30 % higher for wind speeds of 4.2 and 5.8 mos­

l, compared to a nonturbulent environment Ci. e. wind - 0 rnos-l; Fig. 14). 

At the offshore site (mean prey density - 130 particles.l-1; 95 % 

confidence limits - 85 - 175), where the influence of upwelling-generated 

turbulence is likely to be smaller, wind- induced srnall- scale turbulence 

increased simulated encounter rates by 4 - 7 , over those estirnated for 

o mos·1 wind speed. 

Overa11, larvae located at the nearshore station had higher 

encounter rates than those at the offshore station. For example, at a wind 

speed of 4.2 mos-l, larvae located in the nearshore zone are estimated to 

encounter 50 , more prey than those at the offshore station. This is due 

to the combined effects of higher mean prey density at the nearshore 

station, compared ta that at the offshore station, and ta the additional 
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Figure 13. A, B, Relationships hetween the biomass of depth-a'.'eraged 

microzooplankton (40 - 80 ~m), anà depth-averaged water temperature ~A) 

and cumulative longshore wind velocity (S) at stations on a sdlllpling 

transect in the western portion of Conception Bay, Newfoundland C, 0 

Spatial distribution of residuals from the best-fit regression model shown 

in panel A (see Table 1 for model pardmeters). Note that in panels C and 

Othe sample size is smaller (N = 36) than in panels A and B (N - 65) 

because sampling dates when offshore stations (those beyond 8 km from 

shore) were not sampled have been excluded . 
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Figure 1':'. Simulated encounter rates between larval capelin. ~lal1otlls 

villosus. and microzooplankton prey ln the 40 - 80 ~m size c13ss for three 

wind speeds and at 2 sites exposed to different magnitudes of intermittent 

upwelling The inshore site, located 2.2 km from land, is more likely to 

be exposed to intermittent upwellingjdo\mwelling th an is the offshore site 

(9.9 km from shore; see Chapter 4) ZoopLmkton densities (inshore mean 

., 170 prey.l-l; 95 % C. L. "" 123 - 217. offshore mean ... 130 prey.l-t, 95 % 

C. L. - 85 - 175) in these simulations were estimated from those sampllng 

dates when stations 10cated > 7 km from shore were sampled (ZOO -

lB.OS·TEMPERATURE - S.12·DISTANCE + 37.16). Dissipation rates used as 

inputs for the estimation of contact rate were estimated from an empirical 

model (Chapter 2, Model 4). The inshore site was assumed to have 

turbulence generated by both wind and upwelling-related shear and mixing, 

while for the other two simulations, the offshore site was assumed to have 

turbulence generated by wind and upwel1ing circulation, and only by wind. 
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turbulence nearshore generated by upwelling circulation. 

Discussion 

General features of plankton distributions in Conception Bav 

Seasona1 patterns in the concentration of chlorophy11 ê varied more 

predictably with wind energy inputs than with water temperature during the 

summers of 1987 and 1988 This pattern is consistent with the concept of 

hydrodynamic regulation of primary production (Marga1ef 1978; Levasseur 

et al 1984) and suggests that the influence of wind on phytoplankton 

abundance and production was similar during both surnmers The most 

probable explanation for these patterns derives from the effects of wind 

on both nutrient supp Iy to the pho tic zone, and on the ligh t reg ime 

experienced by the phytop1ankton community associated with the nutricline. 

Wind-induced mixing during upwelIingjdownwelling events transported 

nutrients higher in ta the photic zone. These upwe1ling Events can increase 

photic zone nutrient levels to within ::::: 50 % of pre-b1oom leveis (see 

Chapter 4). In other areas, similar relative increases in photlc zone 

nutrient levels have been shown to cause secondary phytoplankton blooms 

(e. g. Ziemann et al. 1991). The sporadic supply of nutrients to the 

photic zone in western Conception Bay is, therefore, highly 1ike1y to be 

at least partly responsible for the increase in ch1orophy1l ê 

concentration observed during the surnmers of 1987 and 1988 in this region 

Upwellingjdownwelling Events also alter the irradiance levels to 

which phytoplankton living in deep water are exposed. The increased 

irradiance at nutricline depth during upwelling is comparable to that 

which maximizes photosynthesis and doubling rates in both laboratory and 
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natural populations of diatoms and dinoflagellates (100 - 250 ~Ein·m-2.s-

1; Eppley1977, Chan 1978, Platt et al. 1982; Lewis and Smith 1983) During 

most up''/elling episodes in 1987 and 1988, vertical displacements of 

isotherms ",ere approximately 10 - 15 m (Chapter 4). These displacements 

increased irradiance levels at the nutricline from ~ 20 ta ~ 200 ~Ein'm" 

2'S"1 (Fig. 6) and typica11y persisted for at least 24 hours (Fig 1), a 

time sufficient ta enable phytoplankton to adapt ta higher 1ight 

intensities (Auclair et al. 1982; Lewis and Smith 1983; Gallegos et al. 

1983). Phytoplankton populations periodically exposed to higher irradiance 

during upwelling episodes would, therefore, experience near-maximal rates 

of photosynthesis after a short period « 6 h; Gallegos et al. 1983) of 

physiological adjustment. The influence of episodic upwelling on 

photosynthesis rates is, therefore, likely to be broadly consistent with 

theoretical analyses of the beneficial effect of other forms of vertical 

motion (e g. internaI waves and surface layer mixing) on rates of 

photosynthesis and photoadaptation (Lande and Yentsch 1988; Lande and 

Lewis 1989). 

The magnitude of the ch1orophyll â concentration, as expressed by 

the intercept derived from relationships linking seasona1 ch1orophyl1 â 

concentration to wind energy inputs (Model 1 and 2), differed between 

years. This may be a consequence of interannual variability in the size 

and taxonomie composition of the residual phytoplankton community 

remaining after the spring bloom. Phytoplankton that participate in the 

spring bloom often remain viable as they sink through the water column 

(Ziemann et al. 1991), and can continue to make important contributions 

(10 - 50 %) to primary production during their descent (10 - 50 %; Ziemann 
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et al. 1991). If one or more mixing or upwe11ing events were sufficlentlv 

strong to advect a portion of this phytoplankton community baek into the 

photic zone, or if such events re-distributed nutrients and phytaplankton 

back into the surface layer, primary production rates, and possib1y the 

standing stock of phytoplankton cells, would increase. These phenomena 

have been observed in lakes exposed to artifical mixing during the summer 

(Lund 1971). Morevoer, the phytoplankton cells whieh beeome re-distributed 

during mixing or upwelling/downwelling will serve as the phytoplankton 

inoculum in the post-bloom warer column. 

The timing of wind events, relative to the sinking rate of the bloom 

community, is therefore likely to be an important factor in determining 

the initial abundance and physiological status of the post-bloom 

phyto~lankton community Subsequently, the frequeney, magnitude and 

duration of mixing and upwellingjdownwelling events will aet to regulace 

the general level of phytop1ankton abundance during the post-bloom perlod 

(Fig. 8). l t follows that, given a partieular inoculum phytop1ankton 

community, an important factor determining the abundance, taxonomie 

composition, and rate of production of phytoplankton during the remainder 

of the summer will be hydrodynamic forcing caused by wind energy inputs 

(e. g. Margalef 1978; Levasseur et al. 1984; Harris 1986). These replenish 

the nutrient supply in the lower portion of the photie zone, and 

periodically free phytoplankton from light-limitation. 

There were also important spatial patterns in the distribution of 

chlorophyll ~. At those sampling stations most frequently and dramatieally 

influenced by upwelling, depth-averaged chlorophyll S! concentrati.ons were 

highesc (i. e. within:::: 5 km of shore). This pattern was most obvi.ous 
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after the cumulative influence of wind was removed statistically, and was 

more apparent during the sUlnmer of 1988 when upwelling was stronger and 

more frequent The seasona accumulation of chlorophyll ~ nearshore is 

also likely to be assisted by local patterns in current flow which include 

occasional periods of downwelling. These are 1ikely to retain new 

production near its site of synthesis, and therefore, in the region where 

it can be consumed by secondary producers, inc1uding first-feeding 1arva1 

fish. 

The temporal and spatial patterns in zooplankton abundance were 

similar to those observed for chlorophyll ~ concentrations. Densities of 

partic1es in the smaller size class (40 - 80 ~m) increased during the 

summer, but were more strongly associated with water tempe rature than wind 

energy input. This may be due to the fact that this group consists 

principally of protozoan and metazoan herbivores (e. g. tintinnids, 

copepod eggs and nauplii) which are less directly inf1uenced by 

fluctuations in light and nutrients, and whose rates of feeding and 

production are more 1ikely to be influenced by water temperature (e g. 

Davis 1987), food supp1y (e. g. Dagg 1977; Beckman and Peterson 1986, 

Verity 1986), and levels of sma1l-scale turbulence (Rothschild and Osborn 

1988; Chapter 3). 

As expected, therefore, the abundance of this slze class was also 

significantly greater at nearshore statioT' than at offshore stations. 

Nearshore stations had more phytoplankton prey for consumption, and were 

more turbulent because of mixing associated with upwelling and downwelling 

(Chapter 2; Csanady 1989). 

There were no signlficant patterns in the distribution of the larger 
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zooplankton size class (80 - 160 ~m). Plankton in this s üe class ~eggs, 

nauplii and copepodite stages of copepods; larger tintinnid species), or 

adults in larger size classes that produce offspring in thi., si2.e l'.1nge 

(e. g. Pseudocalanus minutus and Calanus finmarchicus; Dagg 1977), would 

require more time and larger quantities of food before reproducing 

(Ki0rboe et al. 1985; Verity 1986; Peterson 1988). During this interval, 

populations would likely be re-distributed within the sampling dom,un 

through advection and mixing during upwelling and downwelling. They might 

also be comp1etely exported from the sampling domain (Frank and Leggett 

1982; Taggart and Leggett 1987). 

The growth and/or reproductive response of 1arger zooplankton, dnd 

perhaps of other size classes to wind- induced upwe 1ling could pe rhaps be 

more effectively modeled if wind inputs, seasonal temperature variability, 

or local in situ prey densities were compared to rate variables (e. g. 

copepod egg production rate; grazing rate). rather than to standing stock 

as was done in this study. For example. metazoan (e. g copepod) 

reproductive rates are known to respond quickly (24 - 48 hours, Durb in et 

al. 1983; Ki0rboe et al. 1985; Beckman and Peterson 1986) to temporal 

variability in food abundance. Even though l observed no spatial patterns 

in the distribution of zoop1ankton in the 1arger size c1ass, the rate of 

production of small zooplankton, and their rates of deve10pment (Saiz and 

A1caraz 1991) and metabolism (Alcaraz and Saiz 1991). may still have been 

higher nearshore because this region has more phytoplankton and is more 

turbulent. 

Overall. zoop1ankton densities in western Conception Bay were 10''''' 

compared to those estimated for severa1 other geographic areas (Chapter 
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l, Fig. 3) The difference between zooplankton densities observed in 

Conception Bay and eisewhere is, however, partIy a consequence of 

comparing the abundance of zooplankton in different size classes. In this 

study, l intentionally restricted the size class of zooplankton studied 

to the 40 " 80 ~I'I range in order to quantify the abundance of suitab1e 

prey for larva1 cape1in. The zoop1ankton densities compi1ed in Chapter 1 

encompass a much larger size range (e. g. 102 " 505 ~m). This differences 

in size classes makes any comparison of plankton densities among sites, 

including Conception Bay, difficul t. 

To more accurately assess food availability for larval cape lin , l 

compared zoop1ankton densities observed in 1988 with those used in 

laboratory and field experiments in which larval fish ingestion and growth 

rates were measured. 

Plankton densities observed in 1988 would be expected to produce 

low ingestion rates based on predictions made by an empirical model 

derived from laboratory experiments (see Model 4, Chapter 1). Food 

densities observed in Conception Bay were below the range of food 

densities (7.2 - 88000 ~g.1-1) used to detive this model. However, if the 

minimum food density in the laboratory food density range (7.2 ~g'1-1) is 

used for estimating capelin ingestion rates. the predlcted food 

consumption rate 1s 0.28 ~g.day-l, or l.3 % body weight.day-l. This 

estimate assumes that a newly hatched capelin larva 15, on average, 4.8 

mm long (Fortier and Leggett 1982) and weighs 21 ~g when dry (dry weight 

- standard length relationship given by Moksness 1982). 

When 1arva1 capelin were reared in predator.free in-situ enclosures 

at food densities of 0.5 . 1.2 ~g.1"1 (25 - 56.5 prey.1"1; size - 40 . 80 



,um; dry ~"eight - 0.019 JJ.g per prey), gro\olth ratE'S were 0.13 - Ù 25 Illllleda\" 

l (temperature - 6.5 0 C, Frank and Leggett 1986) These growth r.:ltes equdte 

to specifie growth rates of 6.7 - 12 % body weighteday-l Assuming LI 81:0SS 

growth efflciency of 33 % (mean for 9 speCles; see Table 7, Chapter 1) and 

12 hours of 1ight for feeding, the ingestion rates of 1arval ('apeUn 

reared by Frank and Leggett (1986) '..;ere 16 - 29 % body weighteday"l Bv 

comparison, the predicted maximum ingestion rate (food density ~ 185 J'gel' 

1) for new1y-hatched cape1in larvae at 6.5 0 C is 5.5 Jlgeday or 26 % body 

weighteday-l (see Model 4, Chapter 1). Consequent1y, even though prey 

densities in the enclosure experiments of Frank and Leggett (1986) were 

> lOO-fold lower th an prey densities required to maximize feeding rates 

in the 1aboratory, estimated ingestion rates were near maximal (i e 16-

29 % vs. 26 % predicted by the 1aboratory-based ingestion rate model) 

These comparisons indicate that larva1 eapelin, as with 1arvae of 

many other species (e. g. Economou 1987, Jenkins 1987) can grow at near 

maximal rates in nature, even though (1) food densities are very 10w (Fig 

15), and (2) laboratory experiments would prediet low ingestion rates 

(Chapter 1). The comparisons a1so show that the range of prey denslties 

(Fig. 12A, B) observed at Conception Bay sampling stations in 1988 

probably supported near-maximal rates of growth and ingestion ln larva1 

capelin (Fig. 15), assuming that other components of the 1988 diet (e. g 

prey visibility, escape behaviour, chemical composition, Checkley 1982; 

Govoni et al. 1986) were similar to those in the experiments of Frank and 

Leggett (1986). 

Fish larvae feeding in the coas tal area of Conception Bay in 1988 

are unlikely to have benefitted from finescale prey patchiness (5 m 
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Figure 15. Growth rates for larval capelin relative to the densities of 

prey in the 40 - 80 J.Lm size class, as estimated by Frank and Leggett 

(1986). These data are denoted as FL. A1so shown for cornparison are mean 

zooplankton densities measured in Conception Bay during the surnrners of 

1981,1982,1983 (Taggart and Leggett 1987; size c1ass - 90 - 130 J.Lrn: 

denoted as TLSl, TL82, TL83), 1988 (denoted as M40 for size c1ass 40 - 80 

J.Lm and as M80 for 80 - 160 J.Lm size class) , and the rnedian density (denoted 

as M46) for 46 other sites around the wor1d (see Fig. 2B, Chapter 1), as 

estimated by assurning a particle dry weight of 0.20 J.Lg per individual. 
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vertical scale). Patches in the vertical dimension contained prey 

densitie~ only ;::; 30 - 40 % higher th an depth-averaged prey densicies 

~:evertheless, it is possible that microscale patches of prey occurred at 

scales ofcm's tam's. Such patches wOlild occupy water volumes less than 

2 m3 and would be averaged by pump sampling. Densities of zooplankton 

within such patches are typically 2 - 10 fold higher than the density 

obtained by averaging individual plankton densities (Jenkins 1988, Ow'en 

1989) . 

