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The objective of rny resûuch was to determine the importance ofqrey avdabdity 

and t emperature to abundance and vital rates of young-dthe-year (YOY) smallmouth 

bass (SMB) dwing the parental care period of development. Results of this research 

suggested that food limitation is a relatively minor phenornenon in SMB populations 

during the lamal and earfy juven.de periods of development and that the most important 

cause of mortality may be predation. Swimming speed, foraging rate, agonistic 

interactions and nearest neighbour distance of individual YOY were unrelated to brood 

size, suggesting that cornpetition for prey resources did not increase with brood sue. 

Dispersion of broods within the nesting temtories was positively related to both body size 

and brood size, but YOY density within broods did not Mer across brood size. 

Zooplankton sarnpling within and adjacent to nawal broods revealed no evidence for 

resource depression by YOY bas. The size of £kt-feeding larvae differed significantiy 

among years. The average duration of the embryonic and larval periods of development 

Wered si@cantly among years. Brood-specific growth rates of larvae were positively 

associateci with water temperature in 4 of 5 years. The relationship between mean annual 

growth rate and water temperature was signifxcantiy correlated among years. In contrast, 

brood-specific growth rates oflarvae were not sipnincantiy related to the seasonal peak in 



prey biomass, nor did prey biomass account for much of the inter-mual variability in 

larvd growth rates. B rood-specinc mortality rates dBered si pnincantiy arnong years. 

Mortality rates of eariy larvae were generally e q d  to, or below, those of late larvae 

within years and the critical penod hypothesis in first-feeding larvae was rejected. 

Mortality rates of larvae were not signincantly related to the seasonai peak in prey 

biomass offéring little support for the matchmismatch hypothesis. Cumulative mortajity 

was unrelated to phase duation during the eariy I d  phase, but was sigruficantly 

positively associated during the late larval phase. My results suggested that temperature 

cm strongiy duence both growth and developmental rates, size attained at 

metamorphosis and cumulative mortaiity rates of larvae. Growth and mortaliw rates of 

larvae were negatively associated in all years, supporting the growth-mortaiity hypothesis. 
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Chapter 1 

General Introduction 

Two of the major themes discussed in larval fish' Iiterature are growth and 

SUCVival. Fishes suffer high mortality during the first few months of We, with suxvival rates 

in many species reponed to be less than 5% in natural populations (May 1974). Many fish 

species exhibit large year-to-year fluctuations in r e c n i i m  dehed here as the number 

of offspring surviving to the age of first reproduction. Such large fluctuations, ofken 

orders of magnitude in range (Rothschild 1986), may lead to considerable variability in 

annual population abundance. Ultirnately, fluctuations in population abundance of many 

species are believed to be detennined through events accu-g during early development 

( Sissenwhe 1 984; Rothschild 1 986). Identifyuig the factors that determine growth and 

awival at these early penods is critical to identifjing the processes that contribute to 

variability in recruitment and population abundance. 

Stamation and predation have been considered the principal causes of larval 

mortality in most fish species (Hunter 198 1). Consequently, a knowledge of impacts of 

starvation and predation to mortaiity during early Me history are important areas of 

fishenes research. The effects of starvation and predation are exerted through numerous 

biotic and abiotic factors, acting independentiy or in combination. Biotic factors may 

include the quaiity, size and distributiûn of prey resources (Theiiacker 1986; Cushing 

1 WO), cornpetition for food (Frank and Leggett 1986; Jenkins, et al. 199 1 ; Dettmers and 

Stein 1992; Welker, et al. 1994), and size, density and distribution of predators (Humer 



1981; Taggart and Leggen 1987a; Bailey and Houde 1989; Luecke, et al. 1990; Purcell 

and Grover MO), whereas abiotic factors may include factors such as direction and speed 

of wind and tempenmire (Crecco, et ai. 1986; Taggart and Leggett 198%; Mooij and 

Tongeren 1990; Brown, et al. 1993; Bailey, et al. 1995; Michdetz 1997). Biotic factors 

typically afféct populations in a density-dependent rnanner as opposed to abiotic factors 

which ofken exert their effécts in a density-independent manner. Density-independent 

means that population growth (i-e., number or biomass) is unrelated to population density; 

density-dependent means that there is a relationship between population growth and 

population density (Sissenwine 1984). Despite an extensive list of research -dies on 

monality of fishes during early Life history, no clear agreement exists on the relative 

importance of key factors governing growth and sunrivaf. Part of the reason for this stems 

from the complexity of tbe problem itseif but also because relationships among key 

f a o n  likely vary among species, with fecundity and between years. 

Evidence for density-dependent mechanisms in regdating growth and sumival of 

l a r d  fishes in the field has remained elusive (Savoy and Crecco 1988; Ienkins, et al- 

199 1 ; Shi, et al. 1997). Theoreticdy, lamal growth rates may be affectecl by density- 

dependent mechanisms (Ware 1975; Shepherd and Cushing 1980; Sissenwine 1984); 

however, with the absence of supporthg field data, density-dependence has remained a 

key assumption in models of land fish ecology. This presents problems for theoretical 

ecology as weli. For instance, the abdity of larvae to d u c e  prey abundance below that 

required for maximum growth is an assumption used in some theoretical models testing 

density-dependent control of recnlltment (Rutherford 1992). However, starvation of 



larvae in the field has been documented in only a few studies (O'ConneU 1980; Hewitt, et 

ai- 1985; Theilacker 1986; McGurk 1989) and prey densities in naturai conditions often 

appear adequate to support maximum growth of larvae (Houde 1978; Kiorboe, et al. 

1985; Oiestad 1985; Purcell and Grover 1990). 

Eariy studies on growth, mortairty and recruitment focused on the nutritional 

condition of young fishes to demonstrate the degree of food h i ta ton  experienced by 

larvae (Laurence 1974; Lasker 1975). Hjort (19 14). studying stock dynamics of 

Norwegian h e h g  Chpeu harengus and cod G& morhua, first proposed the 'cntical 

period' concept, suggesting that newly feeding larvae are especidy prone to starvation, 

and that recruitment reflected the survival rate during this criticai period. Early reviews 

found the evidence for a critical penod to be inconclusive (Marr 1956; May 1974; 

Dahiberg 1979). In a ment review, Leggett and Deblois (1 994) conclude that available 

evidence does not support Hjort's 'critical penod' as an important factor in recruitment 

variation in marine fishes. 

Cushing ( 1974a) introduced the 'rnatch-mismatch' hypothesis, which proposes that 

l a r d  survival is dependrnt on the match between abundance of prey and larvai 

production. This hypothesis compliments Hjort's 'criticai period concept but removes the 

restriction that the match between prey and lamai production be restricted to a criticai 

tirne during the larval period. However, evidence f?om subsquent çtudies, including 

ment reviews by Cushing ( 1990) and Leggett and Deblois (1994) suggest that matching 

of prey resources with l a r d  abundance is Iess important than previously thought. 

With starvation as an uniikely source of mortality, emphasis shüted to predation as 



the p~c ipa l  cause of mortality in larval fishes (Hunter 198 1). The importance of 

predation as an important source of mortatity in l a r d  fish is widely accepted (Bailey and 

Houde 1989); however, quamfjhg its impact in the field remains diÆcuit. Measuring 

predation in the field is dificuit due ro samplùig problerns associated with the patchy 

nature of predator distributions, the high diversity of potemiai predators and the rapid 

digestion of fish larvae by predaton (Greene 1985; Bailey and Houde 1989; Heath 1992). 

Several field studies have attempted to overcome these diffidties by estimahg mortality 

due to predation indirectly, as the difference between total mortality rate and age-specific 

starvation (Hewitt, et al. 1985; Theilacker 1986). It is perfiaps measonable to expect 

predation to account for al1 of the non-starvation mortality and the relative importance of 

starvation and predation as causes of mortality in young fishes rem& unresolved (Bailey 

and Houde 1989; Leggett and Deblois 1994). 

Searching for a single solution to the wmplex problem of growth survival and 

remitment may be unreasonable (Sissenwine 1984; Anderson 1988; Leggett and Deblois 

1994). Miller et al. (1 988) stresseci the need for a conceptual fiamavork to both integrate 

existing ecological information and focus future studies. As many of the factors critical to 

larval d v a l  and growth (starvation and predation) appear to be size-dependent, MiUer 

et al. (1988) proposed an integrating Mework based on body sue. The essence of this 

conceptual framework was not entirely new, for ecologists had earrier realized how size- 

specific growth and mortality rates couid interact to determine suMvonhip in fish 

populations (Cushing 1974b; Ware 1975; Shepherd and Cushing 1980). 

Most recently, emphasis has shifted towards integrating the roles of starvation, 



food avdability and predation (Ware 1975; Shepherd and Cushg  1980). Terrned the 

'growthaionality hypothesis' (Anderson 1988), it proposes thai predation decreases with 

increasing Cize and therefore, survival is direcrly related to growth rate. This hypothesis 

emphasizes the interaction of growth and predation; predation hctions as the primary 

source of mortality, but food availability remains criticai through its positive influence on 

growth rates (Rice, et ai. 1987; MiUer, et ai. 1990). That mortality rates are genedy 

size-dependent has been shown both inter-spdcally (Peterson and Wroblewski 1984; 

McGurk 1986) and intra-specificdy in both marine (Veer and Bergman 1987; DeVries, et 

al. 1990; Pepin, et ai. 1992) and freshwater (Poa and Prankevicius 1987) fishes. Also, 

several field midies have shown mortaiity rates of larval cohorts to be inversely related to 

growth rates (Graham and Townsend 1985) and food avaiiability (Castro and Cowen 

1991). 

The 'stage duration hypothesis' (Chambers and Leggetî 1987; Houde 19871, 

closely allied with the growth-modity hypothesis, proposes that larvae which find 

adquate food will achieve high growth rates and therefore reach metamorphosis at an 

early age; the sooner individuals achieve metamorphosis, the higher their probability of 

survival. This hypothesis predicts that groups (year-classes, cohorts) achieving 

metamorphosis at eariier aga will experience lower cumulative mortality (Chambers and 

Leggett 1987; Houde 1987; Pepin 199 1; Rice, et ai. 1993). This proposition depends on 

the influence of growth rate on stage duration; larvae With the highest growth rates dso 

develop more rapidly. Early development and growth are influenced by a variety of 

factors, most notably food availability, temperature and initial size (Chambers and Leggett 



1987; Pepin 199 1; Pepin 1997). Under this hypothesis, fast-growing larvae have a higher 

probiibility of sumival simply because of shorter larval period duration, even if mortality 

rates are not size dependent. However, assuming size-selective mort* is operathg 

faster growing individuals may bene& from the wmbined effécts of shorter larval penod 

duration and lower predation nsk during the larval period. 

Vulnerability of lamal fish to predation is infiuenced by nmerous factors, 

especially the relative sizes of prey and predators @ d e y  and Houde 1989; Pepin, et al. 

1992; Paradis, et al. 1 W6), but also on the gudd of predators present and predator-prey 

seasonal cycles. The commonly expressed view that older and larger larvae are less 

vufnerable to predation has recently been challenged (Litvak and Leggetî 1992). The 

proposition was based principaily on experirnents that examineci the probability of capture 

of larvae by predators, but failed to include other components of the attack cycle, 

hcluding encounter and attack probabilities (Fuiman and Margurran 1994; Paradis, et al. 

1996). Several laboratory studies examining predation rkk in relation to length show 

wlnerability curves of larvae to predaton to be dome shaped, with maximal vulnerability 

occurring at some intemediate sue (Bailey and Houde 1 989; Paradis, et al. 1996). 

Orhers, (Litvak and Leggett 1992; Pepin, et al. l992), examine the effects of length for 

equal-aged individuals on vulnerabiiity to predation and show that early larval capeh 

Mallotus V~IIOSLIS, have higher suMval in trials with stickleback predators Gusteros~eus 

amieutus than do larger larvae of the same age. Bertram and Leggett (19941, in contras, 

found no diierence in the number of captures of 'small and large' and 'young and old' 

recently metarnorphosed winter ff ounder Pleuronectes amencams, by individuai 



predatoxy shrimp Crungon septenqznos~, after separahg the e E i s  of prey size and 

age. Results tiom several field studies also suggest that larger larvae may not have a 

survival advantage. Studies applying recent otoiith-reading tedinology found no evidence 

for sue-seledve mortality (Laidig, et al. 199 1; Brown and Bailey 1992). Ah, sunrivd 

rates were higher for smd, late-hatching American shad Alom sapzdissima, than llarger, 

early-hatching individuals (Hoenig, et al. 1990). Bertram and Leggett (1994) caution that 

the subtle Merences in predation risk observeci in their study are potentially ecologically 

inconsequemial, and conclude that there is, at present, no finn support for the argument 

that being larger, or smaller, at a given age is superior. 

Little progress has been made in solving the causes of mortality of lmal and 

juvenile fish shce Hjort ( 1 9 14) fùst proposed starvation as a possible mechanism 

(Anderson 1988; Leggett and Deblois 1994). Failure to detect consistent relationships 

between food abundance andor predation and swival persists, in part, due to the 

complexity of the problem, the number of variables that may influence growth and 

sumival, and inappropriate technology for sarnpling larval fish. Recent developments in 

otolith technology have. for example, resuited in more accurate estimates of larval ages, 

compared to traditionai midies that relied upon presumed stage durations (Crecco and 

Savoy 1985; Essig and Cole 1986). 

Notwithstanding the technological aspects, previous studies have suffered fkom 

several cornmon problems andior omissions. First, practical difficulties have restricted 

many field shidies to panicuiar We stages, often carried out at large spatial d e s .  Thus, 

the discrepancy between scale of sampling and proposed rnechanisms governing 



recruitment and lawal ecology is vast (Frank 1988). Studies undertaken at inappropriate 

spatial scales rnay obscure densitydependent relatioaships that rnight exist at srnalier 

sades (Heath 1992). Recent studies (Rice, et al. 1987; Ehlinger 1989; Rice, et al. 1993) 

suggest that our understanding of recruitment processes may be more rapidly enhanceci by 

conside~g the effects of individual variability and the attributes of survivon. 

Furthemore, B b e r  (1986) States that srnail scaie processes believed to be important in 

rectuitment, have not been thoroughiy examined in large scale studies. 

Obtaining accurate estimates of Iarval mortality rate in the field presents another 

formidable problem. Taggart and Leggett (1987a) described the ditficulty in obtalliing 

accurate estimates of land mortality for capeh MalZotus vïilolos, in a srnd embayment 

as more than just a trivial problem, and suggested that obtaining accurate estimates of 

lamal mortaüty in larger ocean systems is doubâul. The difEcufties associated with 

deteminhg growth and mortality rates in the field may account, in part, for the abundance 

of laboratory studies. Results from laboratory studies rnay be dificult to extrapolate to 

the field, and one of the more intnguing aspects of these studies has been the apparent 

discrepancy between prey density required for adequate growth by larvae in laboratory 

aquaria wmpared to observeci values under natural conditions. Prey concentrations 

required for high suNival under laboratory conditions are ofken much greater than levels 

present in nature (Houde 1978; Sissenwine 1984) and suggests that zooplankton densities 

in nature must be much lower than previously thought for m a t i o n  to ocnir. The 

discrepancy between prey densities requked for larvd fish growth in field and laboratory 

studies rnay be explained by the fdlure of laboratory studies to adequateiy reflect nawal 



conditions expenenced by laml fi& (MacKenPe, et al. 1990). 

The challenge of field studies is not simply to document changes in growth and 

mortality rates of larval fishes, but to understand the principal processes that influence the 

dynamics ofgrowth and mortality. Resolving the importance of prey availability to 

gowth and Survivai and d e t e m g  the relationship between growth and SuMval are 

relationships that must be determineci in the field and not sirnply extrapolateci Born 

laboratory studies. 

Food availability and predation risk are major processes iduencing growth and 

mortaiity of moa animais. Yet many animds are forced to compromise between food 

acquisition and predator avoidance (Lima and Dili 1990). The purpose of my dissertation 

is to determine the importance of food limitation to variability in growth and mortality of 

young-of-the-year (YOY) smallmouth bass, Micropterus abIomieu. Food limitation c m  

af£êct growth and mortality in three ways: (1) by stmation; (2) through reduced growth 

rates and (3) by enhanced vuherability tu predation, or by any combination of these 

factors. tf YOY are not food-limiteci, then swivai of smallmouth bass shouid be 

predorninantiy affecteci by predation. 

My dissertation is organized into 6 chapters. In chapter 1, the üterature on growth 

and survivd of larval and juvenile fishes is critically reviewed. Chapter 2 provides a 

general description of the methods used throughout the dissertation. 

Chapter 3 presents the results of a study on the behavioral ontogeny of smaiimouth 

bas. The objective of t his chapter was to measure changes in Swimming speed, foraging 

rate, and agonistic interactions among individu& and to measure size-based (total length) 



ciifferences Ui these behaviours across brood size. Ifyoung are competing for food 

resources, I pr- that agonistic interactions wifi be sigdicantly higher in large broods 

relative to smaller broods, and that agonistic behaviour will increase with body size as 

energetic needs increase. Further, 1 predig that foraging rates wiU be lower in large 

broods relative to s d e r  broods. 1 dm measure the area of water ocmpied by broods 

(dispersion) across body size and brood-size category, as the degree of competitioo for 

food resources may depend, in part, on the sire of parental male temtorks. 

Chapter 4 presents the results of a long-term field midy to determine the 

importance of prey availability to first-year p w t h  and mortality in a nahual population of 

srnailmouth bas.  Data for my dissertation were collected fiom 1991 to 1993. 

Additiody, a retrospective analysis of data 1 collected on this same population in 1988 

and 1989 is included to present a more comprehensive examination. If growth rates of 

offspring are a fùnction of their foraging behaviow (see chapter 3) and prey density, then 1 

preda growth rates will be higher and mortality rates lower in years when peaks in prey 

biomass most closely match the s p a d g  period of srnahouth bass. 

A second objective of this chapter is to address several main questions about 1arva.i 

fish growth and mortaiity that are not fuliy understood. For instance, what is the relative 

contribution of temperature to variation in growth and mortality rates of smallmouth bass 

offspring within a nesting season. Temperature can be an important factor controlling 

metabolism, growth and development in larvae, and may dtimately affect the tirne penod 

that young bass remain susceptible to predation (Pepin 199 1; Chambers and Leggett 

1992). With this long-terni data set, I hope to gain a better understanding of ~ O W  



temperature rnay affect larvd growth and mortaiity under na- conditions. As 

h o u t h  b a s  spawn over a relatively wide temperature range (13-2 1 O C ;  pers. obs.), 

and owing to the large seasonal variation in water temperattues, it is likely that 

temperature couid have profound effects on growth rates, developmemal h e s  and 

survival within a nesting season. 

Finaily, 1 test several other key predictions underiying hypotheses of growth and 

Survival that have dorninated thinking in this area. For instance, 1 examine: 1) the 

relationship between growth and developmd rates and survivai to metamorphosis. 

Given that metamorphosis in laml fishes is generaiiy size- rather than age-relateci, 1 

p&& tha: cumulative mortality to metamorphosis wili be higher in slower-growing 

larvae; 2) whether s u ~ v a l  rates are directly related to growth rates. 1 predia that if 

growth rates are important to survival in l m e  then, instantaneous mortality rates of 

laml broods will be negatively related to instantanmus growth rates. 

In Chapter 5 1 investigate, further, the role of food limitation on growth and 

h v a l  of young smallmouth bass through the use of two field experiments. Using in situ 

enclosures 1 ask; what is the effect of stocking density (1 992) and prey abundance (1993) 

on growth and monality rates? Ifgrowth rates of land and early juvenile smallmouth 

bass are food limited, I predia that growth rates will be negatively related to l a r d  

stocking density and positively related to prey abundance. Also, assuming a positive 

relationship between food abundance and larval Survivai 1 pr- Survival rates to be 

negatively related to stocking density (1992) and positively related to prey density (1993). 

Growth and mortality rates of enclosure-held fish are compared with those from the lake 



population. 

In chapter 6, results from the study are nimmarized and conclusions are presented. 

1.1 The Study Species 

The smallmouth bass is a large, camivorous fish (Scott and Crossman 1973) and in 

Lake Opeongo nesting males range fiom 4 to 12 + years old and masure between 20 and 

45 cm in fork length (Ridgway and Fnesen 1992). Histoncally, smallmouth bass inhabiteci 

rociq lakes and streams in eastem and central North America. More recentiy, the range 

of the species has expanded considerably in North America, through socking effons 

airned at increasing recreational fishing opportwiities. The diet of adults is comprised 

primarily of crafish and smaü fish. 

Males typically appear in the shallow littoral zone (< 2 m) in late-May to establish 

temtories and build nests, when water temperatures nse to 1 5 OC (Shuter, et ai. 1980). 

Nests con& of shallow, circdar depressions formed through the sweeping action of the 

male's caudal and pectoral fins (Coble 1975; Ridgway, et al. 1989). In Lake Opeongo, 

age of firn maturity ranges from 4 to 9 years (Ridgway, et al. 1991). 

Following courtship, males begin a period of solitary parental care that may last 5 

weeks or more (Ridgway, et al. 1989; Ridgway and Friesen 1992). Srnahouth bass 

undergo indirect development (Balon 198 1; Balon 1985b) and progress through the 

embryonic, larval and juvenile periods while under parental care. Thresholds that separate 

periods are often very distinct events in fishes and are truly decisive events of ontogeny 

(Balon 1985a). In srnallmouth bas, the threshold between the embryonic and larval 



penods is characterizet3 by the onset of sogenous feeding, while the threshold between 

the larval and juvenile periods is characterked, among other things, by a rapid change in 

body colour f'rom black to  greenhrown and the appearance of M y  differentiated fins. 