Small-scale turbulence increased estimated encounter rates of larval 

capelin in Conception Bay during the summer of 1988 by 4 - 30 %. This 

increase is small relative to the potential increases observed elsewhere 

(Chapter 3). This occurred because prey densities (range - 85 - 217 ind. ·1-

1) and swimming speeds assumed to be representative of those for larvae 

(0.42 cmos-1) and their prey (0.095 cmos-1) are considerably larger than 

those used in earlier encounter rate simulations (Chapter 3; prey density 

- 5 - 3S ind 01- 1 ; prey velocity - 0.02 - 0.05 cmos-l; larval veloc:ty ""' 

0.2 - 0.5 cm·- 1 ). 

In addition, wind speeds in Newfoundland during summer (Chapter 4; 

Taggart and Leggett 1987) are relatively low compared to those measured 

at other areas or times of the year Ce g. United Kingdom rneteorological 

stations [Bowers and Simpson 1987T; California [Husby and Nelson 1982), 

tidally- generated turbulence is a1so relatively small in Conception Bay. 

Finally, a wind·based model of mixed layer turbulent dissipation rate may 

underestimate small-scale turbulence in western Conception Bay because 

additional turbulence generated by upwelling circulation and mixing may 

not have been adequately quantified. All of these factors reduce the 
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estimated contribution of turbulence to encounter rates between predators 

and prey \.;hen compared to i::s potential impact on larval encounter rates 

in other en',ironments (Chapter 3). 

Synthes is upwe 11 ing! plankton distributions and larval cape lin t'me rgence 

behaviour 

As discussed by Frank and Leggett (1982: 1983), air·sea interactions 

which influence the nearshore hydrography of Conception Bay 1 and other 

sites distributed over 700 km of Newfoundland coastline 1 have exerted a 

strong influence on ~he spawning behaviour of the local ichthyofauna ~tost 

capelin spawning occurs during la te June - early July at sites having 

appropriately-size beach sediments (Carscadden et al. 1989) and where the 

local hydrography is dominated by frequent upwelling episodes (Frank and 

Leggett 1981; Leggett et al. 1984). As shown here, these create 

significant temporal and spatial patterns in the distribution of plankton 

in Conception Bay 1 and probably elsewhere a10ng the east coas t of 

Newfoundland and Labrador. These gradients are associated wi th lnc reased 

nutrient flux to the photic zone and with increased irradiance received 

by the phytop1ankton community near the nutricline during upwelling 

episodes. 

The timing and location of spawning by capelin are lifehistory 

characteristics shared by several other fish species in Conception Bay 

(Frank and Leggett 1982; 1983). Larvae produced in shallow water by these 

species occupy the same water masses as do larva1 capelin (Frank and 

Leggett 1982; 1983). In regions where plankton biomass i5 low but 1S 

distributed in consistent spatial patterns across years 1 there i5 1 ike1y 

to be strong natural selection for spawning sites and behaviours that 
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place firs t - feeding larvae near such si tes. In Conception Bay, these areas 

are located along the '",estern shore where upwelling is most frequent 

(Cbap~er 3) and where high plankton densities occur. During downwelling 

events, ldrvae of these species can expect ta enter a water column '",hich 

is relatively turbulent, and whose prey densities are higher than those 

balow the thermocline (e. g. 30 m; Fig. 5,12), and higher than those in 

the central and eastern portions of the bay (Fig. 8, 10, 13) 

These findings suggest additional rnechanisms by which the timing, 

frequency and magnitude of interactions between wind- induced upwelling, 

plankton production, and larval emergence behaviour may determine 

interannua1 variability in larval feeding success, and possibly, in 

cape1in recruitment rates. An existing capelin recruitment-forecasting 

mode1 (Leggett et al. 1984) indicates that post-hatch beach residence 

time, which depends on the time interval be tween onshore winds, is 

inversely re 1ated to capelin yearc1ass strength. The patterns in plankton 

distribution observed in 1987 and 1988 indicate that interannual 

differences in the intensity of upwelling produces statistically 

significant temporal and spatial gradients in the biomass of plankton in 

the size range which can be ingested by larva1 capelin. Processes 

responsible for the development and intensification of these gradients 

may, therefore, be important for the successful first feeding of larvae 

produced by this species. Consequently, a seasonal upwelling index, which 

serves as a surrogate for the patential biamass of plankton near capelin 

spawning beaches, could be a significant additional correlate of capelin 

recrui tment. This hypothes is will be evaluated in Chapter 6. 
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Introduction 

Wind-induced upwellings and storms intermi ttently incre.:lsE' the 

abundancE' and production of primary and secondary producers (Takahashi et 

al. 1986; Check1ey et al. 1988, Kiorboe et al. 1988; Thresher et al. 1989, 

Harris et 31. 1991; Ch3pter 5). The size of plankton producE'd aftl>r the 

input of external energy ta the water column is often in thE' si~e ral\ge 

that can be ingested by larval fishes (Check1ey et al. 1988; Kiol'boe .1l1d 

Nie1sen 1990; Thresher et al. 1989) Timing and magnitude of transient 

production events may, therefore, bè important for the feedlng /sllcce-;s 

of sorne species of larval fishes. These species wou1d include those whose 

distributions are restricted ta environments that are relative1y 

unproductive (e. g. the surface layer of a stratified water column ln the 

summer months). as opposed ta those whose larvae inhabit relatlve1y 

productive areas (e. g. ridai fronts, estuaries). 

These observations suggest that 1arvae of sorne fish species may be 

food-limited in sorne years because the frequency and intensity of wind­

induced upwe11ing and mlxing are less than usual. Alternatively, food­

] imitation might occur because of dlspersion of prey patches by these Sdllle 

processes (Lasker 1975) Food-limitation caused by these, and other, 

processes is believed ta contribute to high rates of mortality during the 

larval period (Peterman and Bradford 1987; Ki0rboe et al. 1988; Cushing 

1990), and may be important in determining recruitment rates in ~orne fish 

species (e g. haddock' Buckley and Lough 1987; see also Cushing 1990). 

However, many larval fish populations do not appear ta be food­

limited (Leggett 1986; Taggart and Leggett 1987; Fortier and Harris 1989; 

Owen et al. 1990), whereas populations of larval fish in other areas or 
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at other times have been shown to be feeding or growing at food-limited 

rates (Frank and MacRuer 1989; Fortier and Gagné 1990; Jenkins et al. 

1991). The probability of detecting food limitation in larval fishes is 

like1y to increase as improved techniques for diagnosing larval 

nutritional status (e. g. Buck1ey 1984; Frank and MacRuer 1989; Fraser 

1990; Pedersen et al. 1990; Hovenkamp 1990) are developed, and as they 

become more routinely employed in field sampling programs 

Reports of food-limitation (and food-satiation) may a1so increase 

as sampling methods are improved This may allow estimation of the 

realized abundance of prey that larvae, diagnosed as either healthy or 

unhealthy, actually experienced prior to capture (Owen 1989; Chapter 1; 

Chapter 3; Rothschild 1991) at ~he appropriate temporal and spatial scales 

(see Taggart and Frank 1989). However, the demonstration of a relationship 

between direct or indirect measures of food abundance (e. g. storm 

dispersion of prey patches) and 1arval condition or mortality rate, even 

if derived from several years of data, does not necessarily establish a 

predictive relationship between the abundance of eggs or 1arvae and 

recruitment (Peterman et al. 1988). 

Atternpts to use field data for identifying relationships between 

larval condition or mortality rate and food abundance will, therefore, 

still leave unanswered the nature of the relationship between aither 

larval condition or mortality rate and recruitment. In this chapter, l 

chose, instead, to assess whether a genera1 knowledge of biologica1 and 

physica1 oceanographie proeesses known to influence rates of plankton and 

fish production (e. g. Iverson 1990) can be used to prediet reeruitment 

in fish populations. 
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The existing recruitment forecasting model (Leggett et dl 198/,) 

for beach spawning populations of capE'lin, Mallotll<; villo<;lIS, ln E.:lbtE'rt1 

Newfoundland uses wind and water tempe rature indicE's as inputs This model 

explained 49 % of the variance in 12 years of data (Madel l, Tdble 3) The 

input variables were specified after laboratory experiments and field 

sampling showed that meteorological and hydrographical factors infillenced 

key features of capelin natural hlstory 

The wind index in this model is a quantitative expression of the 

probability that 1arvae will emerge in robust condition into the water 

column from embryonic incubation sites located in inter- and subtidal zone 

beach sediments. Larva1 cape1in are known ta react to changes in water 

temperature changes associated with onshore winds by active1y emerging 

from their beach incubation sites. The exact form of the wind index ts the 

maximum number of days between onshore winds in the lÜ-day period 

fo11owing the annually estimated date of median hatching (Leggett et al. 

1984) . 

The temperature term in this model was assumed to provide a relative 

measure of the interannua1 variability in food abundance for larvdl 

cape lin (Leggett et al. 1984). Frank and Leggett (1982) observed that 

seasonal variation in the biomass of zooplankton (150 - 250 ~m size range) 

near a capelin spawning beach was significant1y correlated with the 

cumulative number of growing degree days measurpd at St. John's, 

Newfoundland commencing on April 1. Uarmer tempe ratures generally 

stimulate plankton production (Epp1ey 1972; Davis 1987) and larval fish 

ingestion (Chapter 1; Houde 1989) and growth rates (Houde 1989). The 

tempe rature index was configured to be the sum of the mean monthly depth-
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averaged (0 - 20 m) water temperatures recorded 3.7 km from St. John's, 

Newfoundland during the period July - December. These months span the 

duration of the first growing season for larval capelin. 

Water tempe rature may not, however, be the most effective descriptor 

of prey abundance for larval fishes in Newfoundland coasta1 waters 

(Chapter 5). In particular, phytoplankton abundance (expressed as 

chlorophyll g concentration) at stations along a transect across 

Conception Bay during June - August 1987 and 1988 was more effectively 

described by longshore wind ve10cities than water temperatures (Chapter 

5). These wind inputs were associated with upwe1ling episodes (Chapter 4, 

5) which increase nutrients leveis 2 - 3 fold in the lower portion of the 

photic zone, and which are very likely to free photosynthetic rates of the 

nutricline phytoplankton community from light limitation. These upwelling 

and downwelling events wou1d also increase turbulent dissipation rates in 

the nearshore region where upwelling was most intense (Chapter 2). As a 

consequence of these interactions, gradients develop in the abundance of 

both phytoplankton and microzooplankton (Chapter 5). The biomass of these 

taxa are highest in the Immediate near5hore (0 - 5 km) zone. lt i5 this 

zone into which first feeding cape1in larvae first emerge during dipersal 

from inter- and subtidal spawning sites. 

Phytop1ankton (diatoms) and tintinnids are major components of the 

diet of larval cape1in (Courtois and Dodson 1986). Zooplankton in the size 

range 40 - 50 }Jm, which, in Conception Bay, includes tintinnids and 

copepod eggs and nauplii (Frank and Leggett 1986) promotes high growth 

and survival rates in enclosure-reared capelin larvae (Frank and Leggett 

1986). Wind energy inputs which influence the production and distribution 
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of these prey (Chapter 5) could therefore be responsible for fluctuations 

in 1arva1 morta1ity and recruitment rates 

1 eva1uated this hypothesis using the 12 years of data originally 

used ta derive the Leggett et al. (1984) capelin recruitment model. The 

influence of wind conditions on the feeding and growth rates of larval 

cape1in subsequent to emergence and the onset of 1arval drift, and the 

effect of this factor on recruitment, has not yet been explored. However, 

evidence from other species indicatei> that survival, or measures of 

feeding success Ce. g. food abundance, 1arva1 gut contents, ingestion 

rates), rnay be reduced (Peterrnan and Bradford 1987), increased (Checkley 

et al. 1988; Thresher et al. 1989), or be unaffected (Butler 1991) by wind 

events. 

Methods 

Capelin recruitment data (number of two-year old fish; denoted as 

LNREC) for NAFO region 2J3K, estimated median larval hatch dates, and the 

wind (denoted as WIND) and water temperature (denoted as TEMPSUM) data 

associated with the original recruitment forecasting model were provided 

by Dr. K. T. Frank (Marine Fish Division, Bedford Institute of 

Oceanography, Dartmouth, Nova Scotia, Canada). A complete description of 

how these data were originally gathered and derived ls available in 

Leggett et al. (1984). 

A wind index representing the cumulative upwelling or mixing 

occurring during the surnrner months was developed. In Conception Bay, 

Newfoundland, the spring bloom depletes the surface layer of nutrients. 

This process is usually comp1eted by the end of May (Pomeroy et al. 1991). 
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During June, July and August, therefore, the frequency, durati on and 

magnitude of upwe11ing and mixing events is important in rep1enishing the 

photic zone wi th nutrients, and in stimu1ating rates of primary and 

secondary production (Chapter 5). It i5 during this period (Frank and 

Leggett 1982; Taggart and Leggett 1987) that capelin spawn (late June -

early Ju1y), embryo5 deve10p (July) and larvae hatch and emerge into the 

water column (July - August). 

In Newfound1and, upwelling is associated with winds originating from 

the southwest sector Wind directions and speeds measured at St. John's 

airport were decomposed into 10ngshore and cross-shore components 

(Schneider and Methven 1988; Chapter 4). The 10ngshore wind component in 

the positive direction (i. e. winds blowing approximately from the 

southwest towards the northeast) has been shown to be highly corre1ated 

to hydrographie f1uctudtions in Conception Bay (Chapter 4; Taggart and 

Leggett 1987), and at other sites in Newfoundland (Yao 1986; Schneider 

and Methven 1988) and Atlantic Canada (Platt et al. 1972; Rose and Leggett 

1988). These fluctuations in physical oceanography and windvelocities are 

mast highly corre1ated after 1ags of 12 - 36 hours (Chapter 4), a1though 

upwelling can intensif y if longshore winds persist for periods exceeding 

this duration (Chapter 4). 

l therefore tallied the nurnber of occasions on which the daily 

averaged longshore wind velocity equalled or exceeded 5 mos-1 for each of 

three consecutive days. This tally, denoted as UP35, was calculated for 

the period June 1 - August 31 for the each summer from 1966 to 1978. The 

wind data used ta derive this index were measured at St. John's airport 

by Environm~nt Canada, and are reported in Monthly Meteorologica1 
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Summaries. 

The thresh01d wind speed of 5 m·s· l was chosen because higher wind 

speeds disperse phytop1ankton patches (Legendre and Demers 1984: Cury and 

Roy 1989) At wind speeds < 5 mes· l , phytoplankton patchiness is 1arge1y 

controlled by biotic factors (reproduction, grazing, swimming activity; 

Legendre and Demers 1984; Cury and Roy 1989). This value has also been 

used in conceptual models of physical oceanographie regulation of 

recruitment in sorne fish populations (Cury and Roy 1989). In addition, the 

median 1ongshore wind speed at St. John' s during summer is 4 . 6 m' sol 

(Chapter 4; Taggart and Leggett 1987). AIl of these observations suggest 

that 5 mes· l may be a useful first-order approximation of the role of wind 

events on biological oceangraphic processes in Atlantic Canadian waters 

during the summer months Similar indices based on threshold wind speeds 

of 4 and 6 mes· l (denoted as UP34 and UP36 respectively) were also 

developed and evaluated for their ability to explain variability in 

capelin recruitment. 

The timing of larval hatching relative to the occurrence of wind-

induced upwelling events cou1d a1so influence cape lin recruitment. For 

exarnp1e if, in a given year, most wind events occurred before the maJority 

of larvae hatched, it is possible that the y rnight not benefit from wind 

effects on plankton production and encounter rates. To address this 

possibility, l used the estirnated median hatching dates to identify how 

many 3-day 5 m·s· l wind events occurred after most larvae had hatched. This 

wind index, UPHAT35, represents the amount of upwe1ling and mixing that 

- most larvae would actually experience, and it was analysed in a fashion 

similar to the other wind indices (see below). 
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Data analysll 

Recruitment data were log-transformed (Hennemuth et al. 1980) before 

analyses to s tabil Ize the variance. All time series were then eva1uated 

for stationarity (Chatfie1d 1989), autocorrelation, and mu1ticollinearity. 

None of the time series used in these analyses were increasing or 

decreasing with time (Table 1), and none were significant1y autocorrelated 

at 1ags l, 2 or 3 (Table 2). lt was not necessary therefore to reduce the 

number of independent observations in each series for autocorrelation 

between adjacent values (Drinkwater et al. 1991). Correlations between 

potential independent variables were generally insignificant (P > 0.05; 

Table 3). 

Potential relationships between capelin recruitment and wind indices 

were then elJaluated using multiple linear regression. l hypothesized that 

the introduction of a second, and new, wind input variable into the model 

(to account for the positive effect of the wind on production) would be 

more effective at explaining recruitment varia' ion than was the 

temperature term in the existing mode!. A positive, significant wind term 

would support the hypothesis. A negative, but statistically significant 

wind term, on the other hand, would suggest that upwelling and mixing may 

disperse prey patches I.,hich are known to be important for successful 

feeding by larvae of other fish species (Lasker 1975; Peterman and 

Bradford 1987; Gury and Roy 1989). Finally, a non-significant term could 

indicate that (1) upwelling and mixing have no effect on prey availability 

for larval cape lin; (2) the effects of upwelling and mixing are beneficial 

in sorne years, but detrimental in others; or (3) the anticipated effects 
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Table 1. Regression mode1s for eva1uating stationarity of time series 

variables The mode1s fitted were Y = aoyear + b. where the values for 

year were represented by sequential codes (i e. 1966 - 1: 1967 - 2. etc.) 

so that the range in raw values was re1atively large compared to the mean. 

RZ - the amount of variation explained by the yearly codes and P denotes 

the significance leve1 of the fitted model. 

Variable Mean SD R2 P 

LNREC 24.218 1. 042 0.04 0.5233 

WIND 5.1 2.3 0.00 0.9196 

TEMPSUM 46.68 2.64 0.12 0.2758 

UP34 12.9 7.5 0.00 0.8856 

UP35 4.6 3.9 0.05 0.4854 

UP36 l.4 2.0 0.01 0.7065 
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Table 2. Autocorre1ation coefficients for time series used in deve10ping 

capelin recruitment models. r is the autocorrelation coefficient and rMIN 

is the minimum autocorrelation that is statistica11y significant (P < 

0.05) 

V,1riab1e La~ r r M1N 

LNREC 1 0.380 ± 0.554 

2 -0.148 ± 0.632 

3 -0 337 ± 0.642 

WIND 1 -0.088 ± 0.554 

2 0.208 ± 0.560 

3 -0.078 ± 0.582 

TEMPSUM 1 -0.031 ± 0.554 

2 0.072 ± 0.556 

3 0.224 ± 0.558 

UP34 1 -0.028 ± 0.554 

2 -0.119 ± 0.556 

3 -0.425 ± 0.562 

UP35 1 -0.092 ± 0.554 

2 -0.398 ± 0.560 

3 -0.035 ± 0.640 

UP36 1 -0.321 ± 0.554 

2 -0.043 ± 0.610 

3 0.038 ± 0.610 
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Table 3. Correlation matrix for variables used in developing cdpe lin 

recruitment models. The top value is the correlation coefficient, r, ~nd 

the bottom value is the probability le"\'e1 that r is statistically greater 

than 0, N = 12 

LNREC 

WIND 

TEMP 

UP34 

UP35 

UP36 

UPHAT35 

LNREC 

1.000 

a 0 

WIND TEHP 

-0.615 0,659 

0.034 0.020 

1.000 -0.398 

0.0 0.200 

1.000 

0.0 

UP34 UP35 UP36 

0.338 0.593 

0.282 0.042 

0.508 

0.092 

o 157 -0.116 -0.123 

0.626 0,719 0.678 

0.597 0.471 

0.040 0 122 

1.000 0.739 

0.496 

0.101 

0.648 

UPHAT35 

0.390 

0.210 

0.049 

o 879 

0.411 

o 184 

0.613 

0.0 0.006 0.023 0.034 

l.000 0.829 0.861 

0.0 <0.001 <0 001 

1.000 0.927 

0.0 <0.001 

1.000 

0.0 
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of upwelling or mixing are small compared ta other processes that operate 

at different life stages and which influence recruitment (Peterman et al. 

1988) . 

The criterion used for comparing the best-fit models was the 

proportion of total recruitment variance explained by independent 

variables ~uch as WIND and UP35 The explained variance indices CRz) used 

in this study have been adjusted for the loss in degrees of freedom 

associated with multiple input parameters. Fitted regression coefficients 

were assessed for statistical significance by the probability level, P, 

that they differ significantly from O. 

Results 

A multiple regression model using the original wind index 

(representing capelin survival in beach sediments) but substituting a new 

upwelling-based wind index based on the frequency of 3 day intervals 

having winds > 5 rn/sec for the original TEMPSUM term, explained 58 % of 

the variance in 12 years of capelin recruitment data (Madel 2; Table 4). 

By comparison, the original capelin recruitment model (Madel 1) explained 

49 % of the variance in capelin recruitment (Table 4). In the new model, 

the significance levels for the two independent variables (WIND and UP35) 

are both P - 0.02. In the original model the significance levels for WIND 

and TEMPSUM were P - 0.1084 and 0.0652, respectively. 

Recruitment models using wind indices based on 4 and 6 m·s- l 

threshold \.,ind speeds explained less of the variance than did Madel 2 

(threshold wind speed - 5 m.s- l ; Table 4). For Modeis 3 and 4, regression 

coefficients for the new wind indices (UP34 and UP16) were not significant 
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Table 4. Multiple regression models and related statistics for describing 

interannual variability in capelin recruitment (numbel' of 2-yenr old fish) 

from abiotie variables For each model, the fitted l'egression cot>fficipnt 

and its standard error are listed. P denotes the sigl1lficanee levd [01' 

fitted regression coefficients. RMSE is the residual tneJIl square error of 

observed values from tho!:.e predie ted by the fi t ted mode 1. Rl is the d1l10tmt 

of variance explained by the fitted model. PrOTAL is the over.lll 

significance level of the fitted model. 

Madel P 

1 LNREC = (-0.186 ± 0.104)·WIND 0.1084 

+ (0.194 ± 0.092)·TEMPSUM 0 0652 

+ (16.093 ± 4.562) 0 0064 

2 LNREC (-0.246 ± 0.088).WIND 

+ (0.142 ± O.053)·UP35 

+ (24.802 ± 0.570) 

3 LNREC (-0.283 ± 0.099).WIND 

+ (0.129 ± O.068).UP34 

+ 25.220 ± 0.585) 

4 LNREC - (-0.305 ± 0.098)·WIND 

+ (0.062 ± 0.031)·UP36 

+ (24.962 ± 0.625) 

5 LNREC - (-0.283 ± O.099)·WIND 

0.0207 

0.0254 

< (J.0001 

0.0190 

o 0907 

< 0.0001 

0.0127 

0.0743 

< 0.0001 

0.0190 

+ (0.129 ± 0.068)·UPHAT35 0.0907 

+ (25.220 ± 0.585) < 0.0001 

RMSE PTOTAL-

0.49 0.744 0.0197 

0.58 0.678 0.0085 

0.46 0.768 0.0261 

0.48 0.754 0.0127 

0.46 0.768 0.0261 
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at the 0 05 significance leve1. The regression coefficients for the 

original ~/ind input variable, WIND, in the three new mode 1s were not 

significantly different (P > 0.05). 

These analyses suggest that food avai1ability during the first 

feeding stages may be important in regu1ating capelin recruitment When 

the original TEMPSUM variable was included as an input to the three ne\" 

models (T3ble 4), it was found to be statistically insignificant in each 

case (P - 0.4107, 0.2541, 0.226, respective1y for models using WIND and 

either UP34, UP35, or UP36 as inputs). 

Removing the variable describing the wind events prior to 1arval 

hatch from the model did not improve the ability ta predict capelin 

recruit.nent (Madel 5, Table 4) The regression coefficient for UPHAT35 

was not significant (P = 0 0907; Table 4). 

Discussion 

The approach used here builds on an existing model and is an 

extension of ideas originally presented in Leggett et al. (1984). The new 

analyses incorporate recent information pertaining bath to the specifies 

of the particular system under study (Chapters 4 and 5), and to marine 

ecosystems in general (Chapters 2 and 3; Iverson 1990). They have resul ted 

in development of a more powerfu1 model for describing fluctuations in 

capelin recruitment, and the y quant if y the manner in which biotic and 

abiotie pracesses interact to generate temporal variability in abundance 

of a marine fish population. 

As wi th al1 "mpiricai environmentally-based models, the correlat.ions 

observed reflect patterns inherent in the available data. Model parameters 
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could change significantly when extrJpolated to different environments, 

or if different methods are employed to collect the input data A second 

drawback to empirical models, particularly those bas",d on relat ive ly short 

time series. is that recruitment may also be sensitive to changes in 

events \I/hich flue tuate at a longer time scale th an that as soc iated wi th 

the original data series (Walters and Collie 1988) Lastly. processes 

responsible for recruitment in one year, or even a series ot years, may 

be insignificant in other years. In these cases, different factors would 

be important in influencing recrui tment. Given the poor performances of 

updated environmentally-based recruitment models (Frank 1991, Drinkwater 

et al 1991), it is possible that Model 2 would also perform poody if its 

predictions of recruitment for the 2J3K stock were compared wi th new data. 

Despi te these shortcomings, the model does sugges t a mechanLsm by 

which recruitment in the capelin populations of the 2J3K statistical ared 

was mediated by environmental conditions over a 12-year period. The 

frequency and magnitude of upwelling events during the summer months, as 

represented by UP35, appear to be import.ant to the feeding success of 

1arval capelin, and, the statistical analyses suggest that larval feeding 

success may have been responsible for a significant portion of the 

recruitment variability in this species over the time interval considered. 

The positive sign of the regression coefficient for the upwelling-related 

wind index in Model 2 indicates that upwelling conditions favour enhanced 

recruitment. The improvement in R2 in the new, two wind term, model 

relative ta the original wind-temperature model (Leggett et al. 1984), 

coupled with the fact that the new wind terro focuses the interval of 

importance on the first feeding stages of larvae, suggests that the 
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tempe rature term in the original model may not have been a surrogate for 

feeding conditions during larval drift as Leggett et al. hypothesized. As 

the analyses in Chapter 5 revealed, an upwelling-related wind term, such 

as that developed here, was a more effective predictor of phytoplankton 

and microzooplankton abundance and distribution th an was temperature. 

Winds, and the upwelling associated with them (Chapter 4), are also 

known to generate turbulence (Chapter 2), which influences phytoplankton 

cell s ize (Margalef 1978), and, in turn, determines the efficiency of 

copepod feeding (Dam and Peterson 1991) and rates of copepod egg 

production (Peterson and Bellantoni 1987; Ki0rboe et al. 1990). Turbulence 

a1so increases encounter rates between planktonic predators and prey 

(Rothschild and Osborn 1988; Chapter 3, 5). AU of these phenomena affect 

pelagic food web structure in plankton communities (Legendre 1990; Ki0rboe 

et al. 1990) and the degree to which primary production is transfer~ed to 

consumers at higher trophic 1eve1s (Ki0rboe et al. 1990). 

lt is possible that strong longshore winds could regu1arly affect 

capelin recruitment through dispersion of prey patches (Lasker 1975; Lough 

1984). However, microzoop1ankton prey were relatively evenly distributed 

within the upper 30 m of the water column during 1988 (Chapter 5). During 

that swnmer, 5 3 -day periods of daily longshore wind velocity ~ 5 mts- l 

occurred. This frequency matches the 12-year mean (4.6; Table 1). Despite 

the relatively homogeneous distribution of prey within the upper layer of 

the water column, prey densities were sufficiently high to maximize larval 

growth rates (Chapter 5). Given the relative1y homogeneous vertical 

distribution of zooplankton observed (Chapter 5), if exceptionally strong 

winds do occur during the summer, it is unlikely that there will be a 
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significant effect on vertical prey distribution due to patch dispersion 

In Newfoundland coastal waters, upwelling brings pOpuLlt ions of 

inv8rtebrate predators of larval capelin closer ta the surfacE' (Ft.' .. lIlk and 

Leggett 1982), This can potentially e'<pose larvae to larger populations 

of predators (e. g. jellyfish; deLafontaine and Leggett 1988), especially 

as water masses, and their distinctive plankton cowmunities (Frank and 

Leggett 1982; 1985), become mixed during flaw reversaIs. Hawever, the 

negative effects of increases in predation mortality caused by upwelling 

must have been small relative to the positive effects of upwelling on food 

availability/encounter because the overall effect of longshore wind events 

on recruitment was positive (Table 4). 

It is important ta note that model 2 is open to further dev~lopment 

and that the new wind term (UP35) presents new opportunities for further 

research. For example, there is little in situ evidence for a multi­

specifie relationship between prey density and larval ingestion rates 

(Chapter 1) However, the significant influence of upwelling on capelin 

recruitment (Madel 2, Table 4) suggests that, in sorne years, capelin 

Iarvae may be food-limlted. The hypothesis of food-limitation in larval 

capelin could be evaluated by comparing a reliable measure of Iarval 

condition across summers, or within a surnmer at different sites exposed 

to different amounts of upwelling. 

Such indices, acquired for a sufficient number of years, and over 

a sufficiently broad spatial scale, could be used to evaluate directLy 

the hypothesis that larval condition and recruitment is linked. While this 

hypothesis i5 attractive and has occasionally been attempted, it has not 

yet been carried out for a sufficient number of years ta establish whether 
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such linkages exis t. This failure is partIy due ta the difficu1 ty in 

predicting, on an annual basis, when and where hatching will occur, and 

what the larval distributions will be after hatch. Such information is 

essential to the design of a sampling gcid that will be effective in 

increasing the probability of capturing for diagnosis of condition. 

The restricted spawning sites and larva1 hatch dates, characteristic 

of capelin, coupled with the fact that hatch dates can be reBab1y 

estimated in advance (Leggett et al. 1984) and that the timing of the 

appearance of these 1arvae in the water co1umn can be estimated from 

easily measurab1e variables (Leggett et al. 1984) makes the species an 

ideal candidate for such a study. 

The modelling resu1ts presented here suggest that an index based on 

the accumulation of favorable events (upwelling episodes) may be more 

useful in estimating cape1in recruitment than one derived from a process 

whose influence spans a continuous and extended interva1 (e. g. 6 months). 

The pattern observed in this data set is, therefore, consistent with 

severa1 other recent studies which have demonstrated the direct influences 

of transient phenomena (e. g. storms, calm periods, changes in wind 

direction) on the eco1ogy of 1arva1 fishes (Leggett et al. 1984; Peterman 

and Bradford 1987; Check1ey et al. 1988; Thresher et al. 1989). 

Because these events are typica1ly associated with changes in food 

densities and/or water temperatures, they are likely to produce 

distinguishing features in the calcareous parts of surviving fish (e.g. 

otolith ring widths: Maillet and Checkley 1989; Sr:Ca ratios in otoliths; 

Radtke et al. 1990; nwnber of vertebrae: Frank 1991). These data can be 

used ta identify events in the past which removed individuals from the 
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initial population (Rice et al. 1987; Maillet and Checkley 1989). It may 

be possible. therefore. to couple data from derived growth trnjectories 

with environmental data in order to identify those prOCeS5e':i .. hich afe 

most likely to selectively remove sorne individuals from the population, 

and to identify the periods in larva1 ontogeny when such proccsses <Ife 

likely to be most severe. 