The duration of the parental care period is highly variable within and among years 

and rdec t s  the temperature mediated developmental rate of embryos and Iantae (Hubbs 

and Bailey 1 938; Shuter, et al. 1980). For instance, the duration of the embryonic period 

has been shown to range between 8 and 21 days in Lake Opeongo (Shuter, et ai. 1980; 

Rjdgway and Friesen 1992). Following initiation of exogenous feediLlg, duration of 

parental care ranges f?om 1 to 27 days (Ridgway and Friesen 1992). hiring the first few 

mon* of me, larvae and juveniles feed largely on suspendeci zooplankton- Juverules 

switch to benthivory soon after dispersai £fom theu natal nens. In fa when temperatures 

drop below 10 OC, srnailmouth bass become inactive and rely on accumuiated food 

reserves to maintain metabolisrn through the winter (Oliver, et al. 1979; Shuter, et al. 

1980). As a consequence, Survival of offspring through the fim wimer may be largely 

dependent on accumulating sufEcient energy reserves during the tirst summer of We. 



Chapter 2 

General Methods 

Data for this dissertation were collected fiom 199 1 to 1993 and include field 

observations, behavioral midies and field experiments on larval and juvenile srnailmouth 

bas (hereafter SMB). In addition, a retrospective analysis of data 1 collected in 1988 and 

1989 on this same population is includeû, to provide a more comprehensive analysis of 

factors iduencing growth and mortality. Pr~limiaary behavioral studies conducted in 

199 1 served as a guideline for a more intensive examination of behavioral ontogeny d u ~ g  

the last two reproductive seasons. In situ enclosures were employed tu ïnvestigate the 

relationship of larvai density (stocking density experiment) and prey abundance 

(supplemental feeding experiment) with first-year growth and mortality. In this chapter 1 

discuss general methods applicable to the entire thesis. Methods that pertain only to 

certain sections or expenments of the dissertation are discussed where appropnate. 

2.1 Study Site 

Field work was conducted on Lake Opeongo (45" 42N, 78O 22'W), situated in the 

southeastem region of Aigonquin Provincial Pa& Ontario, Caoada. Lake Opeongo has a 

nirface area of approlrirnately 59 im? with a maximum depth of 52 m (Martin and Fry 

1973). The lake is moderately oligotrophic and consists of four major basins joined by 

narrow channels. SMB were introduced into the lake in the 1920's (Martin and Fry 1973)- 

largely to supplement the existing salmonid fishery (Ridgway, et al. 1991), and have shce 



estabkhed a seif-sustaking population. 

Data for this research were collecteci on SMB nesting within Jones Bay, Lake 

Opeongo (Figure 2.1 ). Historically, mearchers have divideci the bay into three sections 

(South, Centrai and North); data for this thesis were wUected £kom d e s  nesthg in the 

south section of the bay. Field work began in mid May, jus pnor to the onset of 

spawning, and continued until ofipring fiom all nests had disperseci. 

SMB spawn in the narrow littoral zone of Lake Opeongo (Ridgway, et ai- 1991), 

prefening siit, grave1 or boulder substrate, with low to moderate slopes. Faiien trees, 

boulders and aquatic plants provide cover in the Littoral zone. Males nest at depths 

ranghg f?om 0.25 to 2.5 m and from 1 to 50 m fiom the main shorefine (personal 

obsemation). Ridgway et al. ( 199 1) have shown that nesting space in this population is 

not a li&ng resource for adult males. This observation has been supported by an 

examination of factors that may govem nest density at large and small scdes within Lake 

Opeongo (Rejwan, et al. 1997). SMB spawn throughout the lake, but nuveys have 

shown that 25 - 52% of al1 nests occur in Jones Bay each season (Ridgway 1986). 

The littoral zone within Jones Bay is diverse with regard to both its physical and 

biological attributes. I divided the littorai zone into three habitats: Exposd Protected 

and Intermediate. AU three habitats were used by nesting d e s ,  however, large maies 

prefe~ed exposed habitat whiie most small maies nested in protected habitat. 

Exposeci habitat was characterized by shorehe areas directly exposed to 

prevailing northwest winds with a fetch greater than 1 km. Sediments are generally net 

deposited in wind-swept areas, and crevices between the rocks and large boulders 



overtying the substrate provide ideal M g  sites for offkpring. Protected habitat can be 

characterized as areas sheltered fiom the prevaihg northwest winds. Protected habitat is 

moa ofken found on the lee side of smd islands, or in sheltered bays dong the main 

shorehe. The fetch f?om prevailing northwestery winds on protected habitat is less than 

50 m, and often no more than a few meters. Protected areas can M e r  be characterized 

as depositional areas, with sofi clay or muddy sediments overlying the rocks and boulders. 

Aquatic vegetation and submerged tree tnuiks are numerous in this habitat. Intemiediate 

habitat is characterized by shorehe areas b g  a fetch between 50 and 1000 m relative 

to the direction of prevailing winds. Additionally, nests in the intermediate habitat may be 

situated downwind of grave1 or rocky shoals, that serve to dissipate wave action. 

2.2 Nesting Maie Survey 

Shoreline surveys, using mask and snorkel were conducted daily beginning in late- 

May and continuing throughout the reproductive season. Once Iocated. nests were 

individually marked with a numbered brick placed adjacent to the nest and locations 

recorded on a map. Nesting males were captured by angling, tagged, measured for fork 

length and scaies collecteci for aging. Individudy numbered Floy anchor tags moy Tag 

and Manufacturing inc., Seattle, W4 USA) were embedded in the dorsal musculature 

beneath the last soft fin ray of the dorsal fin. A second diver remained in the water while 

the nesting male was processed to prevent predation of offspring in the nest. The tagging 

procedure required approximateiy 3 - 5 minutes to cornpiete, after which the male was 

released in the immediate vicinity of his nest. 



2.3 Brood Size Measurements 

The number of offspring in a nest (hereafter referred to as 'brood size') was 

estimateci using the methods of Friesen (1990). Daily, visual esthates of brood size 

began on the fint day of the larval period and conthued umil no offkpring remaineci in the 

nest. Brood size was estimateci using visuai counts of individuals, or groups of 

individuais, while snorkeiiing. 1 counted each &dual in small broods (< 200) and 

counted groups of individuais ( 10,25. or 50 indMduals per group) in larger broods. 

Three estimates of brood size were made on each date and brood size was recordecl as the 

mean of the three estirnates. In conduaiag behaviorai observations (Chapter 3), 1 grouped 

brood sues into three brood-size categories: s m d  (< 500), medium (500 - 1500), large (> 

1 500) broods. 

1 verified brood size estimates on a subset of nests (n = 20) from outside rny study 

area. M e r  completing a visuai estimate, a large hoop net was used to capture the entire 

brood. AU individuals in a netted brood were subsequently counted (real brood size) aiid 

then returned to their nest. 1 used simple linear regression to determine if brood size 

mimates accurately reflected real brood size (Fig. 2.2). Least squares regression resulted 

in the following relationship between r d  and estimated brood &es: 

BS, = 33.65 + 1.12 . BS,; 

where BS, equals real brood size and BS, is estimated brood size (3 = 0.87). With few 

exceptions, 1 consistentiy underestimateci real brood size. Estimates ranged âom 5 to 



19% below real values, the deviations inmeashg with inaeasing brood size. 

2.4 Young-of-Year Sampling and Measurement 

In order to determine brood-specinc growth rates 1 sampled oEpring ficm nests 

at 4 day intervals beginning on the fia &y of the lamai period. Samples of 8 - 15 

individuais were randody coliected with an aquarium dip net and placed in a 5% buffered 

fo& solution. Total length (TL; tip of snout to tip of tail) and standard length (SL; tip 

of snout to tip of the notochord) of individuals were measured to the nearest O. 1 mm, 

using a Wdd dissecting microscope £itted with an ocular micrometer. Older juveniles were 

measured with the same precision using hand calipen. Following metamorphosis, 

juveniles collected for sarnpüng from nests having ~200 individuals were measured at the 

nest site using a 4x rnagnifjing Iens and hand calipers and immediately returned to the 

nest. 

The Ne-history mode1 for fishes proposes a hierarchical system of intervals. 

consisting of periods, phases and steps which are separated by thresholds (Bafon 1975; 

Baion 1981). In this dissertation I have determined growth and monality rates using al1 

three intervals. At the period intervai, rates have been determined for larvae and juveniles. 

Growth and monality rates were also determined for the protopterygiolarvai and the 

ptexygiohal phases of the lmal penod (Balon 1975). The former phase begins at first- 

feeding and ends with the absorption of the yolk sac and the differentiation of the 

embryonic median fin fold; the latter phase begins at the tennination of the first phase and 

ends when the embryonic median fin fold is entirely differentiated. In SMB, termination of 



the final lmai phase is also accompanied by a rapid change in body colour fiom black to a 

browdgreen characteristic of adults. For the purposes of this dissertation, 1 will refer to 

the protoptesrpjolarval and pteiygiolarvai phases as 'eariy' and late' l ami  phases and the 

larvae within these phases as 'eariy larvae' and late larvae', respedvely. At the shortest 

interval (seps) 1 have measured growth and mortality rates at 4 4  intervals within the 

larval and jwenile periods. Ln fishes that undergo indirect development, such as SMB, the 

juvenile penod encornpasses the interval between metamorphosis and first reproduction 

(Balon 1975; Flegler-Balon 1989). In this study, I examined growth and modity of 

juveniles ody during the first few weeks of the juveniie penod. 1 refer to this interval as 

the 'early juvede phase'. 

2.5 Water Temperature Recording 

Water temperature was recorded fiom late May to July 199 1 - 1993, with a 

contimious recordhg thermograph at a fixed site within the littoral zone of Jones Bay. 

The thermograph was placed at a depth of 80 cm, which approximated the mean depth of 

SMB nests in Lake Opeongo. Littoral zone water temperatures were recorded daiiy in 

1988 and 1989 at Harkness Laboratory, situated at the southern end of Lake Opeongo, 

and daily means calculated. A strong Linear relationship between temperature at Jones Bay 

and Harkness Laboratory existed: 

1992; Jones Bay T OC = -0.76 + 1.03 x (lab T OC), n=91, +.94 

1993; Jones Bay T OC = -4.69 + 1.20 x (lab T OC), n=53, +.93 



1 used these relatioaships to derive the foilowing equation to predict temperatures in Jones 

Bay ffom temperatures taken at Harkness laboratory in 1988 and 1989: 

Jones Bay TOC = -2.73 + 1.12 x (lab T OC) 

Using the developmentai history of each nest, including date of spawning, hatch, nrst- 

feeding, metamorphosis and dispersai, in combination with the mean daily water 

temperature data recordeci for ail five nesting seasons, 1 calculated mean brood-specific 

water temperatures for each of the embryonic, larval and jwenile periods of development. 

2.6 Zoophnkton Sampling 

Zooplankton samples were collected fiom rnid-May to late-July, encompassing 

the entire SMB reproductive season. Samples were coiiected from a fixeci station in each 

of the exposed and protected habitats in Jones Bay in 1988 and again nom 199 1 to 1993. 

The location of sampling stations remaineci the same each year. Fked stations were 

located in the iittoral zone in appr~xlmately 1 m of water ( typical location for SMB 

nests) . 

Samples were coiiected at 4-d intervals in 1988 and 1 or 2 wk intervals in other 

years. Seven samples were coiiected on each sarnphg date in each habitat. Samples were 

horizontaliy spaced at 2 m intervals, aligneci parailel to the shorehe. The location of each 

sample was marked using white plastic vials, anchored near the substnite. The vids 

faditated sampling, owing to the small inter-simple distance and also allowed samples to 



be colleaed at the same location throughout the season. 

The patchy nature of zooplankton distributions is weU documented (Malone and 

McQueen 1983; Pinel-AUoul, et al. 1988; Pinel-AUoul and Pont 199 1); howwer, the 

implications of patchiness for population processes in laxval fishes rernains controversid 

My objective in designing a strategy for sampling zooplankton was to determine variability 

in zooplankton abundance at spatial scales pertinent to SMB. As iarval fish-prey 

interactions typicaily occur at fine scales (MacKenzie, et al. 1990),1 chose to sarnple 

zooplankton at a horizontal spatial sale of two metres. Previous research has show that 

the dispersion of broods away fiom their natal nests increases dramaticaliy with offspring 

development, reaching a mean maximum distance of 12 m during the juvenile period 

(Friesen 1990). The cumulative distance between the 7 zooplankton samples in a site 

equalled 12 m, approximating the msucimum dispersion distance for broods in Lake 

Opeongo. 

Zooplankton samples (20 1) were coliected using an electric bilge pump (ITT Fluid 

Products, Guelph, ON, with a capacity of 40 1 min-') rnounted in the bow of a boat. 

Sampling at a site proceeded in an upwind direction to minirnize disturbance to the 

nirrounding waters. The bow of the boat was rnanudy guided into position by an 

individual standing alongside the boat. Upon reaching a plastic marker, a second 

individuai, standing in the bow of the boat, lowered a 2 m length of opaque tubing (20 cm 

diameter) ont0 the substrate, diredy over the plastic vial. This effectively isolated 

zooplankton organisms within the tubing. A long length of flexible tubhg (2.5 cm 

diameter), attacheci to the intake port of the pump, was used to wllect a 20 1 sample. 



Samples were filterd through 40 micron nitex nethg and p r e ~ e ~ e d  in 5% 

buffered fonnalin solution In the laboratory samples were sub-sampled and a minimum of 

250 specimens were idemified. A Wdd-Leitz microscope, mounted to a black and white 

camera and hterfaced with a computer work station was used to enurnerate samples. 

Results were expressed as density (numben x L-') and dry weight biomass (mg x m-3). 

Biomass of specimens was calculated from pubiished (Dumont, et al. 1975; Rosen 1981) 

length-weight regressions. 



Figure 2.1. Map of southern Ontario showing the location of Lake Opeongo. The field study was conducted in Jones Bay, 
situated in the South arm of Lake Opeongo. HLFR refers to the Harkness Laboratory of Fisheries Research (OMNR). 



ESTIMATED BROOD S U E  

Figure 2.2. The reiationship between estimated brood size (number of individuais in a 
brood) and real brood size for smallmouth bass in Lake Opeongo. Dashed lines indicate 
95% confidence Iimits. Sample size and coefficient of determination are indicated. 



Chapter 3 

Behavioral Ontogeny in Larvnl and Euly  Jwenile Smrllmouth Bass: 

Influence of Body Size and Brood Size 

3.1 Introduction 

Research into the causes of variabdity in fish growth has generated interest in six- 

related changes in foraging behaviour (Miller, et al. 1992). The foraging abilities of fish 

change considerably between first-feeding and metamorphosis (Werner and GiIliam 1984) 

and the importance of successfid feeding to growth and sumival during early Me history in 

fishes is generally accepted (Hunter 198 1; Houde 1987). In numerous fish species, early 

development is characterized by extensive morphologid, physiological and behavioral 

changes (Blaxter 1986; Govoni, et ai. 1986; Noakes and Godin 1988; Youson 1988; 

Mark, et al. 1989; Hunringford 1993; Post and Lee 1996; Poling and Fuiman 1997). 

Foilowing the onset of exogenous feeding, foraging efficiency improves rapidly in many 

fishes (Houde and Schekter 1980; Miller, et al. 1992), and changes in foraging ability can 

dramatically influence growth and s u ~ v a l  of young-of-year (YOY) fishes (Luecke, et al. 

1 990; Wu and Culver 1 992; Rice, et al. 1993; Olson 1996). 

Ontogenetic niche shifts, characterized by changes in habitat use and diet, are 

comrnon in many species of fish (Werner and Gilliam 1984). For example, sïze-related 

diet shifis enable individuals to capture and consume progressively larger prey (Osenberg 

and Mittelbach 1989; Olson 1996), while ontogenetic habitat shifts are reiated to foraging 

rate-predation nsk trade-offs (Wemer, et al. l983a; Werner, et al. l983b). Diet shifts 



have been shown to dramatically increase fim-year growth in related centrarchids 

(Osenberg and Mmelbach 1989; Olson 1996) and other species (Stergiou and Fourtouni 

199 1; Buijse and Houthuijzen 1992). Importantly, high growth during early development 

is critical to both the occurrence and timing of ontogenetic diet shifts (Olson 1996). 

Smallmouth bass (Microptems dolonrieu, henceforth SMB) also undergo an 

ontogenetic diet shift, as juveniies shifi 6om planktivory to benthivory shortiy after 

dispersal fiom male territories (Clark and Mancini 1980; Easton, et al. 1 996). The diet 

shift in SMB may also be dependent on early growth rates of larvae. One of the potential 

factors affecUng gowth rates during the larval and eady juven.de periods of development 

is intraspecific competition for food rewurces. As larvae grow, the benefits of shoaling 

may decrease relative to and become out-weighed by the costs of competition for food. 

Despite the extensive fiterature available on SMB, there are few detailed examinations of 

behavioral ontogeny during the early Me history penods. Moreover, to my knowledge, no 

long-tem field studies of first-year growth and mortality have quantifieci the behavioral 

ontogeny of YOY in relation to local food densities, body size or brood size effkts at a 

fine scale. 

This chapter investigates the dynamics of behavioral ontogeny of larval and 

juvenile SMB during the parental Gare period of development. Observations were 

recordai at two levels: individual fish and entire broods. At the individual Ievel 1 

examineci changes in swimming speed, foraging rate, agonistic interactions and nearest 

neighbour distance. At the brood level, 1 examined changes in dispersion (m') of lame 

between first-feeding and metamorphosis. Behaviour at both levels were examllied across 



body size and brood-size category, and describe and q u w  the ontogeny of social 

behaviour in a naturd population of SMB. The behavioral observations were designed to 

detemine the d e c t  of body size and brood-size category on variation in behavioral 

ontogeny of lamai and early juvenile SMB. If YOY SMB are food-hnited I predicted that 

foraging rates would be lower and agonistic rata higher in large broods than in srnaii 

broods. In addition, 1 cumpared prey abundance within and adjacent to SMB broods to 

evaluate the impact of foraging by YOY on prey resources. If YOY SMB are food- 

Iimited, 1 predicted that they would have a negative eEkt on prey densities near the nest. 

This study addresses important aspects of the ecology of YOY fish, since foraging 

success at these early Life hiaory stages determines growth and swival rates and 

ultimately, can affect rmitment to the adult population. In addressing these objectives, 1 

adopt a non-traditional approach in larval fish studies and base the shidy entirely on 

undenvater sampling and observations. 

3.2 Methods 

Data were coiiected in the South section of Jones Bay fiom 199 1 to 1993 during 

the SMB reproductive season. Beginning in late May, daily shoreline swims, using mask 

and snorkei, were conducted to locate new nests and detennine the statu of established 

nests. New nests were rnarked with a numbered brick placed on the substrate adjacent to 

the nest. Parental males were captureci by m g h g  and were measured, tagged and 

released near their nests. 



3.2.1 General Procedures 

1 d y z e d  behaviour of S M B  ofipring at two levels: brood (fàmily) and 

individual. A synopsis of the behavioral siudies conducted in 199 1. 1992 and 1993 and 

the associateci independent variables are lia& in Table 3.1. Size-related (total length = 

TL) changes in behaviour were recorded with fish wah average TL'S of 9.5, 1 4.0, 1 8.5 and 

28 mm. YOY averaging 9.5 and 14.0 mm representd larvae in the early and late larvai 

phases of development and are here referred to as early and late lawae, respectively (see 

Chapter 2 for description of development intervais). YOY averaging 18.5 and 28 mm 

were recently metamorphoseci and predispersal juveniles, respdvely . Estimates of 

brood dispersion were conducted in 1992 on similar-sized ofipring. Length at age of 

YOY dEered slightly among years, due to variation in developmental rates related to 

temperature. The interval of time over which behaviorai recordings were conducted 

within a season ranged from 3 - 4 weeks, due to inter-nest variation in both the spawning 

date of males and developmental rate of offspring. Sample sizes for al1 behaviour 

recorded are listed in Table 3.2. 1 estimateci brood size (nurnber of offspring in a brood) 

for all broods in the snidy are.  (describeci in Chapter 2). For the purposes of this chapter, 

brood sUe estirnates were grouped into three brood-size categories as follows: smaii 

(< 500), medium (500 - 1500) and large (> 1500) individuals. 

3.2.2 Behaviour of Individuals 

During the 199 1 and 1 993 nesting seasons, swimming speed, foraghg behaviow, 

agonistic interactions and nearest neighbour distances of YOY SMB were recorded. AU 



behaviour recorded was conducted in Lake Opeongo under n a d  conditions and 

folowed a standard procedure. Broods, in which 1 recorded individuai behaviour, were 

randomly selected fiom the set of al1 active nests in the study area. Obsewations were 

made using the focal animal technique (AItrnann 1974). DuMg each focal period ( 2 min) 

the behaviour of only one fish was recorded. A focai period commenced by randomly 

seleaing a fish for observation. T h e  was logged with a stopwatch and the focal period 

commenced 10 s after initiai identification of the trial fish. Mi observations were recorded 

with an undenvater date and grease pencil by a swimmer using mask and snorkel. Young 

SM33 did not appear to be disturbed by the presence of the swimmer (the author), who 

remaineci nearly motionless while observing. 

Swimming Speed 

In 199 1 I examined the effect of brood-size category ( s d l  vs. large) on YOY 

swimming speed. During the 1993 reproductive season I examined swimming speed in 

relation to body size (TL) and habitat type (exposed vs. protected). Because of the 

enonnous practical difficulties associated with measuring sustained swimming speed under 

natural conditions (Beamish 1978), I used a simple experirnentd approach that wodd 

provide meaningfbi data in an ecological sense and ais0 be of value to the broader field of 

larvai fish ecology. 1 estimated swimming speed, defineci here as total distance 

(cm) traveiied dong the swimming path divided by the duration (seconds) of the 

observation. The horizontal and vertical components of the swimming path of randomly 

chosen fish were measured independentiy (see Table 3.2 for sample sizes). For a &en 



brood, 1 fk t  recordeci the horizontal rnovement of focal fish, &er which the verticai 

movement of other focal fish was measured. Swimmhg speeds were recorded in cm s". 

To measure the horizontal swVnming path, a rectangular grid constructed of 3 cm 

PVC tubing, and measuring 2.5 x 3.5 m, was piaced on the substrate near the nest. Lead- 

core iine was used to divide the grid into 25 cm2 units. To record the horizontal 

swimming path of fish, a grid pattern identical to the large grid positioned on the littoral 

substrate was etched ont0 the dates. The path of a fish was continuousiy recorded on an 

underwater slate using a grease pend. 

To facilitate tracking the vertical swimming path of fish, 7 metal rods, 1 50 cm in 

length and 2 cm in diameter, were positioned upright in the water near the nest. The 

length of each rod was divided into 15 cm segments, each segment marked a difFerem 

colour using water-resistant paint. The vertical position of a fish could be determineci 

more easily by noting its position relative to the coloured segments. To record the vertical 

movement of fish, the depth profile of the littoral zone was etched ont0 the slates. The 

depth profle on the slates was divided verticaily so as to mimic the 15 cm coloured 

segments of the metal rads positioned in the M e .  

in the laboratory, 1 copied the swimming paths of fish from the slates ont0 graph 

paper. To detennine sustainable swimming speed, I overlaid the graph paper onto a 

screen monitor and traced the nvimming path. Mer  adjusting for scale, the path length of 

the tracing was sent to a microcornputer by a digitking tablet ( T e d  Display Systems 

Ltd). Swimmùig path leagth was divided by focal period duration to detennine sustainable 

swimrning speed for each fish. Mean sustainable swimming speed for a brood was 



calculated as the mm of the mean sustainable speeds of individual fish divideci by the total 

munber of fish observeci and was calculated independedy for the horizontal and verrical 

component S. 

Foraging Behaviour 

No attempt was made to estimate foraging success of YOY SMB, because of the 

s m d  size of prey organisms they consumed. 1 examineci the foraging behaviour of fish 

across body size (TL) and brood-size categories (srnall, large). For each body six-brood- 

size category combination, 1 examined the behaviour of 10 randomly chosen fish in each of 

three broods. A total of 180 fish were observed. Behaviour recorded were determineci 

during prelimlliary obsemations conducted in 1991 and follow those described by Brown 

and Colgan (1984). Foraging behaviours are described as follows: 

1) Onentate: Response of fish to a prey item involving alignment of the fish to face 

toward the prey. 

2) Fixate: Pause between orientation and caphuing aa, with flexing of the body axis. 

3) Lunge: A prey-capture response in which the body of the larvae assumes an S-shaped 

position followed by the rapid forward movement of the larvae toward its prey. 

4) Bite: A rapid lunge at prey item; however, no s-strike posture precedes it. 

5) A n d  rate: Equals the sum of s-strikes and bites divided by the foraghg t h e .  



Agonistic Interactions 

Preliminary observations in 199 1 were conducted to determine the &kt of brood- 

size category (small vs. large) on the frequency of agonistic behaviour in recentiy 

metamorphosed juvedes (Table 3.1). 1 next investigated how agonistic behaviour 

Mered acrossbody size(TL=9.5, 18.5, 28.0 mm) andyear(1992, 1993). Since 1 was 

examining the developmem of agonistic behaviour in very young fish, behaviour recorded 

consistai of simple modal action patterns (MAPs) (Cole and Noakes 1980). Due to the 

low frequency of agonistic interactions among larvae in 199 1 -1  decided to masure 

agonistic behaviour only once during the l a n d  period in 1992 and 1993, but twice during 

the juvenile period, when agonistic behaviour appeared to increase. 1  examined the 

behaviour of 10 randomiy chosen fish &om each of 5 broods for each body size (TL)-year 

combination in 1992 and 1993 (Table 3.2). Behaviours recorded were: 

1) Chase: A rapid darting approach toward another fish without making direct contact. 

2) ficqw: A fish accelerated away nom a threatening fish. 

3) Avuid An obvious change in direction of movement of the focal animai away from 

another fish that was approaching or being approached by the focal animal. 

Nearest Neighbour Distance 

1 examined the nearest neighbour distance (NND) of fish across body size (TL) 

and brood-size category (srnall and large) at two locations (central and peripheral) within 

broods (Table 3.1). Fifteen fish were randomly selected for observation in both the central 



and peripheral positions in each of three broods for each body ske (TL) brood-size 

category combination (Table 3.2). A fish was dehed as centrai if the distance between it 

and the estima& central point of the brood was less than the shortest distance between 

the fish and the nearest edge of the brood. For a fish to be defined as peripheral, the 

distance between it and the nearest outer edge of the brood could be no greater than 1/4 

the distance between it and the centre of the brood. Defined in this way, a butfer region 

existed between cenuaiiy and peripherdy positioned fish. 

I estimateci nearest neighbour distance as the distance between the nose of the 

focal fish and the nearest part of the closest neighbou~g fish. 1 expressed this distance in 

t e m  of 'YOY body iengths' and then assigned it to one of four nearest neighbour 

intervals (Table 3.3). Each interval corresponded to 4-body lengths and the &point for 

the four intervais corresponded to 2, 6, 10 and 14 body lengths. NND's > 16 body lengths 

were arbitrarily adjusted to 16 to maintah consistency among intervals. 1 expressed NND 

in rnillimetres for each sample tirne-nearest neighbour interval by multiplying YOY TL by 

the midpoht for each nearest neighbour interval. 

3.2.3 Brood Dispersion 

1 recorded brood dispersion d u h g  the 1992 nesting season. By brood dispersion I 

refer to the d a c e  area of water occupied by a brood within the temtory of a parental 

male. Brood dispersion was rneasured across two independent variables: body size (9.5, 

14.0, 1 8.5 mm) and brood-sire category (srnail, medium, large). Ten neas in each brood- 

size category were randomly selected f?om the entire set of active nests in the study area 



for measurement at each of the three sarnpling times. An insuflicinnt number of nests in 

the large brood-site category at the final sample time redted in an unbalanceci M V A  

design (Table 3.2). 1 also eXamined the Muence of body size and brood-size category on 

YOY density within SMB broods. Density estimates were obtained by dividing brood 

dispersion estimates by brood size estimates for each nest. 

Brood dispersion was measured between 1000 and 1600 h by a tearn of two divers 

using mask and snorkel. Upon locating a brood, the divers swam slowly around the 

penphery of the brood, placing 1 0 to 1 5 coloured markers on the substrate to indicate the 

broods position. Afker aii rnarken were position&, the be-g (degrees) and distance 

(cm) of each marker f?om the centre ofthe guarding d e ' s  nest was meanued using a 

compas and tape masure. Bearing and distance measurements were converted to 

Cartesian coordinates and a fortran coded algorithm was used to determine the minimum 

convex polygon as an estimator of brood dispersion. 

3.2.4 Behaviour Analyses 

Two-way ANOVA models that included the interaction tenn, were used to analyze 

individual-level behaviour, with the foliowing exceptions. In 1991 1 used a two-sarnple 

T-test to test for the one-tailed hypotheses that mean swimming speed and mean 

fkquency of agonistic acts of juvenile S M B  (TL = i 8.5 mm) in the srnail brood size 

category s that of juveniles Ui the large brood-size category. To analyze nearest 

neighbour distance (NND) I used a repeated measures ANOVA, with two grouping 

factors (body size and brood-sle category) and one trial fkctor (location). In ali analyses, 



individual fish selected for obsenmtion were treated as sub-samples and mean brood 

values for each behaviour were used in M e r  analyses. A two-way ANOVA mode1 was 

also used to analyze brood dispersion data. When necessary, behaviour data were log 

transformed (in (x+l) to nomralize for analyses (Zar 1984). In al analyses the level of 

si@cance was set at 5% (alpha = 0.05). Tukey's a posteriori multiple cornparison test 

was used to distinguish between treatment means. 

3.2.5 Prey Abundance 

Zooplankton samples were collected at weekly or bi-weekiy intervals during the 

1993 field season (see Chapter 2 for methods). Samples were collected fi0111 two fixed 

stations within the SMB spawning habitat and analyzed for total biomass and density. 

In 1993,I also measured zooplankton biomass within, and immediately adjacent 

to. SMB broods for evidence of resource depression by YOY SMB. Zooplankton 

samples were collected at five nest sites at metamorphosis and again five &YS later. TWO 

samples were collected from each nest site, one from directly within the foraghg brood 

and a second fiom outside the brood. The within- and outside-brood sarnples were 

intended to be representative of zooplankton biomass prior to and foUowing exposure to 

feeding by YOY SMB, respectively. Sarnples collecteci fiom outside the broods were 

dways located upwind of the brood. Samples consisteci of three 10 1 replicates which 

were pooled, filtered through a 40 pm screen and piaced in 5% bufFered formalin solution. 

Sampie replicates taken from within the brood were coiiected fiom 3 different areas withlli 

the brood. Samples coliected outside the brood were taken at a point approhte ly  15 m 



nom the brood with replicates spaced 2 m apart, parailel to the shoreiine. Zooplankton 

sampfes were sub-sampled and a minimum of 250 specimens were idemifieci. Red t s  are 

expressed as density (individuals l*') and dry weight biornass (mg me3). 

1 usai a one-taila paired cornparison T-test on logatithmic (log) transformeci 

data to determine if foraging by juvenile SMB causeci a reduction in prey density and 

biomass. Zooplankton density and biomass were compared among groups (within- and 

outside- brood samples) at metamorphosis (TL = 18.5 mm) and again jua pnor to 

dispersal (m = 28.5 mm). A sigiilncance level of 5% (alpha = 0.05) was chosen as the 

critical level of dserence among groups. 

3.3 Resuits 

3.3.1 Brood Sue 

In 1992,92 nests were found in South Jones Bay, of which 72 reached the larvai 

period (£kt-feeding) of development. Brood size estimates at first-feeding ranged nom 

17 to 5900 and the size distribution of broods was highly skewed towards lower numbers 

(Fig 3.1). Of the nests in which young s u ~ v e d  to h-feeding, 1 5% had < 500 (category 

l), 28% contained 500 - 1500 (category 2) and 57% had > 1500 individuals (category 3). 

3.3.2 Behaviour of Ind~duals  

Swirnming Speed 

Mean sustained swimming speed of juveniies did not M e r  between srnail and large 

brood-size categories in either the horizontal (T = 1.86, p = 0.275 ) or vertical (T = 1.130, 



p = 0.291) direction. Aso, mean horizontal swimmllig speed of YOY inaeased 

significantly with YOY TL, (F, = 421.68, p < 0.0005). Mean horizontal swimmllig speed 

of 9.5, 14.0 and 18.5 mm YOY averaged 8.3, 16.3 and 24.6 mm s-', respectively (Figure 

3 -2). Tukey's multiple cornparison test showed that horizontal swirnming speed differed 

sigdcamly among aiI three body sizes. Mean swimming speed in the horizontai 

component also differed significantiy across habitat type (F,, = 8.85, p = 0.006). ln the 

exposed habitat, mean horizontal swimming speed increased by 1 18% between the early 

larval (TL = 9.5 mm) and Iate land phases (TL = 14.0 mm), but increased by ody 40% 

between the Iate lama1 phase and the early juvenile period (TL = 1 8 mm). Similady, in the 

proteaed habitat mean horizontal swimming speed increased by 127% between the w1y 

and Iate lavai phases, but oniy by 29% between the Iate l a n d  and early juvenile period. 

Although the percentage increase in mean horizontal swirnming speed with body size was 

sirnilar across habitats, the average horizontal swimming speed of YOY in the protected 

habitat remained higher than values in the exposed habitat at aU three body sizes. 

The mean vertical swimrning speed also differed significantly across body size 

(FLM = 365.46, p < 0.0005). Tukey's multiple cornparison test indicated that vertical 

swimrning speed differed significantiy at aii three body sizes. Mean swimmuig speed in the 

vertical cornponent also differed significamly across habitats (F,,, = 1 1.69, p = 0.002), 

such that mean swimming speeds of offspring in the protected habitat were higher at al1 

three body sizes. The percentage increase in mean vertical swimming speed showed the 

same generai pattern observed in mean horizontal swimming speed. In the exposed 

habitat, mean vertical swimming speed increased by 109% and 48% bmeen the 9.5- 14.0 



and 14.0-18.5 mm length intervals, respectively, whiie values increased by 138% and 17% 

for the same body length intervals in the protected habitat. 

YOY utiiized the entire water column while foraging; however, the 1- of the 

horizontal swirnming path h y s  exceeded that in the vertical plane. This was not 

surpnsing, given the shaiiow depth (< 1 m) of littoral-zone water occupied by SMB 

broods. The length of the vertical swunming path equalfed 4 9 4 5  and 37% of the length 

of the horizontal swimmllig path for 9.5, 1 4.0 and 1 8.5 mm YOY, respectively. Given 

that the average depth of water occupied by broods was < 10% of the average maximum 

dispersion distance of broods from their nests (Friesen 1990). the length of the vertical 

swimming path, relative to the horizontal path, was considerable. 

Foraging Behaviour 

There was considerable variation in first feeding date among broods wbich reflects 

the consistent inverse relationship between male size and the seasonai timing of spawning 

(Ridgway, et ai. 199 1). Offspring from nests spawned early in the season began active 

feeding on June 18, while young fiom nests spawned late in the season initiated feeding on 

Iuiy 02. Less than 10% of first-feeding larvae made no feeding attempts during the two 

minute focal period and the percentage of non-feeders declined to nearly zero in late larval 

and early juvenile YOY. 

AU five foraging behaviours differed significantly across YOY 'IZ (Table 3.4). In 

contrast, no signincant 

behaviours was found. 

effm of brood-ske category on any of the obsewed foraging 

Frequency of Orientate increased positively with YOY TL and 



Tukey's test showed that the fkequency of On'entate of 9.5 mm larvae was significantiy 

lower than that observed in 14.0 and 1 8.5 mm YOY, &ch did not M e r  (Fig. 3 -3 a). 

FrUlte increased during the larval penod, but declined draniatically following 

metamorphosis (Fig. 3.3b). Tukey's test showed that the fiequency of Fime was 

siuficantly lower in jweniles than larvae at both sampiing times? which did not M e r  

f?om each other. The frequency of Lunge showed a very similar pattern to that observed 

for Fixare (Fig 3 . 3 ~ ) .  However, as fish did not lunge at al1 prey items on which they 

b t e d ,  the number of luges occurring during a focal period was often lower. Tukey's 

test showed that fkquency of Lunge dif5ered among ail three body sizes. The frequency 

of Bite increased with YOY TL and differed significantly among ali three size classes 

(Fig. 3 -3d). Attuck rute increased positively with YOY TL (Fig. 3 -3e). Tukey's test 

showed that Attack rate of 9.5 mm larvae was significantly lower than observed in 14.0 

and 18.5 mm larvae and juveniles, which did not mer. 

Agonistic Interactions 

Larvae foraged actively at first-feeding, but interacted littie with siblings. 

Consequently, few or no agonistic behaviours were record4 among first-feeding lame, 

and analyses were conducted only for the two juveniie sample tirnes in 1992 and 1993. Al 

three agonistic behaviours differed significantly across YOY TL (Table 3.5). Between the 

two juvenile samphg periods, the fiequency of Choses, Escapes and Avordr increased by 

1 25, 1 5 7 and 1 î6%, respectively. Agonistic behaviours increased iinearly with YOY TL 

(Fig 3 -4); however, the daily rate of increase in agonistic behaviours was considerably 



higher following metamorphosis. This was due to the high absolute growth rate of 

juvdes, relative to lawae. 

In contrast to YOY TL? the frequency of agonistic behaviours did not m e r  mong 

years, nor was the frequency of Chases (T = 1 -9 1, p = 0.100 ), E s c q s  (T = 1-89, p = 

0.094) and A wids (T = 1.1 7, p = 0.273) in recentiy metamorphosed juveniles sigmficantly 

related to brood-size category. My results demonstrated a consistent annual pattern in the 

fkequency of early agonistic behaviours, despite large differences in the chronologid age 

of fish at progressive developmentai intervals. 

Nearest Neighbour Distance 

There was a signifiant positive increase in NND with increasing body size 

(Fig. 3 3, however brood-size category had no signincant effect on NND (Table 3 -6). 

There was also a sigmficant difference in NND between offspring located near the centre 

of the brood and those located near the edge. The NND for 9.5, 14.0 and 18.5 mm YOY 

located in the periphery of the brood was 57,35 and 33% geater than that of YOY 

located in the centre of the brood. The location-TL interaction term was marginaily 

sigrilncan? and likely resulted fiom the extremely small sample size. 

3-32 Bmod Dispersion 

hiring the 1992 nesting season, 1 recorded foraging movements of 98 broods 

during three developmental intervals in South Jones Bay; 30 broods at each of the two 

larval sampling intervals and 28 broods at the juveniie sampling in tena resdting in 



unbalancd 2-way ANOVA. 

The area of water occupied by broods increased signincantly with YOY TL 

(Fz,, = 149.55, p < 0.00 1) and brood-size category (FZ8, = 67.2 1, p < 0.001). At first- 

feeding (TL = 9.5 mm), brood dispersion averaged 0.8, 2.6 and 5.8 m-2 for the small, 

medium and large brood-size categories, respectively . Upon raching metamorphosis, 

brood dispersion had uicreased dramaticaüy, averaging 14.8, 36.7 and 64.1 m' for the 

smali, medium and large brood-size categories. Thus, area of water occupied increased by 

an order of magnitude between first-feeding and metamorphosis, regardless of brood-sue 

category. The dispersion of broods increased linearly with body size across all brood-sire 

categones (Tig. 3.6). Tukey's test showed that area of water occupied by broods differed 

among all three body sizes. Similarly, Tukey's test showed that the area occupied by 

broods difFered across al1 3 brood-size categories. 

Brood density showed a significant seasonal deche with body size (FLgI = 196.52, 

p < 0.0005); however, brood density did not m e r  across brood-sue category at any of 

the developmentai intervals (F,,, = 2.3 1, p = 0.29). The, seasonal decline in brood density 

appeared to be brought about through the concomitant increase in brood dispersion and a 

decline in brood size. 

3.3.4 Prey Abundance 

The period fiom late May to mid-July was marked by large changes in zooplankton 

density and biomass. Values peaked in early lune, approximately 2 weeks prior to the 

initiation of exogenous feeding of YOY SMB. Peak density and dry weight biomass on 



09 Juae averaged 23 individuals 1'' and 155 mg mS3 respectïvely. At this time, the 

ciadocemn, Pol'emuspedictli~~~, comprised 85% of the total biomass. In late June, at 

which time S M B  oGpring had initiateci exogenous feeding, zooplankton density and 

biornass had dropped sharply, averaging 15 1-l and 45 mg m-3, respectively (Fig. 3.7). 

During the larvd period of SMB development, zooplankton density in the exposed 

habitat was higher than that rneasured in the protected habitat (Table 3.7). In contrast, 

zooplaokton density during the juvenile period of developrnent was higher in the protected 

habitat. Zooplankton biornass was higher in the exposed habitat during both the larval and 

juvenile periods of SMB development. This seasonal variation in prey abundance 

contributeci to a sigrilficant interaction between habitat type and sample date for 

zooplankton density and biomass (Table 3 -8). 

1 rneasured the impact of foraging by juvenile SMB on zooplankton density and 

biomass twice during the parental care period of development (Fig. 3.8). The diet of 

young SMB at this time consisted primarily of zooplankton found within the water column 

(pers. obs.). 1 found no significant Merence in either the density or biomass of 

zooplankton b-tween treatments (inside versus outside brood) at either of the sample 

times (Table 3 -9). 

3.4 Discussion 

3.4.1 Behaviour of I n d ~ d u a l s  

Swimming Speed 

Results showed that sustained swimming speeds of juvede SMB did not dif5er 



across brood-size category. As focal obsenmtioo times were standardized for 

experimental fish (2 min), my results also indicated that the mean length of the swimming 

path did not daer  across brood size category. Also notable was that feeding rates of 

young SMB did not dEer across large and s d  brood-size categorks (discussed below). 

Given the large diierence in the number of individds per brood between small and large 

brood-size categories and the low prey densities in Lake Opeongo (25-30 TL), 1 had 

anticipated longer nwnmuig paths and/or higher swïrnming speeds for individuais in large 

broods. Lack of an effêct of brood-size category on mean swirnming speed may have 

been a consequence of spacing between individuals to d u c e  cornpetition for prey 

resources, as individual-Ievel (nearest neighbour distance) and brood-levd (density) 

estirnat es sho wed no dserence across brood-size categories. 

When expressed in body lengths S-* (BL s'l), sustained swirnming speeds of young 

SMB increased approximately proportiondy to body length during the l a r d  and eariy 

juvenile period of development, similar to the pattern generaily observed in lamal fish 

(Blaxter 1986). The pattern of increasing swimming speed (mm TI) with body size is 

consistent with that of other species, inciuding northem anchovy Engraulis mordm 

(Hunter 1 972). Atlantic hemng CZupea harengus, plaice Pleuronectes platessa (EMich, 

et ai. 1 W6), and black sea bream Acmthopgrus schlegeii (Fukuhara 1987). Like SMB, 

these marine species swim nearly wnstantiy. Zebra danios Dmio rerio, in contrast, travel 

much greater distances per unit tune, despite spending relatively less time swimming 

(Fuiman and Webb 1988). Such large Merences in swùnmllig speed may be attributable 

to ciifferences in morphological development (Fuiman and Webb 1988) or swùnming mode 



(Webb and Weihs 1986). S M B  larvae appear to be relativeiy slow Swilnmers at f h t  

feeding and this may be due to their large yoik sac and the presence of the continuous 

median fin fold. However following différentiation of the median fin fol4 sustalliable 

swimming speed increased by 12W. This is comparable to the inaease in sustainabie 

swimming speed of wdeye Stizostedion vitreum, which doubles between first feeding and 

complete yok absorption (Houde 1969). 