This information, if available, wou1d potential1y allow refinement. 

and possibly validation, of environmentally-based recruitment models, 

particularly if data were collected across years Of hab i tats This 

combined approach i5 the current focus of several mélJ or flsheries 

oceanography studies (e. g. Canadian Ocean Production Enhancement Ne twork; 

United States South Atlantic Bight Recruitment Experiment). 
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:> Thesis Conclusion , 
~ 
f 
" ., This thesis addressed sevel"dl hypotheses l"e lating to thE' 
; 

t~ 
environmental control of interactions bet',.;een lan'al fish . .md rlwir food 

< 

.: 
/ 

1> 
resource. This required that l develop and apply models th.:1t t'stun.1te 

. 
r 
:t rates of food consumption by larval fishes in the laboratory ,.lI1d ln <ii ru, 
I: 
}. 
.z 
i~ 
rc 

and the levels of small-scale turbulence induced by wind and ttde This 

} 

~ 
research shows that at small spatial (cm) and temporal (s0conds ta 

,-,-
~:.. 

~ 
~: 

minutes) seales, environmental control of larval fish-prey interactions 

.' ~ 

li 
t 

are particularly sensltive to turbulent motion This motlon has thf' 
f 

~ , potential to increase encounter rates by several fold, and explains, in 
1" 

}-
• 

large part, the anomal)' between feeding rates expected on the basis of 

( 
~ laboratory studies and those realized in situ More importantly, the se 

r 
;'w 
t 

results help to explain the consistent [ailure ta demonstrate strong 

" ~-
relationships between in situ food levels, larval mortality and 

~ recruitment in nature as predicted by Hjort (19V.) and Cushing (1990) 
l 
l> 

" "-

~ These effects of turbulence are predicted ta be most important for 

~ 

1 
t 

the smalles t larvae, and in environments where prey densi ti' " are lowes t 

... 
If higher ra tes of encounter resul t in higher feeding ratt._ as might be 

expected under conditions of food limitation, these observations suggest 

that the probability of finding malnourished larvae in turbulent 

envirorunents will be less than that ln non- turbulent- environments, gi ven 

equal prey densities L, although storms can disperse patches of 

1arval prey (Lasker 1975; Lough 1984), sorne 1arvae, depending on the i r 

pre- and pos t-storm vertical distr ibutions relative to those of larva l 

- prey, might benefi t from the re - distribution of these prey and the 

increased turbulence associated with storms (Figure 4, Chapter 3) 
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In addi tion to its direct effect on plankton contact rates, 

turbulence is the maj or determinant of the trophic structure of pelagic 

food webs in p lankton communi ties (Cushing 1989; Legendre 1990, Ki0rboe 

et al 1990) Interannual variability in the 1evels of wind- induced mixing 

and in :-he intensity of upwelling, will have important effects on a11 

trophic le\els within plankton communities located in areas where the 

water column would otherwise stratify during summer. 

Field-based studies, detailed in chapters 4 and S, have shown that, 

at larger spatial and temporal seales, intermittent upwelling events can 

improve feeding conditions for larval fishes. Research eonducted in 

Conception Bay, Newfoundland showed that In Chapters 5 and 6, it has been 

shown that, in locall~ed areas, these phenomena can be very important in 

determining the distribution and abundance of plankton in the size range 

that can be ingested by larval fish. 

The potential for this coupling between wind inputs and 

biologicaljphys ieal oceanographie responses. as demonstrated in both 

modelling (Chapters 1,2, and 3) and field (Chapters 4 and 5) to influence 

recrui tment in marine fish poptllations was evaluated by applying the 

insights gained in these studies to an existing wind and temperature based 

recruitment model for capelin. A new model, incorporating a wind-driven 

upwelling term, significantly increased the explained variance in 

interannual recruitment estimates for this species. This model suggests 

that larval fish may be more food-limited, and suffer higher rates of 

mortality, ln years when upwelling-favorable winds were rare and/or weak. 

This modified wind-based model has smaller confidence limits than 

those associated with the previous empirical recruitment model (Leggett 
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et al. 1984). It could, therefore, potentially contribute posltively to 

the management of this important marlne fish population which is not ooly 

commercia11y exploited, but is also the key forage species for L.uge 

populations of f1sh, seabirds, seals and whales in the North Atlantic 

ocean (Bailey et al. 1977; \~hitehead and Carscadden 1985). The mode1 also 

produces severa1 new and testable hypotheses concerning environmental 

control of larval fish-prey interactions, and their possible linkage with 

recruitment. 
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Appendix 1. Ingestion rates by larval fish in laboratory environments. 

These data were used to derive Models 1-4, Table 4, Chapter 1. Age is 

days since Latch, 5ize i5 1arva1 dry weight uncorrected for preservation 

effects (see Methods, Ch8pter 1), pres. is a code indicating whether 

larvae were weighed dry fresh (pres = 0) or were weighed dry after being 

preserved (pres = 1), tempo is water tempe rature (0 C), food is food 

density (pg dry weight of preyol-l) , prey is 0 if food was Brachionus or 

Artemia and is 1 if prey were natu~al zoop1ankton, fish i5 fish density 

during feeding experiments (no. of fish o1- l ), vol. is container volume 

used in estimating feeding rates (litres), ingest is dai1y ingestion 

rate per fish (~g dry weight consumedofish-1oday-l). Codes for species 

and author are 1isted at the bottom of the table. No data code = -1. 

Species Age Size Pres. Temp, Food Prey Fish Vol. In~est Author 
1 3 
l 4 
1 5 
2 2 
2 11 
2 21 
2 2 
2 11 
2 21 
2 2 
2 9 
2 15 
3 2 
3 9 
3 15 
3 2 
3 9 
3 1S 
3 2 
3 9 
4 3 
4 9 
4 17 
4 3 
4 9 
4 17 
4 3 

37.8 
43 

84.6 
7 

50.1 
594.9 

7.7 
73 

820.7 
8.7 

97.2 
767.1 
12.9 
37.4 

133.8 
11.5 
45.6 

211.1 
13.1 

138 
9,5 

22.1 
98.8 
10.2 
33.2 

182.1 
9.7 

o 
o 
o 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

19 
19 
19 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
28 
28 
28 
28 
28 
28 
28 

25120 
7520 

31680 
7.5 

25.5 
25.5 

15 
51 
51 

150 
150 
510 
7.5 
7.5 

25.5 
15 
15 
51 
75 

255 
7.5 
7.5 

25.5 
15 
15 
51 

150 

o 
o 
o 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

-1 
-1 
-1 
2 

1.2 
0.4 

2 
1.2 
0.4 

2 
1.2 
0.4 

2 
1.2 
0.4 

2 
1.2 
0.4 

2 
1.2 

2 
1.2 
0.4 

2 
1.2 
0.4 

2 

-1 
-1 
-1 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
la 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

26.5 
38.1 
86.2 
0.2 

21 
111.1 

1.4 
53.3 

177.2 
11.4 

189.7 
404.9 

1 
10.8 

21 
0.6 

27.9 
82.2 
6.1 

77.3 
0.3 

5 
26.6 
1.2 

13.3 
48.1 
15.7 

1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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S12ecies At?;e Size Pres. Tem12. Food Pre;l Fish Vol. IniI.est Author 
4 7 35.9 1 28 150 1 l.2 10 72 .4 2 
4 13 253.7 1 28 510 1 0.4 10 171.7 2 
5 7 128 1 9.2 5550 0 -1 - 1 99.4 3 
5 21 223.7 1 9.2 5550 0 . 1 - 1 263.5 3 
5 42 704 1 9.2 5550 0 - 1 -1 332.6 3 
5 7 128.6 1 9.2 1850 0 -1 -1 36.7 3 
5 21 360 1 9.2 1850 0 -1 -1 138.2 3 
5 42 665.4 1 9.2 1850 0 -1 -1 289.4 3 
5 7 118.4 1 9.2 555 0 -1 -1 25.9 3 
5 21 366.7 1 9.2 555 0 -1 -1 140.4 3 
5 42 613.8 1 9.2 555 0 -1 -1 2l8.2 3 
5 7 128.6 1 9.2 185 0 -1 -1 41 3 
5 21 297.5 1 9.2 185 0 -1 -1 90.7 3 
5 42 580 1 9.2 185 0 -1 -1 190 1 3 
5 7 140 1 9.2 55.5 0 -1 -1 34.6 3 
5 21 180.3 1 9.2 55.5 0 -1 -1 60.5 3 
5 42 335 1 9.2 55.5 0 -1 -1 79.9 3 
6 7 64 0 22.2 2240 0 66.7 30 35.8 4 
6 7 64 0 22.2 1360 0 66.7 30 42.2 4 
6 7 64 0 22.2 640 0 66.7 30 35.8 4 
6 11 200 0 19.6 1680 0 50 30 84 4 
6 11 200 0 19.6 1120 0 50 30 72 4 
6 11 200 0 19.6 560 0 50 30 84 4 
6 15 634 0 22.2 2000 0 50 30 431 1 4 
6 15 634 0 22.2 720 0 50 30 279 4 
6 15 634 0 22.2 1680 0 50 30 221.9 4 
6 23 2740 0 22 .8 1200 0 33.3 30 1096 4 
6 23 2740 0 22.8 1360 0 33.3 30 753.5 4 
7 7 22 0 20 88000 0 -1 -1 47 5 
7 31 1376 0 20 88000 0 -1 -1 404.5 5 
7 47 2301 0 20 88000 0 -1 -1 1021.5 5 
3 3 15.5 0 23 120 1 4.7 75 10.5 6 
3 6 30.1 0 23 120 1 2.3 75 16.9 6 
3 8 46.1 0 23 120 1 2 75 23 3 6 
3 2 9.8 0 26 120 1 4.7 75 11.4 6 
3 6 29.2 0 26 120 1 2.3 75 27.5 6 
3 8 50 0 26 120 1 2 75 42.7 6 
3 2 11.6 0 29 120 1 4.7 75 25.4 6 
3 5 30.5 0 29 120 1 2.3 75 39.8 6 
3 8 79.1 0 29 120 1 2 75 62.5 6 
8 8 83.8 0 9 555 0 -1 20 13 .4 7 
8 17 101.4 0 9 555 0 -1 20 28.4 7 
8 33 247 0 9 555 0 -1 20 49.4 7 
9 22 2925.4 0 24 925 0 -1 20 355.2 7 
9 22 2925.4 0 24 1850 0 -1 20 710.4 7 
9 22 2925.4 0 24 3700 0 -1 20 1487.4 7 
9 22 2925.4 0 24 7400 0 -1 20 2442 7 
9 22 2925.4 0 24 14800 0 -1 20 2397.6 7 

"'"'" 10 5 17.4 0 15.5 320 0 -1 10 14.1 8 aL 

...... 10 5 18.8 0 15.5 16 0 -1 10 9.9 8 
10 6 21.1 0 15.5 11000 0 -1 10 18.1 8 
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SI;!ecies Age Size Pres, TernI;!. Food Pre:x: Fish Vol. Ingest Author 
10 6 21.6 0 15.5 16 0 -1 10 10.5 8 
10 7 25.5 0 15.5 11000 0 -1 10 21.1 8 
10 7 24.9 0 15.) 880 0 -1 la 11.3 8 
la Il 54.3 0 15.5 11000 a -1 la 33.8 8 
10 11 43.5 0 15.5 880 0 -1 la 15.6 8 
10 14 96 0 15.5 11000 0 -1 10 48.7 8 
10 14 66.2 0 15.5 880 0 -1 10 20.8 8 
11 6 225 1 19 105 1 4 32 71.8 9 
11 13 612.2 1 19 105 1 3.3 32 679.4 9 
11 20 1665.8 1 19 105 1 2.8 32 2376.1 9 
11 6 225 1 19 210 1 4 32 102.2 9 
11 13 670.6 1 19 210 1 3.4 32 850.6 9 
11 20 1998.4 1 19 210 1 2.7 32 2770 9 
12 0 53 1 7 14.5 1 l.7 0.6 0.7 10 
12 a 53 1 7 72.5 1 l.7 0.6 2.1 10 
12 a 53 1 7 145 1 l.7 0.6 3.8 10 
12 a 132 1 7 14.5 1 l.7 0.6 l.6 10 
12 a 132 1 7 29 1 1.7 0.6 2.4 10 
12 0 132 1 7 43.5 1 1.7 0.6 3.3 10 
12 a 533 1 7 7.25 1 1.7 0.6 7.3 10 
12 0 533 1 7 72.5 1 1.7 0.6 44.9 10 
12 0 533 1 7 145 1 1.7 0.6 86.7 10 
12 0 533 1 2 21.75 1 1.7 0.6 2.1 10 
12 0 533 1 2 58 1 1.7 0.6 5.6 10 
12 0 533 1 2 94.25 1 1.7 0.6 9 10 

2 2.8 9.8 0 24 3200 0 15 10 6.8 11 
2 5.8 13.6 0 24 3200 0 15 10 18.1 11 
2 8.8 22 0 24 3200 0 15 10 23.7 11 

13 6.5 24.5 0 20 3700 0 15 10 26.8 11 
13 8.5 34.7 0 20 3200 0 15 10 30.9 11 
13 10.5 49.2 0 20 3200 0 15 10 60 11 

Species codes: l, Scomber japonicus; 2, Anchoa mitchi11i; 3, ~rchosargus 

rhomboida1is; 4, Achirus lineatus; 5, CluI;!ea harengus (Clyde) ; 6, Pagrus 

major; 7, Leiostomus xanthurus; 8, Clupea harengus (Ba1tie); 9, Blennius 

pava; 10, Engrau1is mordax; 11, Morone saxatilus; 12, Ammod:x: tes americanus; 

13, CentroI;!ristis striata striata. 

Author codes' l, Hunter and Kimbre11 1980; 2, Houde and Schekter 1981 ; 3, 

Werner and Blaxter 1981; 4, Kuronuma and Fukusho 1984; 5, Govoni et al. 

1982; 6, Stepien 1976; 7, Klumpp and von Westernhagen 1986; 8, Theilacker 

(' 1987; 9, Chesney, Jr. 1989; 10, Monteleone and Peterson 1984; 11, Tucker, 

Jr. 1989. 
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Ingestion Rates of Wild and 
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Appendix 2. Ingestion rates of wi1d and enc1osure-reared populations of 

1arval fish. These data were used to derive Model 5, Table 4, Chapter 1. 

Size is larval dry weight uncorrected for preservation effects (see 

Methods, Chapter 1), temp. is water tempe rature (0 C), food is food 

density (p,g dry weight of prey o1-1) , ingest is dai1y ingestion rate per 

fish (~g dry weight consumedofish-1oday-l). Codes for species and author 

are listed at the bottom of the table. 