Estimating swimming speed under n a d  conditions required that movement in 

the horizontal and vertical planes be mea~u~ed separately. Notable in my study was that 

distance traveiled in the vertical plane equailed 3540% of the distance travelled in the 

horizontal plane, comprising a si@cant component of the total distance travelied. Thus, 

resdts of my study suggest that young SMB may be capable of searching larger volumes 

of water than previously reported in laboratory studies. These redts  have important 

implications for prey encounter rates under natural conditions, as swVnming speed, 

together with reactive distance, determines the volume of water young fish are capable of 

searching (Hunter 198 1; Blaxter 1986). 

Sustainable swimming speed of young SMB in the horizontal plane compared 

closely with values estimated for simiiar-sized largemouth bass juveniles under iaboratory 

conditions (Larimore and Duever 1968). However, no studies have estimated swirnming 

speeds of laml  and early juveniie centrarchids in the field and cornparisons between 

laboratory and field situations must be made cautiously. Laboratory estimates of 

nvimming speeds of larval fish in tanks rnay generaily be low (Houde and Schekter 1980), 

spatial constraints, imposed by container size, in conjunction with sensory deprivation, 



may serve to restrict fish movement in laboratory settings (Blaxter 1970). For example, 

von Westemhagen and Rosenthai (1979) show swimming speed of the Pacinc herring 

CIupea b e n g u s  p a i h  larvae in the laboratory to be neariy 5 W  below the value 

obtained under natural conditions. Cornparison of YOY swimming speeds in the field 

with those conducted in swvnming f lues  must be made with equal cautioq as swimming 

speeds of larvae in flumes, measured in BL se', are generally 3x higher than those for 

larvae moving f k l y  in tanks (Blaxter 1986). Not surprisingly, horizontal sustainable 

swimmiag speeds (BL s") of SMB in rny study were lower than average aistainable 

~wimming speeds of other fkshwater perciformes in swimniing flumes, including 

largemouth bass (Laurence 1 972), yeiiow perch Percaflawscenî (Houde 1969) and 

striped bass Morone s~acitilis (Meng 1993). 

Swimmuig speeds of YOY in the protected habitat were consistently higher than 

those in the exposed habitat. Previous snidies have demonstrated that land fish alter their 

swimming speeds in response to changing prey conditions (Hunter and Thomas 1974) and 

may increase encounter rates by swimming faster at low prey densities (Munk and Kierboe 

1985). Although zooplankton biomass tended to be higher in the exposed habitat, values 

did not dEer significantly. Thus, prey biomass alone did not explain the Merence in 

swimming speed across habitat types. 

For the purposes of this midy, Jones Bay was divided into two major habitat 

types, based on their exposure to prevailing north-westerly winds (see Chapter 2). 

Although 1 did not condua systematic measurements of water turbulence, the impact of 

wind-generated turbulence on the foraging behaviour of young SMB was observed 



underwata. Under al1 but the most severe wind conditions, young SMB in exposed 

habitat oftm oriented directiy into the m e n t ,  intercepting prey item delivered by wind- 

generated turbulence. This type of foraging behaviour was rareIy observed in young SMB 

fiom broods located in the protected habitat. To cconfinn these observations, 1 determineci 

the direction of sudiace water flow for broods in both protected and exposed habitats and 

then estimated the orientation of individual fish (n =30 per brood) with respect to the 

direction of nirface water flow (data not anaiyzed). Subsequent analyses of these data will 

cfarify whether the orientation of individuals with respect to the prevailing inshore m e n t  

difFers between broods located in exposed and protected habitat. 

Rothschild (1 986) suggests predator-prey contact rates based only on the relative 

density of predator and prey underestirnate contact rates, shce contact depends on both 

the relative density and the relative velocity of predator and prey . Rothschild and Osbom 

(1988) show anaiytically that even under moderate water turbulence, predator prey 

contact rates are higher than those computed for relative density alone. Similady, 

MacKenzie and Leggett ( 199 1 ) using simdations, found that encounter rates between 

marine fish and nauplii were senously underestimated by excluding the contribution of 

smd-scde turbulence, especially at low prey densities (i.e. s 3 5 1"). 

The contribution of sd-scale  turbulence to feeding rates of larvai fish is 

supported by ment field studies. Sundby and Fossum (1990) show that the feedhg rate 

of lama1 cod Godus morht~a, hcreases dramaticdly with inaeasing wind speed, while 

MacKenzie et al. (1990) detennine that the feeding rates of l a r d  fish coikted at sea are 

higher than predicted laboratory values in which turbulence is absent. Kbrboe and Saiz 



( 1995) demonstrate that cniising predators, like many fish hm, ben& fiom turbulent 

fluid motion ody at relatively high turbulent intensities. This suggests that the effkt of 

turbulence on contact rates between young SMB and their prey may be greatest in the 

e x p o d  habitat. 

Srnall-scale turbulence can act to increase predator-prey contact rates and the 

discrepancy between findings Ui the laboratory and field may result Eom the failure to 

account for s d - s a l e  effects ( M a c K e ~ e  and Leggetî 1991). However, most larval fish 

studies undertaken on large spatial scales have not considered, or have been unable to 

determine the importance of larval behavioral responses to prey dynamics at these srnaller 

d e s  (Hunter and Thomas 1974; Munk and Wrboe 1985). In my study, measures of 

swimming speed, foraging behaviour and prey abundance were undertaken at fine scales. 

Furiher studies are needed to evaluate the importance of water turbulence to swimming 

speeds and prey encounter rates of young S M B  at these fine scales. 

Foraging Behaviour 

The frequency of Lunge dropped sigiuficantly following metamorphosis, consistent 

with previous results for SMB (Brown and Colgan 1985a). As Bite replaced Lunge as the 

prey capture mode, the manner of feeding by poa-metarnorphic juveniles more closely 

resembled that of older juveniles and adults. Fixae, a behaviour associateci with early 

development in fish (Braum 1978) and possibly incorporateci into the act of Orientate Ui 

later development (Brown and Colgan 1984) generally preceded Lunge. Unlike the 

consistent decline in the fiequency of Fixate with development reported in SMB by 



Brown and CoIgan ( 1985a), F i t e  increased between the eariy larval and late larval 

phase- prior to dropping significamly foilowing metamorphosis. The difference in the 

results of the two studies may be due to the turbulent lake environment, compared to the 

static conditions of the laboratory. The need to Fiune pnor to stdÛng at prey may be 

greater in a turbulent environment, when swimrning ability is poorly developed in lamie- 

and abiotic conditions and prey abundance interact to create dynamic feeding conditions. 

Changes in the fkequency of feeding behaviom of young SMB were stmngly 

associated with YOY total length. Moreover, changes in the frequency of behavioral acts 

corresponded with specific thresholds that separated developmental intervals during early 

ontogeny. For instance, the frequency ofFixate and Lunge decreased sigdicantly 

foilowing metamorphosis. 1 also observed a consistent year-to-year pattern in the onset 

and deciine in foraging and agonistic behaMours with body size, despite large differences 

in developmental rate among years. This is consistent with the finding that age is much 

more variable than size at metamorphosis in this population Fnesen (1990). My results 

support the suggestion by Brown and Colgan (1985a) and Miller et al. (1992) that 

research related to behavioral ontogeny of fishes be addressed within a size-based 

framework, as opposed to one based on age. 

Following dispersai, juveniles remained nearshore, where they foraged in a solitary 

manner close to the protective cover of boulders. This foraging mode contrasted sharply 

with the shoaling behaviour of younger SMB while under parental care. Prior to dispersal, 

young SMB fed primady on suspended zooplankton. These observations are consistent 

with earlier research on this population, showing that the diet of recently metamorphoseci 



jweniles consists primarily of cladocenuis (Waies 1981). However, the fiequency of 

benthic foraging by juveniles increased just prior to dispersai in aü years (pers. obs.), as 

previously noted by Ridgway ( 1989). W i c W  (1 920) aiso report a SM h m  a diet 

composed entireiy of zooplankton to a màred diet composed of increasing numbers of 

immature insects as young SMB reached 16 mm in length. Mers (Coble 1975; Clark and 

Mancini 1980; Easton, et al. 1996) also note the Uicreasing seasonai importance of 

immature insects in the diet of YOY SMB. Thus, the change in feeding mode following 

metamorphosis may signal an ontogenetic shifi in resource use (Werner and Gîliiam 1984). 

Post and McQueen ( 1994) demonstrate that variabdity in growth rates of YOY perch, and 

subsequent shifts in diet or habitat use, may be mediateci through densitydependent 

cornpetition for prey. 

Agonistic interactions 

The pattern of increasing fiequency of simple aggressive modal action patterns 

(MAPs) with offspring size is consistent with earlier observations on closely related 

centrarchids (Brown and Colgan 1985b). The fiequency of Chases and Escapes in young 

SMB in my shidy was much lower however, than that determined for laboratory-reared 

largemouth bass (Brown and Colgan 1985b). For fish of similar size (ie. 28 mm), the 

frequency of Chase and ficupe in SMB was lower than values observeci in largemouth 

bass by nearly an order of magnitude. Additiody, the total iength of SMB when 

agonistic behaviour first appeared was lower than that recordeci for largemouth bass by 

Brown and Colgan (1985b). The low fiquency of agonistic acts in SMB broods under 



naturai conditions may have been a consequence of spacing arnong individuals to reduce 

aggression. The average density in SMB broods at metamorphosis was 88 individuais m-33. 

In contrast, the stocking density in Brown and Colgan's (1985b) 90 1 experimental tanks 

ranged f?om 150 (1660 rn'.') individuals inindy to 30 (330 m-33) per tank by the end of the 

experiment. Thus, the density of juvenile SMB in my study was at least 4 times lower 

than that of largemouth b a s  in Brown and Colgan's (1985b) study. 

The distribution of prey resowces in Lake Opeongo may also have contributeci to 

the low frequency of agonistic behaviour observed in young SMB. Zooplankton density 

and biomass showed hi& variabfity, both temporally and spatially. The concept of 

economic defendabiiity states that animals wiU only defend resources when the benefits 

exceed the coas of defence (Brown 1964). Syarifuddin and Kramer (1 996) suggest that 

the blue gouramis Trichogmter hichopteras, adjuas its level of contest and scrarnble 

cornpetition according to the costs and benefits of aggression as determineci by the number 

of competitors and by the potential for missed feeding opportunities. Due to the patchy 

distribution of zooplankton and the ephemeral nature of the patches in lakes (Pinel-AUoul, 

et al. 1988; Pinel-Ailou1 and Pont 199 1 ), monopohtion of clumps by individuals wodd 

be highly unlikely (Grant and Kramer 1992). Under these conditions, YOY SMB may 

achieve higher foraging efficiency by remauiing in M y  groups that d o w  for faster 

discovery of food patches through local enhancement or social fiiciiitation (Pitcher 1986). 

For exarnple, juvenile walleye poilock ïheragra chaicogrmrna, exploit ep hemeral food 

patches more eEkctively in the presence of conspeciflcs (Baird, et al. 1991). 

Complex threat/appeasement behaviour, that typicaily develops fkom simple 



aggressive behaviour (Di11 1977; Noakes 1978; Cole and Noakes 198O), was not exhibited 

by any trial fish. In contrast, Brown (1985) and Brown and Colgan (1985b) noted the 

appearance of complex threat/appeasement behaviours, including lateral displays, tdbeat 

and opercular spread during the first 2 month of development. Sabo et al. (1996), in 

studying the development of agonistic behaviour in juvede largemouth and srnafimouth 

bass in laboratory and field conditions found few Merences between the species. 

Howwer, behavioral ciifferences were evident between laboratory-reared fish and wild 

fish. For instance, the fkquency of certain agonistic behaviours were generaily higher in 

the laboratory in both species. A h ,  a higher diversity of agonistic behaviours were 

exhibiteci by fish in the laboratory. The eariy appearance of cornplex threat/appeasement 

behaviour exhibited in juvenile largemouth bass ( ~ 3 5  mm, TL) reported by Brown and 

Colgan (1985b) may have been due, in part, to the high density of fish in the experimental 

tanks, being nearly an order of magnitude higher than values reported by Sabo et al. 

(1 996) for older juveniles (TL = 79- 165 mm). 

I observed SMB for the occurrence of agonistic behaviour soon &er the initiation 

of exogenous feeding, and conclude: (1) agonistic behaviour, in the form of simple 

agonistic behaviour (Chase, Escape, Avoid) was non-existent, or occurred at very low 

fiequencies during the larvd period, (2) the fiequencies of simpie agonistic behaviour 

increased foliowing metamorphosis, especially just pnor to the dispersal of young fiom 

nesting temtories; (3) complex agonistic behaviour was not exhibited by ofEpring during 

the parental care period of development. The appearance of these simple behaviours so 

early in Me may signal the appearance of more complex agonistic behaviour observai in 



poa-dispersal j u v d e  b a s  (Wiineder and Taylor 1987; Sabo, et al. 1996). as show in 

other species (Noakes 1978). 

The ciramatic increase in agonistic behaviour among young SMB just pnor to 

dispersal supports Brown's (1985) hypothesis that agonistic behaviour rnay be an 

important mechanism for initiating dispersal in young SMB. Similady, the onset of 

aggression in Stream salmonids r d t i n g  from limiteci space for feeding territones, rnay 

initiate the dispersal of young parr (Cole and Noakes 1980). Juvenile SMB may have 

dispersed fiom broods because of an increased tendency to avoid other juveniles and/or a 

decreased attraction to other individuals. An increase in the frequency of agonistic 

behaviour makes sense for a species that is switching fiom a shoahg existence to a 

soIitary one. In contrast, an increase in the fkquency of agonistic behaviour with body 

size wodd not be prediaed for species that spend their lives in shoals. Thus, Morgan et 

al. (1995) show that during eariy development of shoaling behaviour in capelin Mdiotus 

viZios1(s, the frequency of avoids decreases with increasing larval size. 

Nearest Neighbour Distance 

W ' s  increased signifïcantly with body size, but did not diier across brood-size 

category. These results were consistent with changes in dispersion and density measured 

at the level of the brood (dixussed below). My results also showed that NND's of 

peripheraily located fish were significantly p a t e r  than those of centdy located fish at 

each body length. There was a sigdcant location x body size interaction, indicating that 

the effect of body size was not consistent across location (ie. peripheral vs. central). The 



sipificance of the interaction term may have resuited fiom the s m d  sample size. 

The position an individual occupies within a shoai can have important implications 

for foraging success and survival in the presence of predators (Lima and Dili 1990). For 

instance, under tVnited prey resources, larger NND's between penpherally located fish may 

result in a foraging advantage over more centrally located fish. Feeding benetits derived 

through position preference withui a shoal have recentiy been demonstrated in tbree- 

spineci sticklebacks Gasterosteus aculeatus (Buman and Krause 1993), in a mixed shoai 

comprised of roach Rurilus rzitiius and chub Leuciscus cephius (Krause 1993) and in a 

large shoal of rnigrating Atlantic cod G&s rnorhua (DeBlois and Rose 1 996). In each 

case, leading fish or peipherdy located fish, gained feeding benefits. Akmatively, 

-dies have shown that stragglem and individuais on the periphery of shoals tuffier 

significantly higher mortality rates than average group memben (Morgan and Godin 1985; 

Parrish 1989). Parrish ( 1992) shows that the relative safety of a position in a shoal 

depends to a large degree on the attack strategy of the predator, fish in peripheral 

positions are more vulnerable to marginai predators while invasive predators that enter 

prey aggregations are just as likely to attack centrally located individuals. Juvenile SMB 

nom older year-classes appeared to be the principle diunial predators of YOY SMB in 

Lake Opeongo (pers. obs.). These older juveailes typically positioned themselves around 

the periphery of a brood, and attacked YOY positioned near the outer edge of the brood. 

Thus, penpheraliy located YOY may experience a slightly higher risk of predation than 

more centraiiy located fish. Clearly, prey distribution and the presence of predators 

affecteci the fo-g and socid behaviour of young SMB. 



3.4.2 B r o d  Dispersion 

Dispersion of S M B  broods increased significantly with body size duMg the £irst 20 

days of exogenous feeding. The increase in the area of water occupied by broods was 

greater during the second sampling intexva during which tirne metamorphosis occurred. 

Shoaling &om the tirne of fint-feeding is common in centrarchids, but few studies have 

examinecl the dynamics of brood dispersion under naturai conditions. Several midies, 

including Tester (1930) on SMB and EUiott (1976) on largemouth bas$ have provided 

qualitative descriptions of the movement of YOY broods withlli the vicinity of the nest 

site, but measurements of brood dispersion or density within broods were not recorded. 

More recently, Friesen ( 1990) found that the maximum dispersion distance of SMB 

broods fiom their neas was positively related to brood-sise category. 

As sole parental care givers, do nesting male SMB influence the dispersion of 

broods within their temtones? Defence activities of males peak at the omet of the l w a l  

period, but decline steadily to very low levels at metamorphosis (Ridgway 1988). Also, 

the arnount of t h e  nesting males spend with their young and total defence behaviour 

decline following metamorphosis (Mackereth 1995), niggesting that males reduce parental 

expenditure during the juvenile period. The role males might have on brood foraging 

movements would therefore be greatest during the lawd period. However, Scott (1 997) 

shows that temtory size in nesting males changes in response to the dynamics of brood 

movements, and not visa versa, especidy durllig the lanml period. These results suggest 

that brood foraging dynamics are not strongly influenceci by the behaviour of parental 

males. 



My results also showed that dispersion of broods was positively related to brood- 

size category. However, &er adjuiting for brood sire, the density of YOY SMB on a per 

area basis did not dzer across brood-size category at any of the sampiing times. 

A s d n g  uniforrn zooplankton abundance within the littoral zone, the pattern of brood 

dispersion obse~ed  in this study suggested that (1) the ratio of prey abundance to YOY 

SMB rernained relatively constant on a per area basis among brood size categories, and 

(2) the prey encounter rate per individual increased during dwelopment. 

Fish density within SMB broods declined drarnatidy between first feeding and 

metamorphosis. The decline in density was due primarily to the cornbineci effects of 

natural mortaiity and brood dispersion. Following metamorphosis, fish density within 

broods remained relatively stable at 25-40 individuals ni2, and rnay have represented a 

trade-off between energetic gains from foraging and predation nsk. Indeed, mortahy 

rates of young SMB in Lake Opeongo were hi& ranging between 10 and 20% 6' each 

year (se Chapter 4). Spatial and temporal variation in predation risk greatly the 

behavioral decisions of individuals (Lùna and Diii 1990). Studies by Werner and Hd 

( 1988) on bluegdl Lepomis mach roc hi rus^ Gilliam and Fraser (1 987) on creek chub 

Semotihs atrornaczdatus, and Foster et ai. (1988) on three-spined stickleback 

Gastersteus açuleatus, have demonstrated tbat fish are able to assess ciifferences in food 

level and predation nsk. In the presence of predators, experimental studies have shown 

that foragers switch habitats (Werner and Hall 1976; Mittelbach 1986) or limit their 

foraging movements @fi 1983; Dill and Fraser 1984; Milinski 1986; Skutelsky 1 W6), 

ofien at the cost of diminished foraging retum. 



For individuais living in groups, the impact of predation risk rnay be observed at 

both the individual and group level. For instance, stragglers suffer signtficantly higher 

mortality rata than average group members (Magumui and Pitcher 1987; Parrish 1989; 

Parrish, et al. 1989). In some fish species, Lecaspius deiine~lus, (Andorfer 1980) and 

various minnows ( M a v a n  and Pitcher 1987; Morgan 1988), shoals become more 

concentrateci in the presence of predators. Lima and Dill(1990) suggest that increased 

compaction of shoals may resdt fiom individuah reducing the fiequency or duration of 

straggling from shoals in the presence of predators. Indeed, predation risk may fûnction 

to maintain the integrity of groups as the tendency for individuals to lave the safety of a 

group diminishes with increasing predation risk (Parrish 1992). 

In discussing the optimal strategy fish should adopt in balancing feeding 

requirements with predation nsk, Gilliam and Fraser (1987) suggest a simple rule: 

'rninimize the ratio of mortality rate to foraging rate' (minimize the risk of mortality per 

unit energy eaten). Gilliam and Fraser (1987) use this rule to successfùiiy predict the food 

density at which minnows Semotiius atromamikrtis, shift fkom a low-food safe habitat to a 

high-food risky habitat. Aiso, Gotceitas (1990) was aiso able to predict the food density 

level at which bluegill sunfish Lepomis macrochirus, switched habitats in the presence of a 

predator. Future studies need to address the importance of risk-sensitive foraging to 

better understand the foraging dynamics of SMB broods. The simple d e  of ' m g  

the ratio of mortdity rate to foraging rate' (Gilliam and Fraser 1987) could be used to 

predict foraging decisions of individuals or to predict the timing of dispersal of young 

f?om the nesting temtories. 



3.4.3 Prey abundance 

Although average density and biomass of zooplankton in outside-brood samples 

were lower than inside-brood samples, my r d t s  suggested that yomg SMB have little 

impact on their prey resources. Eariier work on this population, using the same sampling 

procedue, showed no evidence of resource depression by larvai or early juvenile SMB 

(Friesen IWO).  In Friesen's ( I W O )  study, the average date of production of first-feeding 

SMB larvae closely matched the seasonai peak in zooplankton production. Under the 

rnatched larval-prey conditions, the probability of detecting resource depression wodd 

have been Iow. In this snidy, peak zooplankton production occurred 2 wks prior to the 

appearance of first-feeding larvae. Faiiure to detect evidence of resource depression under 

these misrnatched larval-prey conditions, suggested that YOY SMB were not food- 

Iimited. 

Given the low production of zooplankton in Lake Opeongo, the high density of 

young SMB within broods and the fked spatial position of broods within nesting male 

tedories, the hi& growth rates ( s e  Chapter 4) achieved by young SMB are intriguing. 

The patchy nature of prey resources, brood shoaluig dynamics and six-based changes in 

behaviour of individuais certainly contribute to their high growth rates. 1 propose that 

wind-generated nearshore water motion in fkeshwater lakes (Davidson-Amott and 

McDonald 1989), through its potential to idluence predator-prey contact rates 

(MacKentie, et al. 1990; Kiorboe and Sair 1995), may also play a critical role in 

regulating growth in YOY SMB, and rnay also explain the Iack of &ect of foraging by 

young SM33 on prey resources. Consider the following example. The volume of water 



occupied by an average-sized brood ( 1000 individuals) at metamorphosis in Lake 

Opeongo was 15 m-3 (based on a mean territory depth of O S  m). Attack rate for juveniles 

in this study averaged 3.5 min-'. Assumuig capture success to be 80% (conservative), 

2,800 prey would be consumed in one minute. At an average prey density of 25,900 md3, 

approximately 388,500 zooplankton occurred in the IS m'-' of water. Basecf on these 

esthates, it would have taken a brood this size 2.5 h to consume all of the prey. Young 

SMB feed throughout the &y (Wales 198 1 ) and forage for approxhmtely 14 h each day in 

Lake Opeongo (Friesen 1990). At these feeding rates, the entue assemblage of 

zooplankton in the volume of water ocnipied by the brood would have to be replaced a 

minimum of 6 times each day. This example underiines the potential importance of wind- 

generated water turbulence to feeding rates in young SMB. The Unportance of water 

movement to prey renewal in nearshore zones in lotic systems may not be so unlike the 

situation in lentic systems, where many fishes depend on the unidirectional flow of water 

for deiivery of terrestrial food items. 

Numerous studies have Uivestigated the impact of planktivorous fishes on 

zooplankton communities (Brooks and Dodson 1965; Lazzaro 1987). Consumption 

estimates by marine fish larvae in the field indicate that individual species may have little 

impact on the abundance of their prey (Cushing 1983; Jenkias 1987). Moreover, Fortier 

and Harris (1989) show that the ichthyoplankton assemblage as a whole has little impact 

on prey biomass. Miils and Forney (1983) however, studying yeliow perch Perm 

flovescenr, suggest that large YOY year-classes can deplete their prey resources. 

Determinhg the impact of predaton on their prey resources is diffidt in the field, due to 



the vast number of factors effecting prey abundance. For instance, a nnegafve correlation 

between predator and prey abundance does not necessarily hply cause-&kt. Wrthin- 

and outside-brood zooplankton samples in my study were coilected nearly instantaneously 

and therefore, may have removed many of the potential coafounding effkcts. My resuhs 

suggest that young SM6 have a minimal effect on their prey resources. The impact of 

YOY fish on prey resources in the field remains unresoived and the degree to which 

dimepancies in results reflect methodological merences as opposed to species-spdc 

ciiffierences remains to be determineci. 

In bringing together the vast literature on larval ecology, Miller et al. ( 1988) 

proposed that body size be used as an organizational scale. Size-dependent changes in the 

behaviorai ontogeny of YOY SMB in this study support Miller et d.'s (1988) suggestion. 

The results of this study contn'bute to understanding more fiiUy the ontogeny of foraging 

and its relationship with body size in SMB. This idormation f o m  an important part of 

the early life history component of SMB populations and will contribute to understanding 

SMB growth, survival and recruitment. In the next chapter I examine the contribution of 

prey abundance and water temperature to variability in growth and s u ~ v a l  of YOY S m .  



Table 3.1. Summary of specific behaviours recorded of Y OY smallmouth bess in 199 1, 1 992 and 1993. lndependent variables and 
their associated levels are indicated with the symbol (x). Brood Size Category was a cateyorical variable and consisted of the following 
levels; srnaIl(< 500), medium (500 - 1500) and large (> 1500) individuals. The location of individuais in a brood was designated as 
cent =central or penf = penpheral. Habitats types are designated as exp = exposed and pro = protected. 

Independent Variables 

Bchaviour Brood Size C- Habitat k iu  ldmliQa 

9.5 14.0 18.5 28.5 small med large exp pro 1992 1993 cent penf 

Individual Level 

swimming speed 

199 1 (prelirninary) 

1993 

foraging behaviour 

agonistic behaviour 

1 99 1 (preliminary) 

l992/93 

nearest neighbour 

Brood Level 

dispersion 



Table 3.2. Sumrnary of sample sizes used to record individual and brood level behaviour 
of YOY srndmouth bass during three fieid -11s (1991- 19%) in Lake Opeongo. 

Sample Sizes 
Behaviour 

Broods Fish/Brood Totaf Fish 

Individuai Level 

swimming speed ( 1 99 1 ) 1 O 

swimming speed ( 1 993) 36 

foraging be haviou r 18 

agonistic behaviour ( 199 1 ) 10 

agonistic behaviour (9293) 30 

nearest neighbour 18 

Brood Level 

dispersion 88 



Table 3 -3. Summary of method to determine nearest neighbour distance (NND) in YOY 
smalimouth bass during the parental care period of deveiopment. Near Neigh Internai = 
Nearest Neighbour intervai, Body Lengths Per Interval = size of nearest neighbour 
intervals expssed as YOY body lengths and Md Int = the midpoint of each nearest 
neigbour intend expressed as YOY body lengths. TL x Mid Int = NND (millimeters) for 
each Nearea Neighbour htervai- sampiing time combination. See Table 3.2 for sample 
size. 

-- - - 

YOY Total Length (TL) 

Near Neigh Eh& Lengths Mid Int TL x Mid int TL x Mid Int TL x Mid int 
Interval Per Intemal (-1 (-1 



Table 3.4. Results of two-way ANOVA on the effécts of YOY total length (mm) and 
brood size category (srnail, large) on the fiequency of five feeding behaviours in YOY 
smallmouth bass. See text for fidl description of independent variables. Interaction term 
(not shown) was not siflcant for any behaviour. Astensk indicates a significant (p c 
0.05) &Berence. See Table 3 -2 for sample sises. 

ANOVA 

Behaviour Source df F P 

Orientat e total length 

brood cat 

Fuate total length 

brood cat 

Lunge total length 

brood cat 

Bite total length 

brood cat 

Attack rate total length 

brood cat 



Table 3 -5.  Results of two-way ANOVA on the effeas of YOY total length (mm) and year 
(1992, 1993) on the frequency of three agonistic behaviours in YOY smhouth  bas. 
Total length of YOY at the three sample tirnes averaged 9.5, 18.5, and 28.5 mm. 
Interaction term (not shown) was not signincant for any behaviour. Asterisk indicates a 
sigdicant (p < 0-05) difference, NS = not significant. See Table 3.2 for sample sizes. 

Behaviour Source df F P 

Chase total length 1 4 1.26 p < 0.0005' 

Year I 0.63 NS 

Escape total length 1 62.39 p < 0.0005' 

Year 1 1.01 NS 

Avoid total length 1 92.18 p < 0.0005' 

Year 1 1.46 NS 



Table 3.6. Results of repeated measures ANOVA on mean nearest neighbour distance 
between srnahouth bass offspring. The ANOVA mode1 contained two grouping factors, 
YOY total length (tl = 9.5, 14.0, 18.5 mm) and brood size category (brdcat = large and 
small) and one trial factor, location (loc = centre and periphery). Asterisk indicated a 
significant (p < 0.05) difference. See Table 3 -2 for sample &es. 

ANOVA 

Source SS df F P 

Between subjects 

tl 93215.18 2 559.78 D < 0.0005* 

brdcat 334.74 1 4.02 p = 0.08 

tl x brdcat 25 1 .O3 2 1.50 p = 0.26 

Within subjects 

loc 7320.5 1 1 103.40 p < 0.0005* 

loc x tl 13 17.22 2 9.30 p = O.OIS 

Ioc x brdcat 1.09 I 0.02 p = 0.91 

loc ti x brdcat 9.76 2 0-07 D = 0.94 



Table 3 -7. Density (Tl) and biornass (mg me-') of iittoral-zone zooplanktoo in Jones Bay, 
Lake Opeongo duruig the smallmouth bass nesting season. Wekly samples (seven 
replicates per sample) were collecteci fiom a fixed station in both exposed and protected 
habitats during the laxval and juvenile developmental periods. 'Average' indicates average 
zooplankton values for both habitats. 

Densiîy ( number 1 -11 Biornass (mg m'3) Devel op 
Penod Exposed Protected Average Exposed Protmed Average 

L a d  28 13 20.5 70 40 55.0 

Juvenile 20 32 26.0 38 33 35.5 



Table 3.8. Redts of two-way ANOVA on the effects of habitat (exposed, protected) and 
calender date (date) on the density (individuals 1-') and dry weight biomass (mg  RI*^) of 
zooplankton during the smallrnouth bass nesting season in Lake Opeongo, 1993. Seven 
zooplankton samples were coiieaed in each habitat on each of five weekly samphg dates 
(n = 70). Calender date (date) is a categorical variable and reflects average zooplankton 
values durhg the smallmouth bass larval and juvenile periods of development. Asterisk 
indicates a signrficant (p < 0.05) difference. Note signincant interaction terrn for both 
analyses. 

ANOVA 
- 

Dependent Source SS df F P 
Variable 

- - . . . . - - 

Density habitat O. 14 1 O. 86 NS 

date 5.3 1 4 8.08 p < 0.0005' 

hab x date 15.03 4 22.89 p < 0.0005' 

Biomass habitat 1.07 1 5.19 0.026' 

date 3.10 4 3.74 0.009' 

hab x date 10.98 4 13.27 p == 0.0005œ 



Table 3.9. Results of one-tailed, paired t-tests to determine if the density ( T1) and 
biomass (mg m-3) of zoopIankton collecteci outside b a s  broods were r values within 
waters occupied by foraging broods at two Werent times during the juvenile period of 
development. Total length (mm) of juveniles at the two sampling thes were; Juvenile, = 
18.5 mm and Juvenils = 28.5 mm. Observed t-values (th) are indicated and the criticai t- 
value (b.m,,,) = 2.132. 

Sarnpling Independent 
Time Variable n df oh P 

Juvenile, 

density 5 4 0-75 0.49 (NS) 

biomass 5 4 O. 60 0.58 CNS) 

density 5 4 0.47 0.66 (NS) 

biornass 5 4 O. 56 0.61 CNS) 



BROOD SEE fiundreds) 

Figure 3.1. Estimated mean brood size (number of individuals in a brood) at first- 
feeding for smallrnouth bass nests in Lake Opeongo, 1992. Sample sùe (n = 72) refers 
to the number of active nests in the study area. 
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TOTAL LENGTH (mm) 

TOTAL LENGTH (mm) 

Figure 3.3. The mean fiequency (+SD) of (a) orientations, @) fixates, (c) S-saikes, 
(d) bites and (e) attack rate for srna11 (open bars) and large (hatched bars) brood size 
categories plotteci against body size (total length). The average totai length of YOY 
at the three samphg times was 9.5 (early latval), 14.0 (late 1arva.i) and 1 8.5 (eady 
juvenile) m. See Table 3 -3 for sample sizes. 
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Figure 3.4. The mean fkquency (+SD) of Avoidî (black circle), Chases (white square) 
and Escapes (black triangle) of smallmouth bass YOY in Lake Opeongo plotted against 
body size (total length). Data were combined for 1992 and 1993, as no signincm 
difference was found among years. The solid and dashed vertical m o w s  marked the 
average length of larvae at first-feedhg and metamorphosis respectively. Behaviour 
was recordeci on ten broods at each of the three sample times (n = 30). 
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avoid 
- O chase 
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Edge 

LOCATION 

Figure 3 -5.  Mean nearest neighbour distance (+SE) of YOY srnailmouth bass plotted 
a g h a  brood sire category (smaiî, large), YOY total length (9.5, 14.0, 18.5 mm) and 
location (centre, edge) within the brood. See Table 3 -2 for sample sizes. 
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TOTAL LENGTH (mm) 

Figure 3.6. The mean (a) surface area of water occupied by broods and @) density of 
YOY within broods pIotted against body size (TL) for srnail (closed circles), medium 
(closed squares) and large (closed triangles) brood size categories. The smd (9.5 mm), 
medium (1 4.5 mm ) and large (1 8.5 mm) body sizes corresponded with the earty land, 
late larval and early juvenile intervals of development, respectively. Sample sizes for 
small, medium and large brood size categones, respectively, were 9.5 mm TL (1 011 O/ 10); 
14.0 mm (10/10/10) and 18.5 mm (lO,10,8). The vertical arrow indicates the mean size at 
metamorphosis. Enor bars indicate * SE. 
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Figure 3 -7. The mean (a) density and (b) biornass of zooplankton in exposed (dashed 
line) and protected (solid line) habitats during the smalhouth bass nesthg season in 
Lake Opeongo, 1993. The downward and upward pointing arrows in (b) indicate the 
mean date of first-feeding and metamorphosis for the Lake Opeongo ~nu.houth bass 
population in 1993, respectively. Weekly moplankton samples in each site (n = 7) were 
wliected from fixeci sites within each habitat. Samples coiiected during the hvd period 
of bass development were compriseci of the &st two weekly sarnples. Vahies for the 
juvenile period of development were derived f?om sarnples coiiected in the last three 
weeks. Total sample size = 70. 
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DEVELOPMENTAL N E R V A L  

Figure 3 -8. Average (a) density (individuals 1") and @) biomass (mg m'3) of littoral- 
zone zooplankton within (open bars) and outside (hatched bars) broods of srnahouth 
bass in Lake Opeongo, 1993. Sampies were colected twice during the j u v d e  period: 
Juvede, (TL = 18.5 mm) and Juvede+ (TL = 28.5 mm). Vertical Iines above bars 
indicate +1 SE. 



Chapter 4 

Reiatiomhip of Growth and Mortality of Luvai and Jweniie 

Srnailmouth Bass to Prey Concentration and Water Temperature 

4.1 Introduction 

Year-class strength of fish populations is Iimited in large part through growth and 

sumival rates during early Life history stages (Lasker 1985; Rothschild 1986). It is during 

these early Life hiaory stages that fishes are most vulnerable to the primary causes of 

mortality: starvation and predation, which may act independently or in combination 

(Shepherd and Cushing 1980; Sissenwine 1984). The focus on stmtion as a primary 

mechanism limiting survival began with Hjortfss'(19 14) cntical period hypothesis, in which 

he proposed that starvation, resulting fiom inadquate zoopiankton densities at the onset 

of exogenous feeding, was the primary cause of lamai mortality. Some studies have linked 

mortality rates at &st feeding with ambient prey concentrations (Fortier and Leggett 

1984; Hewitt, et al. 1985; Theilacker 1986)- whereas others (Crecco and Savoy 1987; 

Taggart and Leggett 1987; McGurk 1993) have found no relationship between larval 

mortality and prey abundance. 

A second starvation hypothesis, the rnatch-mismatch hypothesis (Cushing 1 975 b), 

proposes that growth, survival and uitimately, recruitrnent of larvae depend on the 

matchhismatch in the production cycle of larvae and their prey. Complimenthg the 

criticai penod hypothesis, it removes the restriction that food limitation is confineci to a 

particular criticai stage of lamal development (Leggett and Deblois 1994). Foder and 



Gané (1990) examineci growth and swvÏvival in spring and h ü  cohorts of larvd herrîng 

C h p a  harengus, and determiDeci th development of the spring lmai cohort was 

rnatched to the occurrence of appropriate prey. More recendy, Fortier et al. (1995) found 

that the match in timing of prey production and spawning in severai species of marine 

fishes in southeastem Hudson Bay explained both feeding success and growth in larvae. 

Other field studies have dso Iùiked seasonai (Crecco and Savoy 1985; Hovenkamp 1990) 

and inter-annual (Haldorson, et al. 1989) variations in growth to prey abundance. 

A more recent starvation hypothesis, temed the growth-mortality hypothesis 

(Anderson 1988), integrates the roles of starvation, food limitation and predation. Based 

on the idea that predation decreases with increasing body size, this hypothesis predias that 

larval gmwth and mortality rates are inverseiy correlateci (Ware 1975; Shepherd and 

Cushing 1980). Consequently, prey abundance, which plays such an important role in 

larvaf growth rates, may ultimately determine survival. A Merem aspect of the growth- 

modity hypothesis has been proposed by Chambers and Leggett (1987) and Houde 

(1 987). These authors suggest that since larval mortajity is generatly greater than juvede 

monality, the longer an individual remains in the larval period, the lower its probability of 

niMvd. This facet of the hypothesis suggests that cumulative mortality through the larval 

period is directly related to larval period duration, with the ability of larvae to transform 

into juveniles being deterrnined by various biotic and abiotic factors (Chambers and 

Leggett 1987; McComiick 1994). Together, these three food limitation hypotheses share 

the assumption that starvation plays a role either as a direct or indirect source of mort*. 

For dshes living in temperate waters, rnaximizing q l u s  energy by the end of the 



£irst growing season may be an important strategy towards Surviving the fht  d e r ?  as 

both laboratory (Oliver, et al. 1979; Toneys and Coble 1980) and field (Shuter, et al. 

1980; Post and Evans 1989) studies have demonstrateci a positive relationship between 

body size and ovenvinter sunival. For smaiimouth bass Mimoptems abdolomieu (hereafter 

SMB) populations near the northern limit of their distribution, size attained by the end of 

the first summer and duration of the following winter were important factors determining 

recruitment (Madean, et al. 1981). ïhus, h - y e a r  growth is an important fàctor in 

determinhg the number of ofipring that wdi be recniited into the adult population. 

Surprisingly, field studies investigating the importance of prey avdability to 

growth and mortality of YOY SMB are rare. Research by (Emery 1975) suggests that 

prey avdability rnay Iimit growth of juvenile SMB in Lake Opeongo. Additionally? 

consumption rates by juvede SMB have been found to be positively related to growth 

rates (Wales 198 1). Howwer, p r 9  concerrtrations were not quantiiïed and no clear 

relationship could be established between prey abundance, prey consumption and growth 

rates. 

The objectives of this chapter were to examine patterns in growth and rnortafity in 

Iarval and earIy juvenile SMB to determine if these patterns were related to prey 

concentrations as predicted by the three starvation hypotheses. 1 aiso examinai the effects 

of water temperature on growth and mortality of YOY SMB, owing to the direct effects 

of temperature on growth (Horning and Pearson 1973; DeAngelis and Coutant 1979; 

Oliver, et al. 1979) and development (Webster 1948; Shuter, et ai. 1980) of YOY SMB, in 

addition to its indirect role in controhg the duration of the tint-year growing season 



(Ridgway, et al. 199 1; Sabo and Orth 1995). Data were collecteci in 1988. 1989 aud fiom 

1991 -1 993 on a single population located in central Ontario, Canada. Specifically, 1 test 

the foUowing predictions of the three starvation-based hypotheses: (1) since srnalier 

individuais are more susceptible to standon (Miller, et al. 19881, starvation mortality, 

resulting from reduced growth rates, WU be most intense at fht feedhg (critical period 

hypothesis); (2) within a nesting season, growth and mortality of larval SMB will be 

positiveiy and negatively associated with prey availabüity respectively (match-mismatch 

hypothesis); (3) among nesting seasons, growth rates will be reduced and mortality rates 

will be higher in years expenencing a tempoml mismtch between production of SMB 

larvae and their prey (match-mismatch hypothesis); (4) l aml  mort& is negativeIy 

related to lamai growth rates (growth-mortality hypothesis). 

In this chapter. I present the resuits of a fine scale, multi-year field study on a 

single SMB population. An analysis of abundance and vital rates (deveiopment, growth 

and mortality) of larval and early juvede SMB is presented to describe how important 

variables, prey availability and temperature: affect year-class and brood-specific growth 

and survival. I employ a non-traditional approach in l a d  fish studies and base the 

investigation entûely on underwater sampling and observations. 

4.2 Methods 

4.2.1 Field Methods and Sample Collection 

Field data were collecteci during the summers of 1988, 1989, and 1991- 1993 in 

Jones Bay, Lake Opeongo, Ontario. Methods of coUecting YOY SMB and environmentai 



data are describai bnefly below and in more detail in Chapter 2: Generai Methods. 

Shoreline swmis to locate nesting male SMB began in late May each year, just pnor to 

initial spawning activty, and cominued throughout the SMB reproductive season. Once 

located, n e t s  were monitored on a d d y  basis throughout the parental care period of 

development, providing precise estimates of offspring age, including date of spawning, 

hatch, first feeding and metamorphosis for ali broods. Additionaily? 1 recorded the date on 

which broods M e d  or successfùiiy dispersed from nesting territones. 

S M B  larvae and juveniies were sampled fiom ali broods, beginnuig at fim feedùig 

and at 4 day intervals thereafter. Ail sampled fish were transferred to viais containhg 5% 

formalin and subsequently measured for total length to the nearest 0.1 mm, using a 

dissecting microscope fitted with an o d a r  micrometer. Length meamrements were 

correcteci for shnnkage and aii results were expressed as fiesh lengths. 