Seecies Size Pres. Tem12 . Food Ingest Author 
1 25.2 0 6.5 15 2.5 1 
1 25.6 0 6.5 20 2.8 1 
1 23.6 0 6.5 20 1.5 1 
1 24.2 0 6.5 24 1.8 1 
1 23.9 0 6.5 30 1.6 1 
1 24.8 0 6.5 42 2.2 1 
1 26.3 0 6.5 48 3.5 1 
1 27.2 0 6.5 55 4.5 1 
1 25.8 0 6.5 57 3 1 
1 26.1 0 6.5 68 3.2 1 
1 27.5 0 6.5 80 4.9 1 
1 27.9 0 6.5 210 5.6 1 
2 147 0 8 5 42.3 2 
2 202 0 8 5 64.6 2 
3 992 0 4.5 57 25.1 3 
2 59 1 4.5 31. 5 25.6 4 
2 84 1 4.5 9 21.4 4 
2 54 1 4.5 9 13.8 4 
2 76.7 1 4.5 6 9.6 4 
4 88.1 1 4.5 3.9 3.8 5 
5 38 0 14 14 15.2 6 
5 67 0 14 14 17.2 6 
5 107 0 14 Il.25 20.5 6 
5 160 0 14 6.25 27 6 
5 230 0 14 12 33.1 6 
6 138.4 0 29 56.76 105.2 7 
6 90.6 0 24.4 54.45 55.8 7 
6 119.9 0 28.1 87.12 73.6 7 
6 115.5 0 30.7 82.5 75.1 7 
2 2950 0 9 17 1121 8 
7 2010 0 9 17 330 8 
7 860 0 6 37.5 423.1 8 

{' 
7 790 0 6 15 237 8 
7 860 0 9 133.3 543.5 8 
7 790 0 9 83.3 338.1 8 
8 166.2 0 12 6.2 23.1 9 
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Species codes: l, Ma110tus villosus; 2, Gadus morhua; 3. Ammodytes 

americanus; 4, TheraRra chalcoRramma; S, Scomber scombrus; 6, Anchoa 

mitchi11i; 7, Me1anoRrammus aeR1efinu&; 8, C1upea harenRus (unknown 

stock) . 

Author codes: l, Frank and Leggett 1982; 2, Gamble and Houde 1984; 3, 

Monteleone and Peterson 1984; 4, Ellertsen et al. 1984; 5, Dagg et al. 

1984; 6, Peterson and Ausube1 1984; 7, Leak and Houde 1987; 8, Buck1ey 

and Lough 1987; 9, K10rboe and Johansen 1986. 
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Appendix 3 Dissipdtion rates of turbulent kinetic energy (E ; \~J. t ts -m- 3 ) I~ 
~ 

~ extracted from the 1iterature (see Merhods, Chapter 2) Aiso listed is 
~ 

~ wind speed (m- s-l) , samp1e depth, depth of the surface mixed layer, the 

t environmenta1 indicator variable (ENV), the number of the profil e (or r 
( 
t Figure number) in the original data source from which diss ipation rates , 
t 
~ 

were extracted, and the author(s) of studies which provided data Author 
~ 

codes are 1isted a1phabetica1ly at end of table. 

Wind Depth Zmlxed Log E ENV Profi le Author 

3.8 9.2 70 -4.04444 0 1 l 
3.8 10.1 70 -4.16296 0 1 l 
3.8 15.6 70 -4.84444 0 1 1 
3.8 19 3 70 -4.99259 0 1 1 
3.8 24.8 70 -5.05185 0 1 l 
3.8 30.3 70 -5.37777 0 1 1 
3.8 35.9 70 -5.55555 0 1 1 
3.8 39.5 70 -5.55555 0 1 1 
3.8 44 1 70 -5.1~3703 0 1 1 
3.8 49.7 70 -5.43703 0 1 1 
3.8 55.2 70 -5.52592 0 1 1 
3.8 59.8 70 -5.34814 0 1 1 
3.8 65.3 70 -5.22963 0 l 1 
3.8 70.8 70 -5.43703 0 1 1 
4.4 7.6 50 -3.57037 0 5 1 
4.4 10.4 50 -3.83703 0 5 1 
4.4 15.1 50 -4.25185 0 5 1 
4.4 19.9 50 -4.63703 0 5 1 
4.4 25.6 50 -4.93333 0 5 1 
4.4 31. 2 50 -4.93333 0 5 1 
4.4 30.3 50 -4.96296 0 5 1 
4.4 35 50 -5.34814 0 5 1 
4.4 39.8 50 -5.34814 0 5 1 
4.4 44.5 50 -5.2 a 5 1 
4.4 50.2 50 -4.93333 0 5 l 
2.5 10.4 60 -4.10526 0 6 1 
2.5 15.1 60 -5.00751 0 6 l 
2.5 20.8 60 -5.18797 0 6 l 
2.5 25.6 60 -5.45864 0 6 1 
2.5 31. 2 60 -5.39849 0 6 1 
2.5 35 60 -5.57894 0 6 1 
2.5 40.7 60 -5.57894 a 6 1 
2.5 44.5 60 -5.54887 0 6 1 - 2.5 51.1 60 -5.48872 0 6 1 
2.5 54 60 -6 0 6 l 
2.5 57.8 60 -5.48872 0 6 1 
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Wlnd DeQth Zm~xed Log € ENV Profile Author 

2.5 60.6 (JO -5.45864 0 6 1 
5.4 6.7 45 - 3.2647 0 10 1 
5.4 10.5 45 -3.88235 0 10 1 
5.4 15.3 45 -4.05882 0 10 1 
5.4 20.1 45 -4.11764 0 10 1 
5.4 24.9 45 -4.23529 0 10 1 
5.4 29.7 45 -4.58823 0 10 1 
5.4 35.4 45 -4.7647 0 10 1 
5.4 40.2 45 -4.88235 0 10 1 
5.4 46 45 -5 0 10 1 

12 7.6 50 -3.06666 0 15 1 
12 10.4 50 -3.33333 0 15 1 
12 15.1 50 -3.51111 0 15 1 
12 20.8 50 -3.68888 0 15 1 
12 24.6 50 -3.71851 0 15 1 
12 31. 2 50 -3.74814 0 15 1 
12 35 50 -3.83703 0 15 1 
12 40.7 50 -3.95555 0 15 1 
12 45.4 50 -4.01481 0 15 1 

4.2 11.4 60 -4.0303 1 2 1 
4.2 14.3 60 -4.42424 1 2 1 
4.2 20 60 -4.93939 1 2 1 
4.2 24.8 60 -5.12121 1 2 1 
4.2 30.5 60 -4.90909 1 2 1 
4.2 35.2 60 -5.24242 1 2 l 
4.2 41.9 60 -5 1 2 1 
4.2 45.7 60 -5 1 2 1 
4.2 50.5 60 -4.15151 1 2 1 
4.2 55.2 60 -5.0303 1 2 l 
4.2 60 60 -4.96969 1 2 1 
2.8 6.6 40 -3.50375 1 3 1 
2.8 10.4 40 -4.28571 1 3 1 
2.8 15.1 40 -4.52631 1 3 1 
2.8 19.9 40 -5.09774 1 3 1 
2.8 25.6 40 -5.21804 1 3 1 
2.8 29.3 40 -5.30827 1 3 1 
2.8 36 40 -4.91729 1 3 1 
2.8 39.8 40 -4.82706 1 3 1 
3.1 6.6 25 -4.63636 1 4 1 
3.1 10.4 25 -3.84848 1 4 1 
3.1 15.1 25 -4 1 4 1 
3.1 19.9 25 -4.81818 1 4 1 
3.1 20.8 25 -4.87878 1 4 1 
3.1 24.6 25 -5.21212 1 4 1 
2.1 9.5 55 -4.34586 1 7 1 

{' 
2.1 15.2 55 -4.61654 1 7 1 
2.1 19 55 -4.88721 1 7 1 
2.1 24.8 55 -4.88721 1 7 1 
2.1 30.5 55 -5.15789 1 7 l 
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Wind DeQth Zmixed Log € ENV Profi le Author 
2.1 35.2 55 -4.91729 1 7 1 
2.1 39 55 -4.73684 1 7 1 
2.1 44.8 55 -5.42857 1 7 1 
2.1 51.4 55 -5.48872 1 7 1 
2.1 54.3 55 -5.51879 1 7 l 
1.8 6.7 40 -3.59398 1 8 1 
1.8 10.5 40 -4.25563 1 8 1 
1.8 15.3 40 -4.82706 1 8 1 
1.8 20.1 40 -4.91729 1 8 1 
1.8 25.9 40 -4.94736 1 8 1 
1.8 30.7 40 -5.27819 1 8 l 
1.8 35.4 40 -5.18797 1 8 1 
1 8 40.2 40 -5 27819 1 8 l 
4.9 8.6 15 -3.54545 1 9 1 
4.9 10.5 15 -3.87878 1 9 1 
4.9 12.4 15 -4.48484 1 9 l 
4.9 14.3 15 -4.48484 1 9 1 
4.9 14.3 J 5 -4.48484 1 9 1 
4.9 15.2 15 -4.51515 1 9 1 
6.9 7.6 35 -3.28244 1 12 1 
6.9 10.4 35 -3.80152 1 12 1 
6.9 15.1 35 -4.07633 1 12 l 
6.9 19.9 35 -4.25954 1 12 1 
6.9 25.6 35 -4.50381 1 12 1 
6.9 30.3 35 -4.65648 1 12 1 
6.9 35 35 -4.96183 1 12 1 
9.5 6.6 25 -4.0303 1 13 1 
9.5 9.5 25 -3.27272 1 13 1 
9.5 15.1 25 -3.63636 1 13 1 
9.5 20.8 25 -3.54545 1 13 1 
9.5 25.6 25 -3.60606 1 13 1 

11.7 11.3 35 -3.41353 1 14 1 
11.7 15.1 35 -3.56391 1 14 1 
11.7 20.7 35 -3.56391 1 14 1 
11.7 24.5 35 - 3.80451 1 14 1 
1l.7 30.1 35 -3.98496 1 14 1 
11.7 34.8 35 -4.16541 1 14 1 
5.5 12 30 -5.69767 0 1 2 
5.5 12.7 30 -6.09302 0 1 2 
5.5 13.6 30 -5.95348 0 1 2 
5.5 14.1 30 -6.18t:04 0 1 2 
5.5 14.9 30 -5.39534 0 1 2 
5.5 15.6 30 -5.67441 0 1 2 
5.5 16.3 30 -5.46511 0 1 2 
5.5 17 30 -6.04651 0 1 2 
5.5 17.7 30 -5.18604 0 1 2 

-:"'t' 5.5 18.4 30 ·5.53488 0 1 2 , 
...... 5.5 18.8 30 -5.79069 0 1 2 

5.5 19.4 30 -5.44186 0 1 2 
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Wind DeI2th Zmlxed Log € ENV Profile Author 
5.5 20.1 30 -5.4186 0 1 2 
5.5 20.7 30 -5.53488 0 1 2 
5.5 21.5 30 -5.16279 0 1 2 
5.5 22 30 -5.23255 0 1 2 
5.5 22.6 30 -5.44186 0 1 2 
5.5 23.1 30 -6.23255 0 l 2 
5.5 23.7 30 -5.88372 0 1 2 
5.5 24.3 30 -5 30232 0 1 2 
5.5 24.9 30 -4.86046 0 1 2 
5.5 25.5 30 -5.48837 0 1 2 
5.5 26.3 30 -5 13953 0 1 2 
5.5 27 30 -4.90697 0 1 2 
5.5 27.4 30 -4.8372 0 1 2 
5.5 28.3 30 -4.65116 0 1 2 
5.5 28.7 30 -4.53488 0 1 2 
5.5 29.7 30 -4.53488 0 1 2 
5.5 30 30 -5 0 1 2 

15.5 16.1 30 -3.97727 0 2 2 
15.5 16.8 30 -4 0 2 2 
15.5 18.4 30 -4.25 0 2 2 
15.5 19.2 30 -4.47727 0 2 2 
15.5 19.9 30 -3.65909 0 2 2 
15.5 20.4 30 -4.79545 0 2 2 
15.5 21. 9 30 -4.36363 0 2 2 
15.5 22.4 30 -IL 04545 0 2 2 
15.5 23.2 30 -3.88636 0 2 2 
15.5 23.8 30 -3.72727 0 2 2 
15.5 24.5 30 -4.93181 0 2 2 
15.5 25 30 -3.95454 0 2 2 
15.5 25.9 30 -4.11363 0 2 2 
15.5 26.3 30 -4 0 2 2 
15.5 26.9 30 -3 81818 0 2 2 
15.5 27.5 30 -3.86363 0 2 2 
15.5 28 30 -3.68181 0 2 2 
15.5 28.8 30 -3.72727 0 2 2 
15.5 29.3 30 -4.20454 0 2 2 
15.5 29.7 30 -4.06818 0 2 2 
4.8 0.4 6 -3.0641 1 1 3 
4.8 1.4 6 -3.42307 1 1 3 
4.8 2.4 6 -3.5 1 1 3 
4.8 3.5 6 -3.85897 1 1 3 
4.8 4.5 6 -4.48718 1 1 3 
4.8 5.5 6 -3.96153 1 1 3 

12 1.1 22 -2.14084 1 1 4 
12 1.9 22 -2.30985 l 1 4 

(' 
12 3.4 22 -2.64788 1 1 4 
12 4.1 22 -2.56338 1 1 4 
12 5.5 22 -2.52112 1 1 4 
12 6.3 22 -2.35211 1 1 4 
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~.Jind DeQth ZmlXed Log f ENV Profi le Author 
12 7.3 22 -2.56338 1 l 4 
12 8.1 22 -2.69014 1 l 4 
12 9.1 22 -2.77L~64 1 l 4 
12 9.8 22 -2.94366 1 l 4 
12 11.3 22 -2.09859 1 1 4 
12 11.6 22 -1.92957 1 1 4 
12 ll.8 22 -2.05633 1 l 4 
12 10.8 22 -3.32394 1 1 LI 

12 10.8 22 -3.19718 1 l 4 
12 10 7 22 -2.8169 1 l 4 
12 11 22 -2.73239 1 l 4 
12 ll.4 22 -2.8169 1 1 4 
12 11 22 -3 02810 1 l 4 
12 ll.3 22 -3.19718 1 1 4 
12 11.8 22 -3 28169 1 l 4 
12 12 22 -3 11267 1 1 1 .. 