Brood size estimates were made on alteniate days, beginnuig at fkst feeding, for all 

nests in the study area. Brood size estimates were repeated until broods either failed or 

successfully dispersed h m  nesting tenitories. Total abundance-at-age in the study area 

was determined by summing brood size estimates for ail SMB nests. Mean brood size-at- 

age for aU nests in the study area was detefmined by dividing total abundance-at-age by 

the nmber of active nests. 

Littoral zone water temperatures were recorded at a fixeci site using a continuous 

recording thennograph throughout each of the SMB reproductive seasons. Mean water 

temperatures were determhed for the spawning intervai in each season as well as for the 

SMB embryonic, laml and juvenile periods of development. A h ,  using the 



developmentai history of each nesf inciuding date of spawning, hatch, fia-feeding, 

metamorphosk and dispersal, in combination with the mean daily m e r  temperanire data 

recordeci in each of the five nesting seasons, 1 calculateci mean brood-specific water 

temperature for aU nests in the study area during the embryonic, laml and juvenile periods 

of development. Brood-specific data were used to examine relationships between growth 

and mortality of YOY SMB and water temperature witbin years. Interannual relationships 

between growth and mortality of YOY and temperature were examineci uskg mean values 

for year classes. 

Developmental times for embryos, larvae and juveniles were estimated from d d y  

field swirns conducted during al1 five field seasons. Daily shoreline swims of the study site 

ensured that the spawning time for ail  nests couid be accurately estimated to within 24 

hours. To estimate developmental times for early larvae (eariy lanral phase) in each 

nesting season 1 sampled larvae (n = 5) daily from 4 nests located adjacent to the study 

site, beginnkg on the first day of exogenous feeding. These larvae were returned to the 

laboratory and maximum length of the yoik sac and total length of larvae were measured 

using an ocular micrometer and dissecting microscope at 10 x. 1 considered the yok-sac 

phase to be completed when the mean maximum diameter of yolk sacs for individuals 

within a brood had been reduced to 10% of its original length at first f d m g .  The length 

of the yolk-sac phase for a brood was defieci as the number of days between fist feeding 

and the day on which the mean maximum length of the yoik sac for individuais within a 

brood was r to 1Wh of its original length at fim feeding. The length of the late lmal  

phase (post-yok sac phase) was defiaed as the number of days between =Mg a brood as 



haviag metamorphosed and the last &y of the yolk-sac phase. 

Metamorphosis was operationaiiy defined as the point at which 80% of the 

inchiduais within a brood had transformeci fiom larvae to jweniles. The morphological 

criteria I used for id-g the transition £iom the l a r d  to juvenile penod in SMB, as 

suggested by Baion (1  985; 1990) for other species of fish, included disappearance of the 

median fidoid, presence of ail £in rays, presence of scdes, and most irnportantIy, a change 

in body coloration fiom the black pigmentation characteristic of larvae to a green/brown 

colour typical of jweniies and adults. Age at metamorphosis for a brood was de- as 

the number of days between scoring a brood as baving metamorphosed and the fint day of 

exogenous feeding. Developmental rate for the l a n d  period was derived h m  age 

estimates at metamorphosis and is defined as the reciprocal of age at metamorphosis. 

4.2.2 Prey Biomass and Abundance 

Twenty litre zooplankton sarnples were collecteci fiom Md-depth at two fixed 

littoral zone stations, at one or two week in t eds ,  over four SMB nesting seasons. To 

track seasonal changes in zooplankton abundance, a total of 126, 98, 84 and 98 sarnples 

were coliected in 1988, 199 1, 1992 and 1993 respectively. Foilowing collection, samples 

were fixed and presewed in 5% formaiin (see Chapter 2 for details). 

To quanw zooplankton abundance and composition, a minimum of 200 

individuals were identined fiom each sample. Sub-samples of organisms for identification 

were obtained by mixing zooplankton in a 50-ml graduated cylinder and coliecting an 

integrated sarnple throughout the water colurnn with a large bore pipette. Ail organisms in 



samples and sub-samples were counted, identifieci and measured for body length and head 

width or depth). Measurements of body dimensions were used in length-weight 

regressions to estimate biomass (mg dry weight) (Dumont, et ai. 1975; Culver, et al. 

1985). 1 examineci the relationships between instantaneous growth and mortality rates of 

larval SMB and zwplankton biomass. 

4.2.3 YOY Growth Estimates 

Growth rates of YOY S M B  were estimateci at two leveis: 

1) Year-cl= mowth rates: Samples of YOY &om individual broods 

were combined for anaiysis. The linear regression coefficients of total 

length-at-age were estimates of year-class growth rates. 

2) Brood-specific ( m o w t h  rates: OtfSpring were sampled from ail nests in 

the study area at reguiar intervals, beginning at first feeding. The linear regression 

coefficient of total length-at-age was an estunate of brood-spdc growth rate. 

Growth rate estimates of SMB were compared within and among years. W~thin years, 1 

tested for dserences in growth rates between developmental penods (larval versus 

juvenile). 1 also compared growth-at-age across 4 4  growth intervals for larval SMB to 

determine if growth rates of feeding larvae were significantly lower than in older 

larvae. Among years, I tested for signincant ciifferences within development periods 

(larvd and juvenile). 

Growth rates of YOY were derived fiom regressions of fish lengths on ages, 



where Lt = total leogth (mm), a = regression intercept, an estimate of total length at t h e  

= O, t = age in days begllinllig on the fkt &y of the larval period and b = regression 

coefficient, used to estimate growth rate (mm 6l). htantaneous growth rate was 

calculated as, 

where, G = instantaneous growth rate, Y, = size (totai length) at time 2, Y, = size (totai 

length) at time 1 and, t, and t, = final and initial times. 

4.2.4 YOY Mortality Estimates 

Moriality rates were calcuiated at two levels: year-class and brood (family). 

w rates: Cohort mortality rates were detemineci by regressing 

the decline in abundance over tirne of total numbers of young fish from d active 

broods in the study area, allowing cornparisons among entire year-classes. 

: Brood specific mortality rates were 

derived fkom regressions of daily brood size estimates throughout the parental care 

period of development . 

Monality rates of SMB were compared within and among years. Wttbin-ye8ir 

cornparisons consisteci of testing for Merences in mortality rate across developmental 



periods (larval versus jwenile). 1 aiso compareci mortaiity rate estimates across l a d  

phases (eerly versus late) witbin years to determine ifmortality rates in fkt-feeding larvae 

were siilficamly higher than in older laivae. Among-year cornparisons consistecl of 

testing for signifïcant differences within dwelopment periods. 

Linear regression analysis was used to denve mortality rate esthates. The n a d  

logaritbm of abundance was regressed agaimt age ( d a y s )  using the exponentid mode4 

where, Nt = estimateci number of surviving l a rd  or juvenile fish at t days after first 

feeding (first day of larvd penod), No = initial number of larvae in a brood at first feeding, 

Z = siope of the regression and is dehed as instantaneous mortality rate for the entire 

interval and t = duration (days) of the interval. The daily mortality rate (Md (percent per 

day) was calculated as, 

Total instantaneous mortality (2) originated fiom two sources: i) naturai mortaiity 

(M) and ü) sarnpling rnortality (S). T'us, instantaneous mortality qualied 



1 solved for natural morrality by subtracting sampling mortality from total mortality. 

Curmilative mortality was derived from the product of phase duration (days) and daily 

instanrtaneous mortality rate for the early and late Iarval phases of development. 

With respect to mortaïty estimates, 1 assurneci that broods which disappeared from 

nesting territories during the lmal period experienced IOWA mortality. For these broods, 

mortaMy rate was derived tiom brood size estirnates extending h m  date of first feeding 

to date on which brood sire equalled zero. For broods that survived beyond 

metamorphosis, rnortality rates for the larval period were derived from brood size 

estimates extending fiom fbst feeding date to metamorphosis date. Date of metamorphosis 

for a brood was defined as the date on which 80% of individuals had metarnorphosed. 

Mortality rate estimates for juveniles were derivexi fiom brood size estimates begirmhg at 

metamorphosis and endhg on the last &y that juveniles were observed at the nest site. As 

it was highly uniikely that all juveniles that disappeared f?om nesting tedories during this 

intervai aaually died, this method overestimated juvenile mortality rates. 

1 did not conduct a systematic examination of embryonic mortality; however, daily 

observation of nests in the study area indicated hi& apparent losses in ail years. Previous 

studies show that the female size-fecwldity relationship is relatively consistent among 

SM. populations (Hubert 1976; Sem 1984; Mackereth 1995). Moreover, (Mackereth 

1995) shows egg counts of SMB nests in Lake Opeongo to be positively associated with 

length of nesting males; and male size-egg regressions do not m e r  sipoiticantly f!iom 

female size-fecundity regressions for the same population. Embryo mortality may be 

calculateci as the merence between potential egg production (total f e d e  fecundity) and 



larval abundance at first-feeding (Bouwes and Luecke 1997). This technique has received 

some criticism as an wtimate of egg mortality at the population level (Clady 1975; 

Dahlberg 1979), but can serve as a very useful technique for estimahg embryonic 

mortality in a sub-population. To estimate the mean number of embryos in SMB nests at 

spaWmng in 1992 and 1993 I substihited the average fork lengths of nesting d e s  fiom 

the present snidy h o  the egg count-male size regression equations of Mackereth (1995): 

( 1992) Embryo# = 6 15 (male Iength) - 9458 

( 1 993) Embiyo# = 609 (male length) - 86 1 O. 

1 used mean brood size estimates at spawning and first-feeding, together with the number 

of active nests at each of these sampling times, to estimate percent ninival during the 

embryonic period. 

4.2.5 Analysis 

I used one-way ANOVA and Tukey multiple cornparisons to test for Merences 

among years with regard to the foiiowing variables: 1) average size of spawning males; 2) 

total abundance of  SMB offspring at fim feeding and metamorphosis; 3) average water 

temperature dunng the spawning period; 4) average, brood-specific water temperature 

during the embryonic, lmd and juvenile periods; 5) average zooplankton density and 

biomass during the larval and juvenile periods of development in SMB; 6) average 

duration (days) of  the ernbryonic, lwd and jwenile period of development in SMB; 7) 

average total length of SMB offspring at first feed'ig and metamorphosis and 8) average, 

brood-specific instamaneous growth rate during the land and juvede period of 



development. AU data were log transformed for anaiysis. For the purposes of analysis, a 

coastam of 5.0 was added to a i i  instantaneous growth estimates pnor to logarithmic 

transformation. 

In analyzing age effects on brood-specific growth mes, 1 used repeated-masures 

ANOVA's and Tukey multiple comp&sons to detennine if mean growth rate differed 

among 4-day growth intervais. Growth interval was the repeated factor and data were 

log transformed before anaiysis. h i e  to declining sample sizes @roods) with age, 

analyses were restricted to the lmal  period of development. Bartlett's Test for 

Homogeneity of Variances and Tukey's multiple cornparison were used to determine if 

variances in brood-specific growth rate of larvae differed among years. 

DEerences in dopes and intercepts among yean for. 1) YOY length-at-age and 2) 

abundance-at-age, with age as the covariate and 3) brood size at fint feeding versus male 

fork length, with male fork iength as the covariate, were tested by M O V A  In this type 

of test, 1 assessed differences in slopes using a preliminary ANOVA inciuding interaction 

tems. If merences occurred, Tukey's test (Zar 1984) was used to detemine significant 

difFerences among dopes. If slopes did not Mer signifïcantly, interaction terms were 

dropped and difFerences in intercepts were determined by standard ANCOVA. 

1 correlated relative variation in mean age of iarvae at yolk absorption and 

metmorphosis with mean water temperature to examine the association of water 

temperature with developmental rate. To assess relative variation in length and age at 

metamorphosis I correlated mean length with age during the entire land period. Length 

and age were converteci to growth and developmental rates for the entire lamal period and 



assased using correlation. Finaüy7 I compared brood-spdc variation in mean length 

and age at metamorphosis among yean using a paired t-test. 

I explorai the association of mortality with water temperature by correlahg mean 

brood-specific instantaneous mortality rate and brood-specinc cumulative mortality with 

mean water temperature for the early and late lmd phases of development. To assess the 

relationship between momdity and growth rates among yean I correlated brood-spdc 

monality rate with brood-specific growth rate. 

I used correlation analysis to compare instantaneous growth rates between larval 

and juvende periods within years. This cornparison tested whether year-classes that grew 

quickly during the lami period were more likely to grow faster during the juvenile period. 

Correlation analysis was also used to wduate year-class instantanmus growth rates of 

SMB larvae with mean zooplankton biornass in each year. This cornparison demonstrateci 

whether zooplankton biomass ultimately affected year-ciass growth rates of S M B  larvae. 

Brood-specific mortality distributions were highly skewed (right) in ad years. 

Distributions in some years remained skewed following Log, uansformation, preventing 

analysis of mean instantaneous mortality rates using ANûVA Consequently, chi-square 

contingency tests and Tukey multiple cornparisons were used to determine if brood- 

specinc, median instantanmus mortaiity rate differed within developmental periods (lamal 

and juvenile) among years* between developmental penods within years (land versus 

juvenile) and between larval phases (early versus late) within years. 

Relationships between mean water temperature and brood-specinc growth rates of 

larval and juvenile SMB were examineci by simple linear regression. Simiiar statistical 



analyses were made between brood-specific growth rates and brood-s@c mortaiity 

rates of larme. Brood-specinc growth and mortality rates of SMB larvae were regressed 

on time (days) between the seasonal peak in prey biomass and first feeding of broods, 

mean brood-specific water temperatures and variation in brood-specinc water 

temperatures. using multiple regression d y s i s  to detect possible relationships between 

prey abundance and brood-specific growth and mortality rates. The level of signifiaince 

for ail tests was set at P < 0.05. AU statistical analyses were conducted using SYSTAT 

( W i n ,  et al. 1992). 

4.3 Resnits 

4-3.1 Spawning Distribution of Nesting Miles 

SMB spawned during late May and June, coinciding with nsing water 

temperatures (Fig. 4.1). In each year, spawaing peaked when water temperatures rose 

above 14 OC. The median spawning date for males ranged fiom 22nd of May in 199 1 to 

lûth of June in 1989. In several years (1988, 1989). secondary spawnhg peaks were 

evident, and in 1993 appror9mateIy 12% of the nesting d e s  spawned nearly 2 weeks 

pnor to the median spawning date. The duration of the spawning penod ranged £?om 11 

days in 199 1 to 27 days in 1993 (Table 4.1) and the mean spawning date varied 

sigdicantly among years ( F ,  , = 172.56; p < 0.0005). 

Fork length of nesting males ranged between 22.2 and 45.5 cm and averaged 30.7 

cm during the five spawning seasons. Fork length of nesting d e s  averaged 29.8,29.6, 

32.0,31.6 and 31.4 cm in 1988, 1989, 1991 1992 and 1993, respectively and differed 



significarrtly among years. &, = 5.02; p = 0.001; Fig. 4.2). Tukey's test showed that 

nesting d e s  in 1988 and 1989 were sigmijcantiy s d e r  than those in 1991 and 1992. 

4.3.2 YOY Abundance 

4.3.2.1 Day 1- Lamai Period 

The total abundance of fht-feeding larvae in the South Section of Jones Bay, 

baseci upon individual brood size estirnates, is shown in Table 4.2. The total production of 

fxrst feeding SMB larvae was highest in 1992, lowest in 1991 and intermediate in 1988, 

1989 and 1993 (Fig 4.3). Total production of first-feedhg larvae was 8 times higher in 

1992 than in 199 1 ; however ody 2 times as many males nested in 1992 as in 199 1. The 

average production of first-feeding lwae during the 5 years equaiied 80,130. Seasonal 

timing in production of first-feeding larvae varied considerably among years (Fig. 4.3) and 

mean date on which larvae initiated first feeding S e r a i  significantly among years (F4,33, = 

294.85; p < 0.0005). Brood size at first-feeding was negatively related to spawning date 

in 4 of 5 nesting seasons Vig. 4.4); however, this relationship was generaiiy weak and 

explained a si@cant amount of the variation in brood size in ody two years (Table 4.3). 

Mean brood size at nrst feeding differed significantiy among years Q,, = 12.06, 

p < 0.0005), with values ranghg from 495 in 199 1 to 19 10 in 1992. Tukey's test showed 

that mean brood size was signincantly lower in 1991 thaa in ai l  other years and that mean 

brood size was significantiy lower in 1989 than in 1992 (Fig. 4.5). Brood &es varied 

considerably within nesting seasons, ranghg by two orders of magnitude in dl years 

(Table 4.4). The magnitude of variation in mean brood size was sllniiar in 4 of 5 n e d g  



seasons ( 1988, 89.92,93), but was comiderably higher in 199 1, a year characterizai by 

extremely low brood sizes. F i d y ,  size distributions of broods were skewed to the right 

Ui ail year~, as a result of a relatively few nests containing a large number of ofipring. 

There was a positive relationship between male size and the m b e r  of first- 

feedllig larvae in ail years (Fig. 4.6). A linear mode1 accounted for between 12 and 46% 

of the variation in brood size and the relationship was sigdicant in 4 of 5 yean (Table 

4.5). Analysis of covariance indicated that the slopes Wered s igaif i~dy.  

4*3.2-2 Day 1 - Juveniie Period 

The estimateci production ofjuveniles in the South Section of Jones Bay was 

highest in 1989, lowest in 199 1 and intermediate in 1988, 1992 and 1993 (Table 4.2). 

Production of juveniles was approlrllnately 8.0 times higher in 1989 than in 199 1. The 

rnean annual production of juveniles over the five seasons was 30,335, approxhnately 38% 

of the initial production of fia-feeding laivae. The seasonal timing in production of 

juveniles Wered significantiy among years (F,,,, = 246.07; p < 0.0005). The mean date 

on which l a r d  broods metamorphosed ranged fiom June 16 in 1991 to Jdy 12 in 1993, a 

Merence of 26 days (Fig 4.7). The temporal production ofjuveniles in 1988 dSered 

f?om other years in that most larvae metamorphosed over a short intewal of 2 days. 

Mean brood number on the first day of the juvenile penod differed sigdicanfly 

among years (F,,,, =5.19, p = 0.00 1 ), being highest in 1 992 (mean = 14 1 6) and lowest in 

199 1 (mean = 443). Tukey's test showed that mean brood nurnber was significantiy iower 

in 199 1 than values in 1989, 1992 and 1993 (Fig. 4.8). Mean brood number ranged by 



appcoximately 2.0 orders of mgnitude in aU years (Table 4.6). The variability in mean 

b r d  number withui a year, expressed as the coefficient of variation, was sidar in 1988, 

1 99 1, 1 992 and 1 993, but lower in 1 99 1. The coefEicient of variation for mean brood 

number on day-1 of the juvenile period, averaged over the five nesting seasons was 98%. 

which was considerably higher than the mean value (74%) on day-l of the l a r d  period. 

Similar to larval broods at first feeding, mean brood size distributions of recently 

metamorphosed broods were strongiy skewed to the right in a i l  years (Figure 4.8). 

4.3.3 Temperature 

Mean water temperatures during the SMB spawning period in Lake Opeongo 

difEered significandy among years (F,,, = 17.79; p < 0.0005). Mean daiiy temperatures 

were warmest during the 1988 spawning season and lowest in 1993 (Table 4.7). A 

wntinuous recording thermograph indicated that temperatures increased steadily prior to 

and during the spawning period in 4 of 5 nesting seasons. In 1993 the pattern differed 

somewhat, as temperatures did not rise until early June, which was weii into the spawning 

season (refer to Fig. 4.1). Variation in mean daily water temperature during the spawning 

season, expressed as the coefficient of variation, difFered consideraùly among years 

(Table 4.7). Temperatures were moa variable in 1993, least variable in 1989 and 

intermediate in the remaihg three years. 

Following spawning, water temperatures continueci to rise steadily throughout the 

SMB reproductive season (Fig. 4.9) and mean water temperatures differed significantly 

among years during the embryonic (F,,,, = 13.57; p < 0.0005), l a d  (F,,, = 20.06; 



p < 0.0005) and jwenile (F,,, = 23 -929; p < 0.0005) periods of development mg. 4.1 O). 

hiring the embryonic period, water temperatures were coldest in 1993, wmes t  in 1989 

and intemediate during the 1 98 8, 1 99 1 and 1 992 reproductive seasors (Table 4.8a). 

Tukey's test showed that mean water temperatures were significantly lower in 1993 than in 

other years and that temperatures in 1988 dinered significantly from those in 1992. 

Variation in water temperature during the embryonic period was highest in 1993 and 

iowest in 1992 and was not correlated with mean temperature. Conùnuous temperature 

profiles in 1993 showed that embryos f?om nests spawned eariy in the season experienced 

minimum temperatures between 10 - 1 1 O C  for the fim 10 days of their developrnem. The 

high monality rate of eggs from early-spawned nests, together with the high incidence of 

nest abandonment by early spawniog males, may r d e c t  the extremely low temperatures 

t h  occurred in 1993. 

Water temperatures conespondhg with the SMB larval and juvenile periods of 

developrnent were highest in 1989 and lowest in 1992 (Table 4.8b,c). Tukey's test 

showed that mean water temperature during the larvd and juvenile periods was 

significantly lower in 1992 than in other years. Variation in mean water temperature 

during the SMB Imai and juvenile periods diflFered considerably among years. Mean 

water temperature during the larval period was most variable in 1993 and Ieast variable in 

199 1. In con- during the juvenile period, rnean water temperature was moa variable 

in 1988 and les t  variable in 1989. 