12 12.3 22 -2.8169 1 l 4 
12 12 22 -2.56338 1 1 4 
12 12.7 22 -2.56338 1 1 4 
12 13.3 22 -2.60563 1 1 4 
12 13 22 -2.85915 1 1 4 
12 12.7 22 -2.9014 1 1 4 
12 12.6 22 -2.94366 1 1 4 
12 12.6 22 -2.8169 1 l 4 
12 12.7 22 -3.23943 1 1 4 
12 13 .1 22 -3.32394 1 1 4 
12 13.5 22 -2.94366 1 1 4 
12 13.1 22 -2.77464 1 1 4 
12 13 .8 22 -2.73239 1 1 4 
12 13 .8 22 -2.94366 1 1 4 
12 13.9 22 -3 15493 1 1 4 
12 14.3 22 -2.98591 1 1 4 
12 14.3 22 -2.7H64 1 1 4 
12 14.7 22 -2.73239 1 1 4 
12 15.4 22 -2.73239 1 1 4 
12 14.8 22 -2 98591 1 1 4 
12 14.8 L2 -3 11267 1 1 4 
12 14.8 22 ·3.19718 1 1 4 

12 14.8 22 -~.28169 1 1 4 
12 14.7 22 -3.4507 1 1 4 

12 14.4 22 -3.49295 l 1 4 
12 14.4 22 -3.57746 1 1 4 
12 14.2 22 -3.70422 1 1 4 
12 14.2 22 -4.04225 1 1 4 
12 14.7 22 -3.95774 1 1 4 

- 12 15 22 -3.87324 1 1 4 
~ 12 15 22 -3.70422 1 1 4 

"', 12 15.6 22 -3.57746 1 1 4 
12 15.5 22 -3.32394 1 1 4 
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Wind D€Qth Zmlxed Log € ENV Profile Author 

12 15.3 22 -3 32394 1 1 4 
12 15.3 22 -3.0L816 1 1 4 
12 15.8 22 -2.98591 , 1 4 ... 
12 15.8 22 -2.98591 1 1 4 
12 16 22 -3.11267 1 1 4 
12 16.3 22 -3.02816 1 1 4 
12 16.5 22 -2.94366 1 1 4 
12 16.1 22 -2.73239 1 1 4 
12 16.5 22 -2.60563 1 1 4 
12 16.7 22 -2.43662 1 1 4 
12 16.9 22 -2.69014 1 1 4 
12 16.9 22 -3.23943 1 1 4 
12 16.7 22 -3.07042 1 1 4 
12 16 4 22 -3.36619 1 1 4 
12 16.3 22 -3.61971 1 1 4 
12 16.3 22 -3.66197 1 1 4 
12 16.3 22 -3.87324 1 1 4 
12 16.1 22 -3.87324 1 1 4 
12 15.9 22 -3.87'324 1 1 4 
12 16.1 22 -4.16901 1 1 4 
12 15.9 22 -4.54929 1 1 4 
12 17.1 22 -4.12676 1 1 4 
12 16.9 22 -3.74647 1 1 4 
12 16.9 22 -3.87324 1 1 4 
12 17.3 22 -3.83098 1 1 4 
12 17.3 22 -3.57746 1 1 4 
12 17.5 22 -3.66197 l 1 4 
12 18 22 -3.66197 1 1 4 
12 18.1 22 -3.28169 1 1 4 
12 17.7 22 -3.02816 1 1 4 
12 18.1 22 -2.98591 1 1 4 
12 18.4 22 -2.8169 1 1 4 
12 18.6 22 -2.52112 1 1 4 
12 18.8 22 -2. 9L.366 1 1 4 
12 19.3 22 -3.15493 1 1 4 
12 19 22 -3.11267 1 1 4 
12 19.2 22 -3.53521 1 1 4 
12 19 5 22 -3.4507 1 1 4 
12 20 22 -3.32394 1 1 4 
12 19.9 22 -3.07042 1 1 4 
12 20.4 22 -2.85915 1 1 4 
12 20.6 22 -2.64788 1 1 4 
12 20.7 22 -2.9014 1 1 4 
12 20.7 22 -3.23943 1 1 4 
12 21 22 -3.57746 1 1 4 
12 20.5 22 -3.74647 1 1 4 

(' 12 20.1 22 -3.70422 1 1 4 
12 20.1 22 -4.04225 1 1 4 

8.6 6.1 30 -4.63953 0 12 5 
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Wind DeI!th Zmlxed Log € ENV Profile Author 
8.6 7.1 30 -4 67441 0 12 5 
8.6 8.9 30 -4.67441 0 12 5 
8.6 10.5 30 -5.02325 0 12 5 
8.6 l1.7 30 -5.37209 0 12 5 
8.6 13.4 30 -5.965l1 0 12 5 
8.6 14.8 30 -6.45348 0 12 5 
8.6 16.5 30 -6.27907 0 12 5 
8.6 17.7 30 -6.06976 0 12 5 
8.6 19.4 30 -5.51162 0 12 5 
8.6 20.7 30 -5.3372 0 12 5 
8.6 22.4 30 -5.61627 0 12 5 
8.6 23.8 30 -5.93023 0 12 5 
8.6 25.6 30 -5.26744 0 12 5 
8.6 27.1 30 -5.05813 0 12 5 
8.6 28.6 30 -5.30232 0 12 5 
5.6 6.3 30 -2.66666 0 14 5 
5.6 7.2 30 -2.33333 0 14 5 
5.6 8.7 30 -2 0 14 5 
5.6 10.7 30 -2.95238 0 14 5 
5.6 12 30 -3.95238 0 14 5 
5.6 13.5 30 -4.19047 0 14 5 
5.6 14.9 30 -4.28571 0 14 5 
5.6 16.7 30 -4.85714 0 14 5 
5.6 17.9 30 -5.42857 0 14 5 
5.6 19.4 30 -5.66666 0 14 5 
5.6 21 30 -5.90476 0 14 5 
5.6 22.7 30 -6.09523 0 14 5 
5.6 24.2 30 -6.23809 0 14 5 
5.6 25.9 30 -5.5238 0 14 5 
5.6 27.2 30 -5.23809 0 14 5 
5.6 29 30 -5.33333 0 14 5 
2.2 6.1 30 -4.8 0 16 5 
2.2 7.4 30 -4.88571 0 16 5 
2.2 8.9 30 -5.05714 0 16 5 
2.2 10.5 30 -5.14285 0 16 5 
2.2 12 30 -5.18571 0 16 5 
2.2 13.4 30 -5.65714 0 16 5 
2.2 14.9 30 -6.12857 0 16 5 
2.2 16.5 30 -6.42857 0 16 5 
2.2 17.9 30 -6.68571 0 16 5 
2.2 19.4 30 -6.6 0 16 5 
2.2 21 30 -6.42857 0 16 5 
2.2 22.5 30 -6.68571 0 16 5 
2.2 24.1 30 -7.15714 0 16 5 
2.2 25.8 30 -7.45714 0 16 5 
2.2 27.2 30 -7.54285 0 16 5 

~ 2.2 29.1 30 -7.41428 0 16 5 (1 \.' 

'Î' " 
", .. 7.7 6.1 30 -4.30769 0 18 5 

7.7 7.4 30 -4.61538 0 18 5 
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Wind Def,!th Zmixed Log € ENV Profile Author 
7.7 8.9 30 -4.76923 0 18 5 
7.7 10.4 30 -4.80769 0 18 5 
7.7 11.9 30 -4.84615 0 18 5 
7.7 13.5 30 -4.84615 0 18 5 
7.7 14.9 30 -4.92307 0 18 5 
7.7 16.5 30 -5.11538 0 18 5 
7.7 17.9 30 -5.23076 0 18 5 
7.7 19.4 30 -5.26923 0 18 5 
7.7 20.9 30 -5.38461 0 18 5 
7.7 22.5 30 -5.76923 0 18 5 
7.7 24.2 30 -6.34615 0 18 5 
7.7 25.8 30 - 5.88461 0 18 5 
7.7 27.1 30 - 5.53846 0 18 5 
7.7 28.8 30 -5.92307 0 18 5 
8.6 6.1 30 -3.8761 0 21 5 
8.6 7.4 30 -4.11504 0 21 5 
8.6 9 30 -4.40708 0 21 5 
8.6 10.4 30 -4.30088 0 21 5 
8.6 11.9 30 -4.24778 0 21 5 
8.6 13 30 -4.14159 0 21 5 
8.6 14.7 30 -3.95575 0 21 5 
8.6 16.6 30 -3.9823 0 21 5 
8.6 17.7 30 -4.08849 0 21 5 
8.6 19.5 30 -4.08849 0 21 5 
8.6 20.8 30 -4.00885 0 21 5 
8.6 22.3 30 - 3.79646 0 21 5 
8.6 23.5 30 -3.66371 0 21 5 
8.6 25.5 30 - 3.69026 0 21 5 
8.6 26.9 30 -3.76991 0 21 5 
8.6 29.1 30 -3.71681 0 21 5 
4.3 6.1 30 - 5.71428 0 24 5 
4.3 7.'2 30 -5.54285 0 24 5 
4.3 8.8 30 - 5.34285 0 24 5 
4.3 10.3 30 -5.91428 0 24 5 
4.3 11.7 30 -6.45714 0 24 5 
4.3 13.3 30 -6.02857 0 24 5 
4.3 14.6 30 -5.68571 0 24 5 
4.3 16 30 -6.11428 0 24 5 
4.3 17.6 30 -6.65714 0 24 5 
4.3 19 30 -5.88571 0 24 5 
4.3 20.7 30 -5.2 0 24 5 

4.3 22.3 30 - 5.17142 0 24 5 
4.3 23.9 30 -5.2 0 24 5 
4.3 25.6 30 - 5.14285 0 24 5 
4.3 27.1 30 -4.91428 0 24 5 

i( 
4.3 29.5 30 -5.02857 0 24 5 

3 6.1 30 -6.11392 0 25 5 
"" 3 7.3 30 -6.30379 0 25 5 

3 8.7 30 -6.37974 0 25 5 
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Wind Dee th ZmlXed Lo& E ENV Profile Author 
3 10.1 30 - 6.22784 0 25 5 
3 11.7 30 -6.03797 0 25 5 
3 13.1 30 -6.30379 0 25 5 
3 14.7 30 -6.56962 0 25 5 
3 16.2 30 -6.45569 0 25 5 
3 17.7 30 -6.22784 0 25 5 
3 19.3 30 -6.37974 0 25 5 
3 20.6 30 -6.45569 0 25 5 
3 22.3 30 -6.11392 0 25 5 
3 23.6 30 - 5.58227 0 25 5 
3 25.3 30 -5.0886 0 25 5 
3 27 30 -4.82278 0 25 5 
3 28.9 30 -5.0886 0 25 5 
8 4.8 100 -3.67289 a 10 6 
8 7.9 100 -3.85981 a 10 6 
8 11.1 100 -3.93457 0 10 6 
8 15.9 100 -3.89719 a 10 6 
8 17.5 100 -4.19626 0 10 6 
8 20.6 100 -4.48286 0 10 6 
8 22.2 100 -5.75389 0 10 6 
8 23.8 100 -6.00311 0 10 6 
8 27 100 - 6.04049 0 10 6 
8 30.2 100 - 6.06542 0 10 6 
8 31. 7 100 -5.96573 0 10 6 
8 36.5 100 -5.99065 0 10 6 
8 39.7 100 -5.99065 0 10 6 
8 41. 3 100 -6.3271 0 10 6 
8 42.9 100 -6.23987 0 10 6 
8 49.2 100 -6.14018 0 10 6 
8 50.8 100 -6.30218 0 10 6 
8 54 100 -6.23987 0 10 6 
8 57.1 100 -6.20249 0 10 6 
8 60.3 100 -6.23987 0 la 6 
8 61. 9 100 - 6.31464 0 10 6 
8 66.7 100 -6.1651 0 10 6 
8 71.4 100 -6.37694 0 10 6 
8 76.2 100 -6.05295 0 10 6 
8 81 100 -6.1028 0 10 6 
8 84.1 100 ·5.90342 0 10 6 
8 88.9 100 -6.30218 0 10 6 
8 92.1 100 -6.20249 0 10 6 
8 96.8 100 - 5.90342 0 10 6 
8 100 100 - 6.1028 0 10 6 
4 3.1 35 -4.00628 0 18 6 
4 4.7 35 -4.45911 0 18 6 
4 9.4 35 -4.01886 0 18 6 .-

r· 4 12.5 35 -4.34591 0 18 6 ...... 4 14.1 35 -4.64779 0 18 6 
4 18.8 35 -4.01886 0 18 6 
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Wind DeEth Zmixed Log € ENV Profile Author 

4 21. 9 35 -3.47798 0 18 6 

4 23.4 35 -4.32075 0 18 6 
4 28.1 35 -4.47169 0 18 6 
4 31. 3 35 -4.22012 0 18 6 
4 33.5 35 -5.32704 0 18 6 

8 16.1 150 -3.51063 0 23 6 
8 19.7 150 -3.49645 0 23 6 
8 21. 5 150 -3.9929 0 23 6 
8 25.1 150 -4.31914 0 23 6 
8 28.7 150 -3.92198 0 23 6 
8 30.5 150 -3.58156 0 23 6 
8 34 150 -3.97872 0 23 6 
8 39.4 150 -3.69503 0 23 6 
8 41.2 150 -4.07801 0 23 6 
8 44.8 150 -3.4539 0 23 6 
8 46.6 150 -4.1773 0 23 6 
8 50.2 150 -4.24822 0 23 6 
8 55.5 150 -4.64539 0 23 6 
8 57.3 150 -4.6312 0 23 6 
8 59.1 150 -4.30496 0 23 6 
8 62.7 150 -4.37588 0 23 6 
8 66.3 150 -4.27659 0 23 6 
8 69.9 150 -4.43262 0 23 6 
8 73.5 150 -5.04255 0 23 6 
8 77 150 -4.61702 0 23 6 
8 80.6 150 -4.68794 0 23 6 
8 82.4 150 -4.56028 0 23 6 
8 86 150 -4.3617 0 23 6 
8 89.6 150 -4.00709 0 23 6 
8 93.2 150 -4.07801 0 23 6 

8 96.7 150 -4.21985 0 23 6 
8 98.5 150 -4.61702 0 23 6 
8 102.1 150 -4.13475 0 23 6 
8 107.5 150 -4.16312 0 23 6 
8 109.3 150 -4.40425 0 23 6 
8 112.9 150 -4.95744 0 23 6 
8 116.4 150 -4.60283 0 23 6 
8 120 150 -4.46099 0 23 6 
8 123.6 150 -4.58865 0 23 6 
8 127.2 150 -3.9929 0 23 6 
8 130.8 150 -4.06383 0 23 6 
8 132.6 150 -4.46099 0 23 6 
8 137.9 150 -4.58865 0 23 6 
8 139.7 150 -4.9007 0 23 6 
8 145.1 150 -4.65957 0 23 6 
8 148.7 150 -5.25531 0 23 6 

( 8 148.7 150 -6.3617 0 23 6 
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Wind Degth Zmlxed Lo~ € ENV Profi le Auchor 
8 150 150 -5.42553 0 23 6 

14 3.6 125 - 3.24548 0 27 6 
14 7.3 125 -3.57761 0 27 6 
14 9 125 - 3.08664 0 27 6 
14 12.7 125 - 3.53429 0 27 6 
14 14.5 125 - 3.99639 0 27 6 
14 16.3 125 -4.38628 0 27 6 
14 19.9 125 -3.99639 0 27 6 
14 21.7 125 -4.4296 0 27 6 
14 25.3 125 -3.98195 0 27 6 
14 27.1 125 -3.98195 0 27 6 
14 29 125 -4.41516 0 27 6 
14 30.8 125 -4.48736 0 27 6 
14 32.6 125 -4.51624 0 27 6 
14 36.2 125 -4.16967 0 27 6 
14 38 125 -3.85198 0 27 6 
14 41.6 125 -4.19855 0 27 6 
14 45.2 125 -3.66426 0 27 6 
14 48.9 125 -3.72202 0 27 6 
14 50.7 125 -4.05415 0 27 6 
14 52.5 125 - 3.92418 0 27 6 
14 56.1 125 -3.8953 0 27 6 
14 59.7 125 - 3.88086 0 27 6 
14 62.6 125 -4.15523 0 27 6 
14 65.2 125 -4.14079 0 27 6 
14 68.8 125 -4.28519 0 27 6 
14 70.6 125 -4.11191 0 27 6 
14 72.4 125 -4.03971 0 27 6 
14 76 125 - 3.99639 0 27 6 
14 79.6 125 -4.05415 0 27 6 
14 81.4 125 -4.81949 0 27 6 
14 86.9 125 -4.76173 0 27 6 
14 88.7 125 -5.16606 0 27 6 
14 90.5 125 -4.74729 0 27 6 
14 94.1 125 -5.48375 0 27 6 
14 99.5 125 -5.42599 0 27 6 
14 102.3 125 -5.29602 0 27 6 
14 105 125 -5.42599 0 27 6 
14 108.6 125 -5.35379 0 27 6 
14 110.4 125 -5.16606 0 27 6 
14 114 125 -5.05054 0 27 6 
14 115.8 125 -4.84837 0 27 6 
14 117.6 125 -4.80505 0 27 6 
14 121. 3 125 -4. no17 0 27 6 
14 124.9 125 -5.02166 0 27 6 

5 8.1 115 -4.10791 0 29 6 
5 10.8 115 -4.21582 0 29 6 

"'"t. 
f: 5 12.2 115 -4.23741 0 29 6 

....,.. 5 13.5 115 -4.64748 0 29 6 
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5 14.9 115 -4.64748 0 29 6 
5 17.6 115 -5.23021 0 29 6 
5 18.9 115 -5.32733 0 29 6 

5 20.3 115 -5.31654 0 29 6 

5 23 115 -5.34892 0 29 6 
5 24.2 115 -5.02518 0 29 6 

5 25.7 115 -4.90647 0 29 6 
5 28.4 115 -4.77697 0 29 6 
5 31.1 115 -4.7446 0 29 6 

5 32.4 115 -4.73381 0 29 6 
5 36.5 115 -4.70143 0 29 6 
5 39.2 115 -4.37769 0 29 6 

5 41.9 115 -4.69064 0 29 6 
5 43.2 115 -4.7446 0 29 6 
5 44.6 115 -5.04676 0 29 6 
5 45.9 115 -5.30575 0 29 6 
5 48.6 115 -5.30575 0 29 6 
5 51.4 115 -5.01438 0 29 6 
5 54.1 115 -5.08992 0 29 6 
5 55.4 115 -5.06834 0 29 6 
5 56.8 115 -4.72302 0 29 6 
5 58.1 115 -4.70143 0 29 6 
5 60.8 115 -4.46402 0 29 6 
5 63.5 115 -4.55036 0 29 6 
5 64.9 115 -4.6151 0 29 6 
5 66.2 115 -5.52158 0 29 6 
5 68.9 115 -5.55395 0 29 6 
5 71.6 115 -4.9928 0 29 6 
5 73 115 -5.44604 0 29 6 
5 74.3 115 -5.44604 0 29 6 
5 77 115 -5.66187 0 29 6 
5 8l.1 115 -5.35971 0 29 6 

5 83.8 115 -5.88848 0 29 6 
5 86.5 115 -5.87769 0 29 6 
5 87.8 115 -5.70503 0 29 6 
5 89.2 115 -5.51079 0 29 6 
5 9l. 9 115 -5.51079 0 29 6 
5 94.6 115 -5.4892 0 29 6 
5 95.9 115 -4.89568 0 29 6 
5 98.6 115 -4.51798 0 29 6 
5 102.7 115 -4.65827 0 29 6 
5 106.8 115 -4.6151 0 29 6 
5 110.8 115 -4.83093 0 29 6 
5 113.5 115 -6.27697 0 29 6 
5 114.9 115 -6.23381 0 29 6 
6 7.1 120 -4.03468 0 40 6 

(~ 
6 9.5 120 -3.82659 0 40 6 
6 12.5 120 -4.3815 0 40 6 
6 14.3 120 -5.50867 C 40 6 
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6 16.7 120 -5.59537 0 40 6 
6 23.8 120 -5.3526 0 40 6 
6 26.2 120 - 5 68208 0 40 6 
6 28 120 -6.0289 0 40 6 
6 35.7 120 -5.00578 0 40 6 
6 38.1 120 -5.85549 0 40 6 
6 42.9 120 -5.56069 0 40 6 
6 47.6 120 -5.49133 0 40 6 
6 50 120 -5.54335 0 40 6 
6 52.4 120 -5.8208 0 40 6 
6 57.1 120 -5.10982 0 40 6 
6 61.9 120 -5.56069 0 40 6 
6 63 120 - 6.30635 0 40 6 
6 65.3 120 -6.34104 0 40 6 
6 66.7 120 -6 39306 0 40 6 
6 69 120 -6.56647 0 40 6 
6 73.8 120 -6.39306 0 40 6 
6 75.6 120 -6.47976 0 40 6 
6 78.6 120 -6.39306 0 40 6 
6 83.3 120 -6.32369 0 40 6 
6 85.7 120 -6.32369 0 40 6 
6 90.5 120 -5.71676 0 40 6 
6 92.9 120 -6.28901 0 40 6 
6 97.6 120 -6.34104 0 40 6 
6 102.4 120 - 5.94219 0 40 6 
6 104.8 120 -6.06358 0 40 6 
6 106.7 120 -6.47976 0 40 6 
6 109.5 120 -6.49711 0 40 6 
6 114.3 120 -6.21965 0 40 6 
6 119 120 -6.13294 0 40 6 
5 2.4 110 -3.60115 0 41 6 
5 4.8 110 -3.96531 0 41 6 
5 9.6 110 -4 0 41 6 
5 14.4 110 -3.63583 0 41 6 
5 16.8 110 - 3.56647 0 41 6 
5 21.6 110 -3.68786 0 41 6 
5 24 110 -4.84971 0 41 6 
5 26.4 110 -5.50867 0 41 6 
5 31. 2 110 -5.33526 0 41 6 
5 40.8 110 -5.94219 a 41 6 
5 42.2 110 -6.16763 0 41 6 
5 43.8 110 -6.42774 a 41 6 
5 45.5 110 -5.95953 a 41 6 
5 47.9 110 -5.85549 a 41 6 
5 50.3 110 -6.06358 0 41 6 
5 52.7 110 -5.78612 0 41 6 

"""'" 
5 57.5 110 - 5.69942 0 41 6 

, ~ 5 64.7 110 -5.50867 0 41 6 ..... 5 67.1 110 - 6.1156 0 41 6 
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5 71.9 110 -6.49711 0 41 6 

5 74.3 110 -5.97687 0 41 6 

5 79.1 no -5.28323 0 41 6 

5 81. 5 110 - 5.8208 0 41 6 

5 83.9 110 -6.30635 0 41 6 

5 86.3 110 -6.53179 0 41 6 

5 88.7 110 -6.60115 0 41 6 

5 95.9 110 - 6.28901 0 41 6 

5 98.3 110 -6.65317 0 41 6 

5 100.7 110 - 6.68786 0 41 6 

5 103.1 110 -6.54913 0 41 6 

5 105.5 110 -6.4104 0 41 6 

6 4.8 75 -4.32758 0 42 6 

6 7.1 75 -4.91+827 0 42 6 

6 9.5 75 -4.94827 0 42 6 

6 11.9 75 - 5.2931 0 42 6 

6 14.3 75 -5.55172 0 42 6 

6 16.7 75 -6 0 42 6 

6 19 75 - 6.20689 0 42 6 

6 21.4 75 -6.22413 0 42 6 

6 28.6 75 -6.36206 0 42 6 
6 33.3 75 -6.06896 0 42 6 

6 35.7 75 - 6.46551 0 42 6 

6 37 75 -5.53448 0 42 6 

6 40.5 75 - 5.0862 0 42 6 
6 42.9 75 - 5.18965 0 42 6 

6 47.6 75 -4.77586 0 42 6 

6 50 75 -4.53448 0 42 6 
6 52.4 75 -4.93103 0 42 6 

6 54.8 75 -4.98275 0 42 6 
6 59.5 75 -5.03448 0 42 6 
6 61. 9 75 -6.53448 0 42 6 
6 64.3 75 -6.62069 0 42 6 
6 69 75 -6.18965 0 42 6 
6 71.4 75 -6.62069 0 42 6 
6 73.8 75 -5.55172 0 42 6 

6.5 5.2 15 -5.07508 0 6 7 
6.5 10.5 15 -4.51194 0 6 7 
6.5 10.5 15 -5.90443 0 6 7 
6.5 6.7 15 -4.52127 0 12 7 
6.5 12 15 -4.89361 0 12 7 
6.5 12 15 -6.12766 0 12 7 
6.7 20 40 -3.85864 0 1 8 
6.7 40 40 -3.99997 0 1 8 
5.1 20 40 -3.93782 0 2 8 
5.1 40 40 -4.4089 0 2 8 
7.9 20 40 -3.63679 0 3 8 

(, 7.9 40 40 -3.93782 0 3 8 
10.6 20 40 -3.5954 0 4 8 
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10.6 40 40 -3.50113 0 4 8 
10.4 20 40 -3.63679 0 5 8 
10.4 40 40 -3.58243 0 5 8 

9.9 20 40 -3.83516 0 6 8 
9.9 40 40 -3.66675 0 6 8 
8.4 20 40 - 3. 79169 0 7 8 
8.4 40 40 - 3.68255 0 7 8 

7 20 40 -3.99997 0 8 8 
7 40 40 -4.15967 0 8 8 

7.2 20 40 -3.81288 0 9 8 
7.2 40 40 -LL03367 0 9 8 
8.4 20 40 -3.7337 0 10 8 
8.4 40 40 - 3.88346 0 10 8 
9.3 20 40 -3.75218 0 11 8 
9.3 40 40 -3.71597 0 11 8 
9.3 20 40 -3.71597 0 12 8 
9.3 40 40 -3.60876 0 12 8 

2 12 40 -4.69135 0 99 9 

l 2.1 12 40 -4.98765 0 99 9 
2 6 12 40 -5.29629 0 99 9 
2.3 12 40 -4.11111 0 99 9 
3.3 12 40 -5.01234 0 99 9 

3.6 12 40 - 5.71604 0 99 9 
4.9 12 40 - 5.80246 0 99 9 

, 4.1 12 40 -4.98765 0 99 9 

~ 4.3 12 40 -4.92592 0 99 9 
Il 5.1 12 40 -5.09876 0 99 9 ~ 

1 
4.5 12 40 -4.76543 0 99 9 
5.6 12 40 -4.82716 0 99 9 
7.9 12 40 -4. 71605 0 99 9 
4.4 12 40 -4.24691 0 99 9 

~ 5.1 12 40 -4.09876 0 99 9 
t 
~ 6.1 12 40 -3.87654 0 99 9 
r 6.9 12 40 -3.91358 0 99 9 
~ 7.7 12 40 -4.01234 0 99 9 
1 7.6 12 40 -4.07407 0 99 9 ~ 
t 
1 2.3 12 40 -4.11111 0 99 9 

8.3 12 40 -3.79012 0 99 9 
10 12 40 - 3.44444 0 99 9 

9.9 12 40 -3.48148 0 99 9 
10.1 12 40 -3.58024 0 99 9 

11 12 40 -3.50617 0 99 9 
15.3 12 40 - 3. 32098 0 99 9 
15.3 12 l~O -3.22222 0 99 9 

1.6 20 20 -4.60812 1 1 10 
2.8 20 20 -4.45851 1 2 10 
3.2 20 20 -4.25379 1 3 10 ... 
3.2 20 20 -4.3404 1 4 10 ,... 
3.5 20 20 -3.93882 1 5 10 
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3.6 20 20 -4.14355 1 6 10 
3.9 20 20 -4.57662 1 7 10 
3.9 20 20 -4.03331 1 8 10 
4.3 20 20 -4.65536 1 9 10 
4.3 20 20 -4.23804 1 10 10 
4.7 20 20 -4.25379 1 11 10 
4.7 20 20 - 3.84434 1 12 10 
4.7 20 20 -3.82071 1 13 10 
5.1 20 20 -3.78922 1 14 10 
5.9 20 20 -3.81284 1 15 10 

6 20 20 -3.7026 1 16 10 
6.3 20 20 -4.26953 1 17 10 
6.8 20 20 -3.3089 1 18 10 

7 20 20 -3.26166 1 19 10 
7.8 20 20 -3.21442 1 20 10 
8.1 20 20 -3.3404 1 21 10 
7.9 20 20 -3.57662 1 22 10 
7.9 20 20 -2.99394 1 23 10 
8.5 20 20 -3.39552 1 24 10 

9 20 20 -3.42701 1 25 10 
9.1 20 20 -3.25379 1 26 10 

9 20 20 -3.19079 1 27 10 
8.7 20 20 -3.05694 1 28 10 

10.2 20 20 -3.19867 1 29 10 
11.7 20 20 -2.74985 1 30 10 
9.5 19.1 100 -4.36513 0 3 11 
9.5 24.2 100 -4.68092 a 3 11 
9.5 30.6 100 -4.87829 0 3 11 
9.5 35.7 100 -4.73026 a 3 11 
9.5 42 100 -5.3125 0 3 11 
9.5 47.1 100 - 5 . 59868 0 3 11 
9.5 52.2 100 -5.40131 a 3 11 
9.5 57.3 100 -5.39144 0 3 11 
9.5 63.7 100 -5.26315 a 3 11 
9.5 68.8 100 -5.09539 0 3 11 
9.5 73.9 100 -5.08552 0 3 11 
9.5 79 100 -5.08552 0 3 11 
9.5 85.4 100 -4.90789 a 3 11 
9.5 91. 7 100 -4.90789 a 3 11 
9.5 99.4 100 -5.9046 0 3 11 
4.2 8.9 80 -5.2388 0 5 11 
4.2 14 80 -5.0398 a 5 Li. 
4.2 19.1 80 -4.95024 0 3 11 
4.2 24.2 80 -4.83084 0 5 11 
4.2 30.6 80 -5.1592 a 5 11 
4.2 35.7 80 -5.68656 0 5 11 

( 
4.2 44.6 80 -6.17412 a 5 11 
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4.2 48.4 80 -6.21393 0 5 11 
4.2 54. g 80 -6.18408 0 , 11 
4.2 57 .. \ 80 -5.26865 0 5 11 
4.2 62.4 80 -5.0597 0 5 11 
4.2 68.8 80 -5,26865 0 5 11 
IL 2 75.2 80 -5 52736 0 5 11 
4.2 7.9 55 -4,28205 0 6 11 
4.2 Il 55 -4,6282 0 6 11 
4.2 17.3 55 -4.57692 0 6 11 
4.2 22 55 -4,1923 0 6 11 
4.2 26.8 55 -4,52564 0 6 11 
4.2 31. 5 55 -4.47435 0 6 11 
4.2 36.2 55 -4.6923 0 6 11 
4.2 44.1 55 -5.20512 0 6 11 
4.2 47. 2 55 -4.80769 0 6 11 
4.2 53.5 55 -4,39743 0 6 11 
4.2 13 .1 75 -5 0 8 11 
4.2 18 75 -5.50666 0 8 il 
4.2 23 75 -5.61333 0 8 11 
4.2 29.5 75 -5,84 0 8 11 
4.2 3l. 1 75 -5,52 0 8 11 
4.2 37.7 75 -5.49333 0 8 11 
4.2 42.6 75 -4.96 0 8 11 
4.2 47.5 75 -4.81333 0 8 11 
4.2 54.1 75 -5.34666 0 8 11 
4.2 59 75 -4.74666 0 8 11 
4.2 67.2 75 -5.48 0 8 11 
4.2 72 .1 75 -6.01333 0 8 11 
5.8 6.3 150 -3.97435 0 9 11 
5.8 10.9 150 -5.14102 0 9 11 
5.8 15.6 150 -5.25641 0 9 11 
5.8 20.3 150 -5.93589 0 9 11 
5.8 26.6 150 -6.26923 0 9 11 
5.8 31. 3 150 -5.97435 0 9 11 
5.8 35.9 150 -6.32051 0 9 11 
5.8 42.2 150 -6.269n 0 9 11 
5.8 46.9 150 -6.24359 0 9 11 
5.8 53.1 150 -6,33333 0 9 11 
5.8 59.4 150 -6.47435 0 9 11 
5.8 64.1 150 -6.52564 0 9 11 
5.8 68.8 150 -6.48717 0 9 11 
5.8 76.6 150 -6.57692 0 9 11 
5.8 81. 3 150 -5.66666 0 9 11 
5.8 85.9 150 -5.73076 0 9 11 
5.8 92.2 150 -6.48717 0 9 11 
5.8 98.4 150 -6.53846 0 9 11 