Brood-specific water temperatures during the early laml phase of development, 

corresponding with nrSt feeding of larvae, also differed significantly among years 



(F,,, = 476.96; p c 0.0005). Mean brood-specinc temperatures during the earfy lard 

phase mged from a low of 17.1 OC in 1992 to a high of 21.9 OC in 1989. Tukey's test 

showed that mean brood-specific temperatures Wered signiscantly among al5 years. 

4.3.4 Rey Biomass and Abundance 

Mean densities of combined zooplankton taxa were signifcantly different ammg 

years during the SMB larval (F3,, = 7.3 5; p < 0.0005) and jwenile (F,,,, = 1 1.2 1 ; p c 

0.0005) periods of development. Mean densties of zooplankton during the SMB lanml 

period were highest in 1991 and lowest in 1993 (Fig. 4.1 1). Tukey's test showed that the 

mean density of zooplankton during the SMB l a d  period was significady higher in 

199 1 than in 1992 and 1993 and that the meaa density was sigdicantly higher in 1988 

than in 1993. During the juvenile period, Tukes test showed that the mean density of 

zoop~ankton was significantly lower in 1992 than in other years. W~thin years, mean 

zooplankton density was higher during the larval p e n d  of SMB development than durkg 

the juvenile period of developrnent in 3 of 4 years (Fig. 4.1 1). 

The mean dry biornass of combined zooplankton taxa difEered significantly among 

years during the SMB larval (F,,, = 13.4 1; p < 0.0005) period (Fig. 4.1 1). Tukey's test 

showed that the mean biomass in 1992 was significantly lower than values in the other 

three seasons and mean biornass was significantly higher in 199 I than in 1993. NO 

signincant dserence was found between mean biomass of moplankton during the SMB 

juvede penod of dwelopmerrt (F,,, = 1.89; p = 0.15). Mean biornass values during the 

lamai period were highest in 199 1 (1 33 mg m-3 ) and lowest in 1992 (25.7 mg ni3). 



Zooplankton biomass deciined seasody, such that mean values during the j w d e  period 

were approxhtely 50% below d u e s  determined for the larval perîod in 3 of 4 years. 

Seasonal timing in the production of zooplankton in Lake Opeongo vaTied 

considerably among yean (Fig. 4.12). Zooplankton biomass increased as the season 

progressed, peaked, and subsequentfy declineû in aii years. In 1992 and 1993 zooplankton 

biomass peaked in late Mayleariy June, 2-3 weeks prior to the production of first-feeding 

lame.  In 1988 and 199 1, howwer, zooplankton biomass peaked in the end of June, 

a p p r o h t e l y  1-2 weeks following production of first feeding SMB larvae. 

Adult cladoceran and copepod aaupiii nurnencdy comprised 85095% of the 

zooplankton taxa in Lake Opeongo in al1 four years (Table 4.9). Calanoid copepods were 

dominated by Lep~odiqtomus mimtus while cyclopoid copepods were dominated by 

Diacychps thornasi, MesocycIops eedm and Tropaycclops extellsus. The cladocerans 

showed greater species diversity, but were largely dominated by Bomtna longzrosbis and 

Polyphmspedicrius. ï h e  percentage abundance of both copepod nauplü and adult 

cladocerans during the SMB lamal penod ranged considerably arnong years (Fig. 4.13). 

In 1992 and 1993, when prey production peaked 2-3 weeks prior to the production of first 

feeding SMB larvae, copepod nauplii compnsed 86% and 6 1 % of total zooplankton 

abundance during the SMB larvai penod (Fig. 4.13c,d). In contrast, in 1988 and 199 1, 

when the seasonal peak in zooplankton abundance foiiowed the production of first feeding 

SMB larvae, cladocerans comprised 75% and 93% of the total zoopiankton abundance 

during the SMB larval penod (Fig. 4.134b). During the SMB juvenile penod, copepod 

nauplü and cladocerans again domiriateci and were similarly abundant in 3 of the 4 nesting 



seasons (Fg. 4.13e-h). The exception was 1988, when copepod nauplü comprised 65% 

of total zooplankton abundance compared to 28% for cladocerans. 

The absolute density of copepod naupiii and adult cladocerans v a k i  coasiderably 

over the 4 seasons. hiring the SMB larval period of development, densities of copepod 

nauplü and adult cladocerans ranged fiom 3 (1991) to 26 (1992) and âom 3 (1992) to 47 

(1 988) individuals Ti, respectively. Variation in abundance of copepod nauplü and adult 

cladocerans followed a similar pattern during the juvenile period, with values ranging fiom 

7 (1992) to 29 (1988) and from 6 (1992) to 20 (1993) individuals l*', respectiveiy. 

Despite their high numerical abundance, the contribution of copepod nauplü to 

total zooplankton biornass was considerably iess (Fig. 4.14). During the SMB lamal 

penod, copepod nauplii comprised <8% of the total zooplankton biomass in 3 of 4 years 

(Table 4.10). This pattern also persisted through the SMB juvenile period. Total biomass 

of copepod nauplü over the 4 seasons ranged fiom a low of O S  (1991) to a high of 7.0 

(1992) mg ni3 (Table 4.1 1). Total biomass of zooplankton was dominateci by cladocerans 

in all4 years, with cladocerans comprishg 82 and 7% of the total biomass durhg the 

SMB larval and juvenile periods, res pectively . 

4.3.5 Embryonic, Larval and Eariy Juvenüe Development 

Mean duration of embryonic, lmai and juvenile periods varied considerably in 

SMB broods in Lake Opeongo (Fig. 4.15). Water temperatures experiencd by individual 

broods in each of the developmental periods was strongly influenced by the combination 

of seasonal timing in spawning and variation in mean daily water temperature. Generdy, 



as water temperatures increased, the leagth of the deveiopmental pexiods decreased. For 

broods that Surviveci to metamorphosis, mean length of time that ofipring remaineci with 

a parentai male difEered sigdicantly among years (F,,,, = 3 1.23 ; p < 0.0005), ranghg 

fiom 29 d in 199 1 to 43 d in 1992 and averaged 35 d over the 5 years. 

A one-way ANOVA indicated a sigaificant ciifference in mean length of the 

embryonic period among years (F,* = 38.53; p < 0.0005). Mean embryonic duration 

ranged fiom 1 3.4 d in 1 99 1 to 16.4 d in 1992. Larval duration also differed significamly 

among years (F4,,, = 423.78; p < 0.0005), ranghg from 8.7 days in 1989 to 17.4 d in 

1992 and averaged 12.8 days over the 5 years. Tukey's test showed that mean length of 

the larval period differed across aii years. Juvede duration, defineci here as the M i e  

between metamorphosis and brood dispersal, differed signifïcantly among years 

(F,,,, = 7.23; p < 0.0005), ranghg from 3.9 d in 1993 to 9.5 d in 1992. 

Time available for fist-feeding larvae to find adequate food resources is 

detefmined, in part, by time to yoUc absorption, which defines the penod during which 

larvae can rely on endogenous energy resexves. The correlation between mean duration of 

the early l and  phase and mean water temperature was significantly negative across 

spawning seasons (Fig. 4.16a; r = -0.94, p = 0.017, n = 5). The correlation between mean 

duration of the late larval phase and mean water temperature was also strongly negative 

but not sigiuficant (Fig 4.16b; r = -0.86, p = 0.062, n = 5). but statistical significaace was 

lirnited by s m d  sample size. Mean total length of larvae was siflcantly positively 

correlateci with rnean age at metamorphosis across years (Fig 4.17a; r = 0.91, p = 0.029, 

n =5). This suggested that year-classes that metamorphosed late did so at s ign i f idy  



larger sizes. Brood-specific variation in age at metamorphosis was p a t e r  thm variation 

in length at metamorphosis in aii y- as indicated by the coetncient of variation (Table 

4.12). Cornparison of mean CVs for length and age during the five spawning seasons 

showed that age at metamorphosis was significantiy more variable than length at 

metamorphosis (CV (means) = 0.1 1 9 and 0.067, respective@; t = 6.2 16, df = 4, p = 

0.003). inter-annuai variation in mean age and length of larvae at metamorphosis was 

greater than mean variation within years; CVs for mean variability in age and length 

among years equalled 0.265 and 0.078, rapectively. The CV for mean age at 

metamorphosis among years (0.265) was approximately 122% greater than the mean CV 

for age withui years (0.1 19) and reflected the wide range in mean age at metamorphosis 

(9 d in 1991 - 18 d in 1992). In contras& the CV of mean length among years (0.078) was 

only 18% higher than the mean CV of length within years (0.066). The correlation 

between mean instantaneous growth rate and developmental rate was strongiy positive but 

not sigiuncant across years (Fig 4.17b; r = 0.80, p = 0.102, n = 5). Thus, year-classes that 

experienced relatively high growth rates rnetamorphosed early, but at a smaller mean size. 

4.3.6 YOY Length 

Brood-specific mean total length of first feeding SMB larvae Mered significantly 

among years (F,, = 27.66; p < 0.0005). Mean total length of fmt-feeding larvae in 

broods ranged from a low of 9.2 mm in 199 1 to a high of 9.6 mm in 1988 and 1992 

(Fig. 4.18). Tukey's test showed that total length of larvae at first feeding was sigiuficantiy 

lower in 1989 and 199 1 than in 1988, 1992 and 1993. Brood-specific mean total leagth 



at metamorphosis also Wered mong years (F4,,, = 48.16; p < 0.0005), ranghg fiom 

14.0 nim in 1991 to 17.0 mm in 1992 and averaging 15.9 mm over the five nesting seasons 

Vig. 4.19). Tukeys' test showed that mean total length of broods in 1989 and 1991 

differed significantly h m  al other years. 

Variation in mean total length of fia-feeding larvae, expressecl as the coefficient 

of variation (%), was sunilar across years, with values ranging fiom a low of 3 -4 % in 

1993 to a high of 4.9 % in 1989. Measurements of ofkpring length at 4 day intexvals 

showed that variation in mean length increased progressively between nrst feeding and 

metamorphosis in al1 years (Table 4.13). Foilowing metamorphosis, variation in mean 

total length of juveniles decreased. This decline most likely resulted fiom small sarnple 

sizes (broods) during the juvenile penod, as most of the variation in length-at-age can be 

attributed to Merences among broods and not within broods (Friesen 1990). 

4.3.7 YOY Growth 

4.3.7.1 Year-Class Growth Rates 

Mean instantaneous growth rates of larvae varied considerably among year classes, 

ranging fiom 0.032 (0.39 mm 6') in 1992 to 0.059 (0.69 mm b') in 1989 and averaging 

0.044 (0.54 mm 6') over the five spawning seasons (Table 4.14). Linear models provided 

the best fit to the length-age regressions in a.ü years, and age alone explained fiom 85 to 

92% of the variance in body length (Fig. 4.20). Analysis of covariance (ANCOVA), wah 

year as treatment and larval length as the covariate, showed a sigdcant dinaence among 

regression coefficients for the five regression lines (p < 0.0005). 



During the SMB juvede period, mean htantaneous growth rates ranged from 

0.032 (0.68 mm 6') in 1992 to 0.080 (1.66 mm d-') in 1989, and averaged 0.058 

(1.16 mm bl) over the fhre years (Table 4.14). Foilowing metamorphosis, instantaneous 

growth rates increased in all years, with the exception of 1992, when growth rates 

remaineci relativeiy wns*im throughout the l a n d  and d y  jweniie penods. Age 

explaineci 83 to 94% of the variance in body length during the juven.de period and linear 

models provided the best fit to the leagth-age regressions in ai i  yean, with the exception 

of 1992, where a second order polynomial mode1 provided a better tit (Fig. 4.2 1). Over 

the 5 year study, mean instantaneous growth rates of larvae and juveniles were positively 

correlated (r = 0.94; Fig. 4.22). 

Growth rates were detemiined at 4aay intervals between first feeding and brood 

dispersal for ail 5 year-classes. uistantaneous growth rates, as reflected by the regression 

coefficients (b) in the iînear models, were lowest at first feeding in all 5 year-classes, when 

larvae were switching from endogenous to exogenous food resources (Table 4.15). 

Growth rates generaily increased with age, peaking at or near the time of metamorphosis 

in each season. An exception occurred in 1992, where growth rates remaineci relativeiy 

constant throughout the parental care period of development. 

4.3-7-2 BroodSpecific Lamal Growth 

Brood-specifk lmal growth rate differed significantly among years (F,, = 9 1.73; 

p < 0.0005). Mean growth rates ranged fiom a low of 0.32 mm d-' in 1992 to a high of 

0.74 mm 6' in 1989 (Fig. 4.23). ûver the five seasons, growth rates of lwd broods 



averaged 0.56 mm 6'. Differences in mean growth rate are pady explained by different 

temperature regimes among years. For instance, mean brood-specific growth rate of 

larvae was highest in 1989 and lowest in 1992, years that experienced the highest and 

lowest mean water temperatures, respectively. Howwev, much of the variation in larval 

growth rates among years was not explained by diffaences in temperature regimes. For 

example, Tukey's test showed that mean brood-specifk growth rates differed significantly 

in 199 1 and 1993, while mean brood-specific temperatures were identicai (20 OC). 

Brood-speçinc growth rates during the SMB l m a e  period were highly variable 

within years (Table 4.1 6). Maximum brood-specific growth rates were 50, 75, 1 1462 

and 390h higher than average rates in 1988, 1989, 1991, 1992 and 1993, respectively. 

Growth rates were most variable in 1989, with instantaneous growth rates ranging 

between 0.031 - 0.097 (0.32 - 1.30 mm d-l). Variability in instantaneous growth rate was 

2 times higher in 1989 than in the other 4 years. Bartiett's test for homogeneity of 

variances indicated that variance in instantanmus growth rate difFered significantly among 

years (B, = 96.99; XZ,,,, = 9.488; p < 0.0005). Tukey's test indicated that the variance in 

instantaneous growth rate in 1989 was significantiy higher than in other years. 

Brood-specific growth rates were regressed against brood-specific mean water 

temperatures in each year. The relationships are shov.~ in Figure 4.24 and the regression 

equations are iisted in Table 4.17. Brood-specinc growth rates were positively associateci 

with brood-specinc water temperatures during the larval period in 4 of 5 years. The dope 

of the regression h e  describing these relationships differed signincantiy fiom zero in only 

3 years and mean water temperature explained > 15% of the variation in mean growth rate 



of SMB larvae in only 2 years. 

The dope of the regession line descri'bing the relationship between growth rate 

and water temperature diazred among years, owing to the negative relationship between 

water temperature and larval growth rates in 1988. The negative relationship between 

brood-speçinc growth rate and water temperature in 1 988 resuited, in part, fkom 

extremely low growth rates in a srnail number of broods spawned late in the season- 

Removal of these nests fiom the analysis resulted in a positive, but non-significant 

(p = 0.44 1) relationship between growth rate and water temperature in 1 988. A test for 

similarity of slopes among the four nesting seasons having a positive relationship between 

growth rate and water temperature also showed that the slopes dinered among years 

(F4,,, = 13.56; p = 0.00 1 ). Thus, the relationship between growth rate and temperature 

varied across nesting seasons, and no single regression equation describing growth, with 

respect to temperature, could be constructed. 

Larval growth rates were positively associated with spawning date in most years 

and likely reflected the seasonal Uicrease in littoral zone water temperature. Lack of a 

strong relationship between larval growth rates and temperature likely renilted from low 

variability in brood-specific temperatures withia nesting seasons. For example, mean 

brood-specinc water temperature varied by r 2 O C  for 75% of all broods during the larval 

period in 1989 and 1993, while mean brood-specific water temperatures varied by s 1 OC 

for 75% of all broods in 1988 and 1992. Brood-spdc water temperature was least 

variable in 199 1, when mean temperatures ranged by < 1 OC for aii larvai broods. 

Interestingly, brood-specific water temperatures were most variable in the 3 years in which 



significant relationships between land  growth rates and water temperature were found. 

4.3.7.3 Brood-Specifïc Juvenïie Growth 

Brood-specific growth rates of jwenile SMB differed s ignif idy among years 

(F,, = 47.28; p < 0.0005). tnstantaneous growth rate rangeci from 0.034 (0.68 mm 6') in 

1992 to 0.089 (1.73 mm 6')  in 1989 (Fig. 4.25). ûver the five nesting seasons, brood- 

specific instantanmus growth rate averaged 0.064 (1 -25 mm 6') during the juvenile 

period. Tukey's test showed that mean growth rate in juvenile broods was significamly 

higher in 1989 than in other years, whiie mean growth rate was significantly lower in 1993 

than in other years. The relative magnitude in mean growth rate among years in the 

juvenile period was very similar to the pattern obsemed in the larval period. 

inter-annual variation in mean growth rate of juvedes was saongly associated 

with mean water temperaturse. In 1989, juvenile broods experienced the highest mean 

temperatures and aiso had the highest instantaneous growth rates, averaging 0 .O89 (1.73 

mm de'; Table 4.1 8). In contrast, brood-specific water temperature averaged 18.6 OC in 

1992, nearly 3 OC lower than in 1989. Mean instantaneous growth rate in juvenile broods 

was 0.034 (0.68 mm 6') in 1992, only 38% o f  the value recordeci for broods in 1989. 

Similar to the l a a l  period, the relationship between juvenile brood-specific 

growth rate and water temperature was not as strong within years as among years. 

Although brood-specific growth rate was positively associatecl with brood-specific mean 

water temperature in 4 of 5 years, the dope of the regression h e  describing this 

relationship difEered significantly fiom zero oniy in 1988 and 1989 (Table 4.19). Slopes of 



the regression lines differed among years, thus no single regression equation describing 

growth with respect to water temperature codd be constructeci for ali y m .  

4.3.7.4 Variabüity in Brood Growth Rates at M a y  Growth intervals 

Growth patterns in SMB broods were examiad at 4day intervals, beginning at 

fht feeding. Brood-specific growth rates were lowest in the fkst 44ay growth interval in 

ail years, when larvae switched h m  endogenous to exogenous food reMurces (Figs. 4.26, 

4.27). Mean growth rate for the 4-&y growth intervals increased between first feeding 

and metamorphosis in 4 of the 5 nesting seasons. Brood-specinc growth rates remained 

relatively stable throughout the lwal and early juvenile periods in 1992, a year 

characterized by unseasonably low water temperatureS. Instantaneous growth rates were 

highest at or near the point of metamorphosis in di years. Foliowing metamorphosis, 

instantaneous growth rates declined or remained relatively stable. 

A one-way repeated measures ANOVA showed that brood-specific hstantaaeous 

growth rates, detemineci for successive 4-day gowth intervais, difFered sigmficantly in ail 

years (Table 4.20). Post-hoc multiple contrasts showed that mean growth rates in the fist 

4day growth interval was signtficantly lower than growth rates in subsequent intemals in 

aU years. Instantaneous growth rates during the fint 4-day growth interval of the juvede 

period were 107, 79,67, 77 and 90% higher than those for the first 4day growth htervd 

of the larval period in 1988. 1989, 199 1, 1992 and 1993, respectively. 



4.3.7.5 Smallmouth Bass Gmwth in Rdatioo to Food Avahbüity & Temperature 

Multiple regression analyses reveaied that timing between the production of SMB 

larvae and peak prey biomass levels srplained little of the seasonal variation in brood- 

specific growth rates. In 1988 and 1992, timing between production of first-feeding 

broods and peak prey biornass leveis explained none of the variation in brood-specific 

growth rates. In 199 1, variation in brood-specific mean water temperature and peak food 

availability explained 33% of the variation in brwd-specinc growth rates; however, the 

temporal match between Iwai production and peak prey levels explained only 1% of this 

variation (Table 4.2 1 ). Jh 1 993 the full regression mode1 explained 29% of the variation in 

brood-specific growth rates. There was a moderate negative relationship (? = 0.11) 

between brood-specific growth rates and the temporal match between lamal production 

and peak prey biornass levels iu 1993. As production of first-feeding larvae occurred 2 

weeks d e r  peak prey production in 1993 (see Fig. 4-12}, broods spawned eariier in the 

season experienced relatively higher growtb rates than late-spawned broods. 

Prey availability also explained little of the variation in l a n d  growth rates among 

years. Although mean instantaneous growth rate in SMB larvae was positively correlated 

with mean zooplankton biomass among years, the relationship was not sigmûcant 

(r = 0.34; n =4; p = 0.66). Mean instantanmus growth rate in SMB larvae ranged fkom 

0.032 (0.39 mm 6') in 1992 to 0.051 (0.68 mm bl) in 1993, while mean zooplankton 

biomass during the larval period ranged fkom 26 (1992) to 133 (199 1) mg nf3. Lack of a 

strong relationship between prey abundance and larval growth rates is perhaps best 

illustrateci by cornparhg the 199 1 and 1993 year-classes. b a i  growth rates were high ia 



both years, with mean vaiues dinering by < IO'?%. Prey abundance, however, Wered 

dramatidy between years, with mean zooplankton biomass approximately 2 tirnes higher 

in 1991(133 mg mV3) than in 1993 (67 mg nf3). Moreover, water temperatures during the 

larval period did not mer ,  averaging 20.4 "C in both years. 

In contrast to prey levels variation in mean water temperature explained much 

more of the year-to-year variation in lard  growth rates. The among-year correlation 

between average brood-specific growth rate and brood-specific water temperature was 

strongly positive, but not significant, for both the earIy larval (r = 0.75, p = 0.1 43. n = 5 ;  

Fig. 4.28a) and late l and  (r = 0.78, p = 0.121, n = 5 Fig. 4.28b) phases of development. 

The strong association of increased growth rates with increasing temperature suggests that 

growth of SMB larvae may be physiologicaily constrained as opposed to food-Iimited. 