, 5.8 103.1 150 -6.44871 0 9 11 
~ 

1" ~ 5.8 107.8 150 -6.26923 0 9 11 ....... 
5.8 115.6 150 -6.43589 0 9 11 



( 350 

Wind Del2th Zmlxed Log E ENV Profile Author 

5.8 120.3 150 -6.28205 0 9 11 
5.8 126.6 150 -5.97435 0 9 11 
5.8 132.8 150 -6.21794 0 9 11 
5.8 137.5 150 -5.71794 0 9 11 
5.8 143.8 150 -5.87179 0 9 11 
5.8 148.4 150 -6.42307 0 9 11 
5.8 17.2 135 -4.36111 0 11 11 
5.8 24.1 135 -6 04166 0 11 11 
5.8 27.6 135 -6.125 0 11 11 
5.8 32 8 135 -5.77777 0 11 11 
~.8 39.7 135 -4.56944 0 11 11 
5.8 43.1 135 -5.45833 0 11 11 
5.8 53.4 135 -5.29166 0 11 11 
5.8 56.9 135 -5.29166 0 11 11 
5.8 63.8 135 -4.97222 0 11 11 
5.8 67.2 135 -5.54166 0 11 11 
5.8 74.1 135 -5.51388 0 11 11 
5.8 81 135 -5.43055 0 11 11 
5.8 86.2 135 -5.76388 0 11 11 
5.8 89.7 135 -6.30555 0 11 11 
5.8 96 6 135 -5.88888 0 11 11 
5.8 101.7 135 -6.30555 0 11 11 
5.8 108.6 135 -6.73611 0 11 11 
5.8 115.5 135 -6.47222 0 11 11 
5.8 119 135 -6.5 0 11 11 
5.8 124.1 135 -6.43055 0 11 11 
5.8 132.8 135 -6.47222 0 11 11 
5.8 9.8 100 -5.81304 0 12 11 
5.8 14.8 100 -5.83913 0 12 11 
5.8 19.7 100 -5.0826 0 12 11 
5.8 24.6 100 -4.91304 0 12 11 
5.8 3l.1 100 -4.86086 0 12 11 
5.8 37.7 100 -5.2 0 12 11 
5.8 42.6 100 -5.73478 0 12 11 
5.8 45.9 100 -6.17826 0 12 11 
5.8 52.5 100 -6.15217 0 12 11 
5.8 57.4 100 -5.6826 0 12 11 
5.8 62.3 100 -5.70869 0 12 11 
5.8 67.2 100 -6.03478 0 12 11 
5.8 75.4 100 -5.6826 0 12 11 
5.8 80.3 100 -5.70869 0 12 11 
5.8 85.2 100 -6.1913 0 12 11 
5.8 9l. 8 100 -6.17826 0 12 11 
5.8 95.1 100 -5.90434 0 12 11 

5 4.5 120 -5.25806 0 13 11 
5 9 120 -5.22177 0 13 11 
5 13.5 120 -4.84677 0 13 11 

( 5 21.1 120 -5.04032 0 13 11 
5 25.6 120 -5.45161 0 13 11 
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5 31. 6 120 -5.64516 0 13 11 
5 34.6 120 -5.92338 0 13 11 
5 l~O. 6 120 -5.16129 0 13 11 
5 46.6 120 -5.88709 0 13 11 
5 52.6 120 - 5 . 560L~8 0 13 11 

~ 5 57.1 120 - 5 .l~6371 0 13 11 t 
!: 5 63.2 120 - 5.70564 0 13 11 
~ 
r. 5 69.2 120 -5.5 0 13 11 
r.' 5 79.7 120 -6.44354 0 13 11 

t 5 87.2 120 -6.45564 0 13 11 
r 5 91. 7 120 -6.12903 0 13 11 . 
~ 5 97.7 120 -6.26209 0 13 11 
r 5 103.8 120 -5.65725 0 13 11 , 
• 5 109.8 120 -5.34274 0 13 11 

5 115.8 120 -5.89919 0 13 11 
5 18.7 120 -5.575 0 14 11 
5 22.7 120 -4.92142 0 14 11 
5 28 120 -4.66428 0 14 11 
5 34.7 120 -5.35 0 14 11 
5 38.7 120 -5.68214 0 14 11 
5 45.3 120 - 5. 596{~2 0 14 11 
5 50.7 120 - 6.27142 0 14 11 
5 57.3 120 -6.28214 0 14 11 
5 62 7 120 -6.27142 0 14 11 
5 66.7 120 -5.62857 0 14 11 
5 72 120 -5.07142 0 14 11 
5 78.7 120 -5.81071 0 14 11 
5 84 120 -6.19642 0 14 11 
5 89.3 120 -5.86428 0 14 11 
5 94.7 120 -6.15357 0 14 11 
5 100 120 -5.1892S 0 14 11 
5 104 120 -5.875 0 14 11 
5 110.7 120 -5.85357 0 14 11 
5 113.3 120 -5.61785 0 14 11 
5 120 120 - 5.23214 0 14 11 
5 8.7 120 -4.07586 0 15 11 
5 12.2 120 -3.97931 0 15 11 
5 20.9 120 -4.04827 0 15 11 
5 22.6 120 -4.40689 0 15 11 
5 29.6 120 -4.65517 0 15 11 
5 33 120 - 5.52413 0 15 11 
5 40 120 -5.53793 0 15 11 
5 45.2 120 -5.8 0 15 11 
5 50.4- 120 -5.09655 0 15 11 
5 55.7 120 -5.74482 0 15 11 
5 62.6 120 -5.3862 0 15 11 
5 67.8 120 -5.53793 0 15 11 .,.. 
5 73 120 -5.08275 0 15 11 l ...... 5 78.3 120 -5.08275 0 15 11 
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5 85.2 120 -5.27586 0 15 11 
5 88.7 120 -6.07586 0 15 11 
5 95.7 120 -6.25517 0 15 11 
5 100.9 120 -5.70344 0 15 11 
5 106.1 120 -5.60689 0 15 11 
5 111.3 120 -6.06206 0 15 11 
5 114.8 120 -6.14482 0 15 11 

4.8 2.6 15 - 3.30434 1 1 12 
4.8 7.9 15 -2.1581 1 1 12 
4.8 12.4 15 -2.19525 1 1 12 
8.2 2 70 -2.0196 1 26 12 
8.2 5.9 70 -2.0196 1 26 12 
8.2 11.1 70 -2.78431 1 26 12 
8.2 15.7 70 -2.52941 1 26 12 
8.:2 20.9 70 - 2.2549 1 26 12 
8.2 24.9 70 -3.2156B 1 26 12 
8.2 30.1 70 -3.41176 1 26 12 
8.2 34.7 70 -3.64705 1 26 12 
8.2 39.9 70 -3.35294 1 26 12 
8.2 43.8 70 -3.37254 1 26 12 
8.2 49.1 70 -3.96078 1 26 12 
8.2 53.7 70 -3.7647 1 26 12 
8.2 58.9 70 -3.82353 1 26 12 
8.2 64.1 70 -3.47058 1 26 12 
8.2 69.4 70 -3.94117 1 26 12 
9.8 3.2 150 -2.01953 1 33 12 
9.8 6.5 150 -2.03906 1 33 12 
9.8 10.4 150 -2.03906 1 33 12 
9.8 15.5 150 -2.23437 1 33 12 
9.8 20.1 150 - 3.25 1 33 12 
9.8 25.3 150 -3.36718 1 33 12 
9.8 29.1 150 -3.38671 1 33 12 
9.8 34.3 150 -3.36718 1 33 12 
9.8 38.9 150 -3.58203 1 33 12 
9.8 44 150 -3.71875 1 33 12 
9.8 49.2 150 -3.77734 1 33 12 
9.8 52.5 150 -3.79687 1 33 12 
9.8 57 150 -3.71875 1 33 12 
9.8 62.8 150 -3 67968 1 33 12 
9.8 68 150 -3 . 6'~062 1 33 12 
9.8 73.8 150 -3.67968 1 33 12 
9.8 79 150 -3.8164 1 33 12 
9.8 84.2 150 -3.875 1 33 12 
9.8 89.4 150 -3.8164 1 33 12 
9.8 95.2 150 -3.89453 1 33 12 
9.8 99.7 150 -3.89453 1 33 12 
9.8 104.9 150 -4.07031 1 33 12 

,f 9.8 109.5 150 -3.8164 1 33 12 
9.8 115.3 150 -3.95312 1 33 12 
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9.8 119.8 150 -3.93359 1 33 12 
9.8 126.3 150 -3.95312 1 33 12 
9.8 130.~ 150 -3.93359 1 33 12 
9.8 136 150 -4.24609 1 33 12 
9.8 141.2 150 -4.32421 1 33 12 
9.8 145.7 150 -4.20703 1 33 12 
8.2 2.7 80 -2.03205 1 1283 12 
8.2 3.4 80 -2.01602 1 1283 12 
8.2 4.4 80 -2.01602 1 1283 12 
8.2 5.4 80 -2.03205 1 1283 12 
8.2 5.8 80 -2.03205 1 1283 12 
8.2 6.5 80 -2.01602 1 1283 12 
8.2 7.1 80 -2.01602 1 1283 12 
8.2 7.8 80 -2.01602 1 1283 12 
8.2 8.5 80 -2.01602 1 1283 12 
8.2 9.2 80 -2.01602 1 1283 12 
8.2 9.9 80 -2.03205 1 1283 12 
8.2 11.2 80 -2.60897 1 1283 12 
8.2 11.6 80 -3.41025 1 1283 12 
8.2 12.2 80 -2.91346 1 1283 12 
8.2 14.3 80 -2.11217 1 1283 12 
8.2 15 80 -2.22435 1 1283 12 
8.2 16 80 -2.30448 1 1283 12 
8.2 16.3 80 -2.36859 1 1283 12 
8.2 16.7 80 -2.78525 1 1283 12 
8.2 18 80 -3.00961 1 1283 12 
8.2 18.4 80 -3.52243 1 1283 12 
8.2 18.7 80 -3.18589 1 1283 12 
8.2 19.7 80 -3.58653 1 1283 12 
8.2 20.7 80 -3.26602 1 1283 12 
8.2 21.2 80 -3.84294 1 1283 12 
8.2 21.8 80 -3.97115 1 1283 12 
8.2 22.4 80 -3.55448 1 1283 12 
8.2 23.5 80 -3.66666 1 1283 12 
8.2 24.5 80 -3.58653 1 1283 12 
8.2 25.5 80 -3.68269 1 1283 12 
8.2 26 80 -3.41025 1 1283 12 
8.2 26.9 80 -3.73076 ] 1283 12 
8.2 28.9 80 -3.08974 1 1283 12 
8.2 29.3 80 -3.65064 1 1283 12 
8.2 30.6 80 -3.52243 1 1283 12 
8.2 32 80 -3.60256 1 1283 12 
8.2 32.7 80 -3.85897 1 1283 12 
8.2 34 80 -3.71474 1 1283 12 
8.2 35 80 - 3.84294 1 1283 12 
8.2 37.1 80 -3.39423 1 1283 12 
8.2 37.8 80 -3.74679 1 1283 12 

'""" 8.2 38.1 80 -3.92307 1 1283 12 " ...,. 8.2 39.5 80 -3.68269 1 1283 12 



( 354 

Wind De12th Zmixed Log e ENV Profile Author 
8.2 40.5 80 -3.47435 1 1283 12 
8.2 42 80 -3.95512 1 1283 12 
8.2 41. 8 80 -3.65064 1 1283 12 
8.2 42.5 80 -3.16987 1 1283 12 
8.2 43.5 80 -3.39423 1 1283 12 
8.2 4/ •. 6 80 -3.18589 1 1283 12 
8.2 45.9 80 -3.26602 1 1283 12 
8.2 47.3 80 -3.39423 1 1283 12 
8.2 47.6 80 -3.90705 1 1283 12 
8.2 49 80 -3.77884 1 1283 12 
8.2 50 80 -3.89102 1 1283 12 
8.2 50.7 80 -3.74679 1 1283 12 
8.2 51. 7 80 -3.875 1 1283 12 
8.2 52.7 80 -4.03525 1 1283 12 
8.2 53.4 80 -4.16346 1 1283 12 
8.2 54.1 80 -3.74679 1 1283 12 
8.2 54.8 80 -3.875 1 1283 12 
8.2 55.8 80 -3.41025 1 1283 12 
8.2 56.8 80 -3.95512 1 1283 12 
8.2 58.2 80 -3.85897 1 1283 12 
8.2 59.9 80 -3.20192 1 1283 12 
8.2 60.2 80 -3.76282 1 1283 12 
8.2 60.9 80 -3.39423 1 1283 12 
8.2 61.6 80 -3.875 1 1283 12 
8.2 62.2 80 -4.46794 1 1283 12 
8.2 63.6 80 -3.98717 1 1283 12 
8.2 63.9 80 -3.92307 1 1283 12 
8.2 64.6 80 -3.875 1 1283 12 
8.2 65.6 80 -3.65064 1 1283 12 
8.2 66.7 80 -3.79487 1 1283 12 
8.2 67.3 80 -3.52243 1 1283 12 
8.2 68.7 80 -3.79487 1 1283 12 
8.2 70.4 80 -3.57051 1 1283 12 
8.2 71.8 80 -4.0032 1 1283 12 
8.2 73.1 80 -3.875 1 1283 12 
8.2 74.1 80 -3.90705 1 1283 12 
8.2 74.8 80 -4.09935 1 1283 12 
8.2 75.5 80 -4.0032 1 1283 12 
8.2 76.2 80 -4.35576 1 1283 12 
8.2 76.5 80 -4.93269 1 1283 12 
8.2 77.9 80 -3.875 1 1283 12 
8.2 78.6 80 -4.86859 1 1283 12 
3.9 10 20 -5.81818 1 1 13 
3.9 10 20 -5.32323 1 1 13 
3.9 10 20 -5 1 1 13 

3 10 20 -4.59596 1 1 13 
3.9 10 20 -4.31313 1 1 13 

( 3.9 10 20 -3.80808 1 1 13 
5.5 10 20 -4.0202 1 1 13 
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Wind De12th Zmixed Log é ENV Profile Author 
6.1 10 20 -4.11111 1 l 13 
6.1 10 20 -4.23232 1 1 13 
7.1 la 20 -3.86868 1 1 13 
8.6 la 20 -3.93939 1 1 13 
8.1 la 20 -3.71717 1 1 13 
8.9 10 20 -3.72727 1 1 13 
9.9 10 20 -3.69697 1 1 13 

10.3 la 20 -3.71717 1 1 13 
7.2 10 20 -3.61616 1 1 13 

8 10 20 -3.31313 1 1 13 
9 10 20 -3.41414 1 1 13 

10.3 10 20 -3.41414 1 1 13 
14.7 la 20 -3.43434 1 1 13 
12.3 la 20 -2.98989 1 1 13 
14.7 10 20 -2.91919 1 1 13 
3.9 15 20 -5.03355 1 1 13 
2.4 15 20 -4.5302 1 1 13 
4.4 15 20 -4.02684 1 1 13 
7.2 15 20 -4.12751 1 1 13 

8 15 20 -3.84563 1 1 13 
7.9 15 20 -3.77516 1 1 13 
8.9 15 20 -3.63422 l 1 13 

11.1 15 20 -3.49328 1 1 13 
13 15 20 -3.50335 1 1 13 

4.9 20 20 -5.04362 1 1 13 
6 20 20 -4.93288 1 1 13 

7.1 20 20 -4.5906 1 1 13 
9 20 20 -4.23825 1 1 13 

10.1 20 20 -4.04698 . 1 13 .... 

7 20 20 -3.9161 1 1 13 
8.9 20 20 -3.83557 1 1 13 
7.1 20 20 - 3.32214 1 1 13 

13.2 20 20 -3.74496 1 1 13 
13.2 20 20 -3.64429 1 1 13 

Data sources: 1, Dewey and Moum 1990; 2, Dillon and Caldwell 1980; 3, 

Dillon et al. 1981; 4, Haury et al. 1990; 5, Lange 1981; 6, Lueck 1988; 

7, Lueck et al. 1983; 8, Moum and Caldwell 1985; 9, Oakey 1985; 10, 

Oakey and E11iott 1982; Il, Osborn 1978; 12, Shay and Gregg 1986; 13, 

Veth 1983. 