4.3.8 YOY Mortality 

4.3-8.1 Mortality: Year-Class Level 

The overail trend in age-specific s u ~ v a l  was similar across years (Fig. 4.29). A 

linear mode1 of mortality provided the best fit to abundance-at-age over the entire parental 

care period in 4 of 5 year-classes. Instantaneous mortality rate ranged £?om a low value of 

0.1 1 (10.4% b') in 1992 to a high of 0.17 (15.6% cf1) in 1989. Analysis ofcovariance 

(ANCOVA), with year as the treatment and age as the covariate, showed a rnargioally 

significant ciifference among regression caefficients for the five regression lines (p = 0.05). 

The relationship between abundance and age followed a similar pattern each year 

(Fig 4.29). Abundance estimates began below the regression line, crossed above the line 



and then feil below the regression line again prior to brwd dispenal. The point at which 

abundance estimates cross above the regression lines corresponded closely with the timing 

of metamorphosis in each year, suggesting that mortality rates at the year-class levei may 

be lowest near the end of the larvai period. Following rnetamorphosis, abundance 

estimates feu below the regression he, suggesting higher mortality rates in juvenile SMB. 

sumival of embryos e q d e d  13.4 and 16.4% in 1992 and 1993, respectively. 

Year-class iustantaneous mortaiity rates during the embryonic penod equaiied 0.129 

(12.1% d-') in 1992 and 0.134 (12.5% bl) in 1993, approximately 2 times higher than 

lamal mortaiity rates. 

Dunng the Iarvai period, year-class instantaneous mortality rates varied 

considerabiy among years, ranging Rom a Iow of 0.067 (6.5% b') in 1989 to a hi& of 

0.1 02 (9.7% 6') in 1 99 1 and averaging 0.08 1 (7.9% a') over the five years (Table 4.22). 

hstantaneous mortality rate aiso varied among years in both the early and late larval 

phases of development. In the eariy larval phase, instantaneous rnortality rates were 

highest in 1988 (2 = 0.109; 10.3% 6') and 1992 (Z = 0.107; 10.1% dV1), with values 

approximately 2.3 times higher than in 1993 (2 = 0.047; 4.6% d-l). The instantaneous 

mortaiity rate was less variable among years during the late larval phase of development, 

ranghg fkom 0.063 (6.2% 6') in 1988 to 0.095 (9.1% 6') in 199 1. Thus, not ody did 

hstantaneous mortality dBer among years during each of the laml phases, but the 

relative magnitude of mortality among years Wered between the two phases. For 

example, while the 1988 year-class expenenced the highest mortality rate during the early 

larvd phase, it also expenenced the lowest mortalitjj rate during the late l and  phase. 



In 3 of 5 y-, year-class monaiity rates of larvae during the e d y  larviii phase exceeded 

values for larvae during the late larvd phase, however, mean daily mortality rate over the 

5 years differed by < 1% between the two larval phases. 

43.8.2 BroodSpecific Mortaüty 

Mean instantaneous mortaiity rates in SMB larvae ranged fiom 0.44 (28% 6') in 

1993 to 0.9 1 (40.3% d-l) in 198 8 and averaged 0.74 (33.8% 6') over the 5 years (Table 

4.23). Brood-specific mortaiity rates were highly variable in d years, ranging between 

O - 100% 6' in al1 years. Mortalîty distributions were strongly skewed to the right, which 

indicated that a srnail percentage of broods experienced high mortality each season (Fig's. 

4.30. 4.3 1). The skewed nature of the mortaii-ty distributions prevented testing of mean 

instantaneous mortality rates among years; however, chi-square andysis reweaied that 

brood-spdc median instantaneuus mortality rate Mered sigdicantly arnong years 

during the l a n d  period (X2 = 12.89; p < 0.0005). Median instantaneous mortality rates 

ranged from 0.02 (2.3 % 6') in 1989 to 0.50 (39.2% 6') in 1988 and averaged 0.28 

(24.5% d") over the 5 seasons. Median brood-specific mortality rates were exceptionally 

low in 1989, being more than an order of magnitude below values in other years. 

The magnitude of brood-spdc and year-class level mortality rates differed 

comiderably in al1 years (Fig. 4.32). Mean and median brood-specific instantaneous 

mortality rates were approximately 10 and 5 times higher than yearclass values, 

respectively, with the exception of 1989, when the median brood-specinc mortality rate 

was v e q  similar to the rnortality nite for the year-class. The discrepancy in the magnitude 



of mortality rates between year-class and brwd-specific levels stemmed from the highly 

skewed distribution of mortality rates at the brood b e l .  

Brood-specific mortality rates were examined independently in the eady and late 

lamal phases of SMB development. Durhg the early iarvai phase. mean instantaneous 

mortality rate ranged fiom a low of 0.241 in 1993 to a high of 0.741 in 1991, averaging 

0.1 6 over the 5 years (Table 4.24). Durhg the late larval phase mean instantanmus 

rnortahy rate mged from a low of 0.04 in 1989 to a high of 0.19 in 1988 and averaged 

0.1 1 over the five spawning sessons. Mortaîity distributions were skewed to the right 

durhg both l a n d  phases in all years (Fig. 4.33). 

Chi-square analysis reveafed ùiat median instantaneous mortality rate dEered 

significantly among years in both the early (IF = 33.87; p < 0.0005) and late w- = 25.65; 

p < 0.0005) land phases. In the early larval phase, median Uistantaneous mortahy rates 

ranged from a low of 0.013 (1.3% 6l) in 1989 to a high of 0.191 (17.3% b ' )  in 1991 and 

averaged 0.042 (4.1% 6') over the 5 years (Table 4.24). Thus, the median instantaneous 

mortality rate in 199 1 was approximately 1 5 times higher than in 1989. During the late 

lamai phase, median instantaneous mortality rate mged from a low of 0.01 1 (1.1% b') in 

1989 to a hi& of 0.352 (29.6% 6') in 1992 and averaged 0.106 (10.1% d-l) over the 5 

years. The median instantaneous mortaiity rate during the late l a d  phase in 1992 was 

approxhately 32 times higher than in 1989. Although the median mortaiity rate 

remaineci extremely low during both the early and late l a d  phases in 1989, the relative 

mapitude in median mortality rate among the 4 remaining years dSered between the 

early and late l aml  phases (Table 4.24). 



Brood-specific median instantaneous mortality rate dinered significantly between 

the eariy and late larval phases in 2 of 5 years (Table 4.25). in the two years where 

signifiant differences occurred (1988, 1993), median mortality rate was higher in the late 

Iarvai phase. Thus, with respect to median mortality rate, no evidence of a criticai period 

was evident in any of the 5 spawning seasons. The magnitude of difference in the median 

instantaneous mortality rate between the larval phases differed considerably arnong years, 

ranghg from 0.2% in 1989 to 2 1.2% in 1993. Over the 5 years, the median instantaneous 

mortality rate was 6% higher in the late l a d  phase than in the eady larvd phase. 

4.3.8.3 Juvenile Brood Mortality 

Brood-specific mean instantaneous mortality rate during the early juvenile period 

was highly variable arnong years, ranging fiom 0.13 (1 0.9% 6') in 1 989 to 0.36 

(23.9?? 6') in 1988 and averaged 0.21 (16% d") over the 5 spawning seasons (Table 

4.26). Mean instantaneous mortality rate in juvenile broods was 60, 83, 76, 70 and 48% 

lower than in larval broods in 1988, 1989, 199 1, 1992 and 1993 respectively. As in lamai 

broods, juvenile brood-specific mort* rates were highly variable withh years, with 

mortality distributions strongly skewed to the right in all years (Figure 4.34). 

Chi-square analysis showed that rnedian instantaneous mortaiity rate in juvenile 

broods Mered sigrilficantly among years (E = 14.06; 0.005 < p < 0.0 1). Median 

instantaneous mortality rate ranged from a low of 0.05 (4.5% 6') in 1989 to a high of 

0.18 (16.8% b') in 1988 and averaged 0.10 (9.7% &') over the 5 years. Within years, 

median uistantaneous rnortaiity rate was lower in juvenile broods than in larval broods in 4 



of 5 years. The exception was 1989, when mortality rates remaiLled low throughout the 

parental care period. Chi-square analysis showed that median mortality rates differed 

signiscantly between juvenile and l a n d  broods only in 1992 (Table 4.27). 

43.8.4 Srnailmouth Bass Mortaüty in Rdation to Food Avaihbilify & Temperature 

The regression model useci to d y z e  the importance in timing between production 

of first-feeding SMB larvae and date of peak prey biomass and water temperature 

explallied a significant amount of the seasonal variation in brood-specific mortality rates in 

SMB in all4 years. In 3 of 4 years. the model explained over 50% of the seasonal 

variation in brood-specific mortality (Table 4.28). However. timing between production 

of SMB larvae and peak prey biomass levels explallied only 4% (1 99 1 ), 7% (1 992), 13% 

(1 988) and 1 6% ( 1993) of the variation in brood-specific mortality rate. 

For years in which first-feeding larvae were produced pnor to the peak seasonai 

production of zooplankton ( 1988, 199 1 ), brood-specific mortality rates were negatively 

related to t h e  between production of first-fdmg larvae and date of peak prey biomass 

levels. This is indicated by the negative partial correlation coefncients for the independent 

variable in the regression models for 1988 and 1991 (Table 4.28). Thus mortaiity 

rates were highest in broods that initiated first feeding nearest to the date of peak prey 

production (latest in the season). In contrast, in those years in which first-feeding larvae 

were produced after the seasonai peak in prey production (1992, 1993), brood-specinc 

mortality rates were positively related tu time between production of first-feeding larvae 

and date of peak prey biornass levels. Broods that initiatecl h-feeding nearest to the 



date of peak prey biornass in 1992 and 1993 experienced lower rnortality rates, on 

average, than broods which initiated feeding later in the seeson. To nimmarize, the sign 

of the relationship between mortaüty of SMB larvae and the timing of production of fim- 

feeding SMB lmae and their prey changed among years, depending on whether lmae  

were produced pnor to or &er the peak production of zwplankton- hportantiy, these 

results dso indicated that regardless of whether first-feeding larvae were produced pnor 

to (1988, 1991) or following (1992, 1993) the peak production of zooplankton, mortaliS, 

rates increased seasonally in ail years. 

Timing between production of SMB larvae and date of peak prey biomass 

qlauied only a moderate amount of the seasonal variation in brood-specinc growth rates 

in SMB, but the relationship may be spurious because the regression coefficient for time 

(days) between production of SMB larvae and date of peak prey biomass was negative in 

1988 and 1 99 1. Urdicating that l a r d  mortality rates were highest when zooplankton 

biomass was highea. Moreover, mean water temperature and variation in mean water 

temperature, the remahhg independent variables, contributed si@cantly to the multiple 

regression mode1 in 3 of 4 years. 

Mean brood-specific mortality rate of early larvae was moderately positively 

associated with mean water temperature among years (r = 0.56, p = 0.3 3, n = 5) 

(Fig. 4.35a). However, as a result of the strong negative efféa of temperature on 

developmental rate mean cumulative rnortality rate was negatively associated with water 

temperature arnong years during the early lami  phase of deveiopment (r = -0.43, 

p = 0.47, n = 5) (Fig. 4.35b). In contrast to the early larval phase, mean brood-s@c 



mortality rate was sign3icant.y negatively associateci with mean water temperature among 

years durùig the late larval phase of development (r = 0.99, p = 0.0 1, n = 5) (Fig. 4.36a). 

Due to the strong negative relationship of developmental time and mortality rate with 

temperature, cumulative mortality rate of late larvae showed a significant negative 

relationship with temperature among years (r = 9.98, p = 0.003, n = 5) (Fig. 4.36b). Due 

to the iduence of temperature on developmental rate, cumulative mortality was posltively 

associateci with phase duration during both the early laval (r = 0.28. p = 0.64, n = 5; 

Fig. 4.37a) and late Iarvai phases (r = 0.93, p = 0.022, n = 5; Fig. 4.3%) of development. 

4.3.9 Rdationship Between Mortaiity and Growth 

Brood-specific instantaneous mortality rates were negatively related to brood- 

specinc instantaneous growth rates in SMB within years (Fig. 4.38). Linear dopes of the 

regression lines describing these reiationships were significant in 3 of the 5 spawning 

seasons (Table 4.29). Lack of a strong relationship between mortafity rate and growth 

rate in 1989 (R2 = 0.07) likely resuited fkom the highly skewed mortality distribution. 

Extremely high mortality rates in a srnail number of broods contributed to the high 

variation in brood-specific mortality rate in 1989. However, mortality rates differed littie 

arnong the remainder of the broods in 1989. 

The relationship between growth and mortaiity showed a siniiiar pattern among 

years. At the year-class level the correlation between mean instantaneous rnortali~ and 

growth rate for the full l a r d  period was negative, but insignificant (r = 0.49, p = 0.40, 

n = 5; Fig. 4.39a). Similady, at the brood lwel, the correlation between median brood- 



specifk instantanmus mortaiity and growth rate was negative, but insignificant (r = 0.84, 

p = 0.07, n = 5; Fig. 4.3%). 

4.4 Discussion 

44.1 Food Limitation, YOY Growth and Mortality 

This study demomtrated significant inter-mual variation in the rnean spawning 

date of SMB within a temperate lake. Spawning occurred fiom late May through late 

June at mean daily temperatures ranging nom 1 1.5 to 2 1 O C ,  consistent with earlier studies 

on SMB in rivers (Graham and Orth 1986; Lukas and Orth 1995) and lakes (Turner and 

MacCrimmon 1970; Ridley 1978; Shuter, et al. 1980). Both the onset and the duration of 

spawnùig a&ty appeared to be reguiated by water temperature. Previous studies 

demoustrate that much of the variation in spawning t h e  of SMB in lentic environrnents is 

associateci with two important aspects of water temperature; average temperature and the 

rate of hcrease in water temperature (Shuter, et al. 1 980; Vogele 1 98 1 ; Ridgway, et al. 

199 1 ). The early mean spawning date in 199 1 was associated with a rapid rise in spring 

water temperatures. As a consequence, spawning activity in 199 1 was essentidy 

cornpleted prior to the date of onset of spawning in any other year. Male size was 

negatively related to spawnhg date in d years, consistent with previous studies on the 

same population (Ridgway, et al. 199 1 ; Ridgway and Fnesen 1992). 

The existence of seasonal and inter-annual variability in spawning the  may have 

important e c o l o ~ d  implications for SMB population dynamics. A key assumption of the 

match-mismatch hypothesis is that the seasonal timing of spawnïng has evotved so as to 



synchronize the annuai production of o&pring with maximum annual availabiiity of their 

prey (Cushing 1969). Results of my study did not indicate a consistent reproductive 

strategy in relation to the avadabitity of YOY prey. First-feeding larvae were produceci 

both prior to (1 988, 199 1 ) and following (1 992, 1993) the date of peak zooplankton 

production The production of first-feeding larvae coincidental with peak prey levels has 

been temed a 'synchronous' strategy (Sherman, et al. 1984) and has b e n  reporteci in 

numerous marine species @roiet, et al. 1991; McGurk, et al. 1993; Ponton, et al. 1993). 

In h e h g ,  synchronous production of larvae and their prey was noted in the spring cohort 

but not in the fd cohort (Fortier and Gagne 1990). The close match between the 

production of first-feeding larvae and their food in 1988 and 199 1 suggested a 

sync hronous spawning strategy . In contrast, the production of fia-feedhg larme 

following the date of peak zooplankton production (1 992, 1993) did not support the 

assumption of larvae-prey synchrony. The low wanning rate of water in Lake Opeongo 

prior to spawning, together with extremely low temperatures during the embryonic period, 

contributed to the seasonal delay in production of ht-feeding larvae in 1 992 and 1 993. 

A second assumption of the match-mismatch hypothesis states that the timing of 

larval production should be relatively invariant among years, in contrast to prey 

production, which may show considerable year-to-year variability (Cushing 1 969). The 

timing of larval production appeared remarkably constant in 4 of 5 yean, consistent with 

this second assumption of the match-mismatch hypothesis. The mean date of spawning 

occurred sigiuficantly eariier in the season in 1991 than it did in other years. 

Consequentiy, the mean date of production of first-feeding l m  and the mean date of 



peak prey production in Lake Opeongo both varieci by approximately 3 weeks over the 

entire duration ofthe study. Although larval production coincideci with the seasonal 

increase in water temperatures, r d t s  of my study did not M y  support this second 

assurnption of the match-mismatch hypothesis. 

Variabiiity about the mean spawning date was high in 4 of 5 years, and may have 

important implications for growth and survivd of YOY SMB. Given the seasonal increase 

in water temperature in Lake Opeongo, YOY from nests spawned eariïer in the year 

generally experienced lower brood-specinc temperatures throughout development. Low 

temperatures may negatively impact suMval of YOY SMB in several ways. Previous 

research has shown that low temperatures are associateci with a bigher incidence of nest 

desertion in spawning males, leaving oEsping vulnerable to predation, siltation and spread 

of fimgus (Coutant 1975; Shuter, et al. 1980). This indirect effect of water temperature 

on YOY survival was most apparent in 1992, when cold temperatures persistai for several 

weeks following initiation of the spawning season, r d t i n g  in high nest failure among 

early-spawning maies. Low temperature may also afExt YOY survival directly, by 

reducing growth and developmental rates and thereby increasing the duration of the larval 

period (Chambers and Leggett 1987). Resuits of the present study showed that lmal 

growth rates were positively assotiated with temperature in most years, and that lmai 

growth rates were positively associateci with developrnentai rates among y-. It has 

been suggested that slow growth during the larval period rnay lead to higher cumulative 

mortaiity due to predation (Chambers and Leggett 1987; Pepin 1991; Rice, et al. 1993). 

There are also potential benefits associateci with a l y  spawning for SMB 



oering.  Wth regard to prrdation nsk, shorehe aarisea swims of Jones Bay showed 

that: 1) the abundance of poteritid predaîors increased seasonally a d  2) the abundance of 

potential predaton in the exposai habitat was extremely low relative to the protected 

habitat (unpublished data). Thus, ofipring r a i d  eady in the season in exposed habitat 

may have expenenced lower predation risk than young raiseci later in the season in 

protected habitat. Bollens et al. (1992) suggests that early spawning in fishes in temperate 

wastal waters may be govemed by seasonal increases in YOY predaton. Hatching early 

in the season may also allow SMB l a i  from eariy-spawned nests to shift f?om 

zooplanktivory to benthivory eariier in the season. Because suMvorship of YOY SMB is 

strongly size dependent, partidariy through the first winter (Shuter, et ai. 1980; 

MacLean, et al. 198 1), the timing of the diet shift may be critical in determining sunival 

and recruitment rates. in largemouth bas, seasonal timing of spawning and land growth 

rates both play a critical role in the timing of the shift to piscivory in juveniles and in 

&val during the first vinter of Me (MiUer and Storck 1984; Olson 1996). 

The mismatch between timing of production of W-fêeding larvae and peak prey 

abundance in 2 of 4 years suggested that a match or mismatch of larvae and their prey may 

not be the only factor reguiating the spawning behaviour of SMB in Lake Opeongo. 

Indeed, for SMB populations near the northm limit of their range, the seasonal timing of 

spawning has been shown to be constrained by the energy stores of nesting males 

(Ridgway, et al. 199 1). The strong positive relation between total length and age of YOY 

SMB in my study indicated that initiai length advantages rdt ing  from eariier spawning 

persisteci through to dispersai, regardless of the degree of match or mismatch in the 



production of S M f 3  larvae and their prey. Previous studies of largemouth bass also show 

that -ai length advantages of individuals fkom eariy-spawned nests persist throughout 

the fïrst growing season (Keast and Eaâie 1985; Goodgame and Miranda 1993). Fdure 

d m y  data to meet two important assumptiom of the match-mismatch hypothesis, 

together with the strong iinear relation between length and age in all years, mggesteci that 

a match or mismatch of first-feeding SMB larvae with their prey may be of semndary 

importance in deteminhg the spawning stnitegy of SMB. 

Cntid Period Hypothesis 

Brood-specific growth and mortality rates of larvae varied considerably within and 

among years; however, redts of this study did not support Hjort's ( 19 14) critical period 

hypothesis that prey avdability coinciding with the production of fht-feeding larvae 

contributes significamly to growth and survival of l a r d  fish. During this multi-year field 

study, 1 was unable to detect a critical period of hi& mortality associated with the onset of 

kst-feeding. Aithough the production of SMB larvae was associated with the seasonal 

rise in prey concentration in al1 years, production of first-feeding larvae and their prey 

were never precisely matched. Fust-feeding larvae were produced either before (match 

years - 1988, 199 1 ) or just after (mismatch years - 1992, 1993) the peak date of prey 

production. Mean and median brood-specific growth rates were inconsistently associated 

with prey concentration across years. The strong effect of temperature on l a r d  growth 

rates rnay have obsnved effects of food-limitation on lmai  growth. Repeated measures 

analysis of growth at consecutive 4 4  intervais showed that brood-specific Ilistantaneous 



growth rates of early lawae were consistentiy lower than those of older laxvae. These 

r d t s  suggested that f m o n  other uuui prey concentration alone were duencing growth 

rates of eariy larvae. Lower temperatures during the eariy larval phase of development, 

due to the seasonal rise in water temperature, may have comiuted to the lower growth 

rates of early larvae. Alternatively, the higher growth rates of late larvae may have 

refiected ontogenetic changes in fo-g behaviour, as a fish's ability to locate and 

capture prey irnproves rnarkedly and rapidly during ontogeny (Blaxter 1986; Noakes and 

Godin 1988; Browman and O'Brien 1992; Wanzenbock 1992). 

Median brood-spdc instantaneous mortality rates of early lame ranged by an 

order of magnitude among years. However, inter-annuai variability in mortality of early 

larvae was not related to prey abundance. W h  the exception of 199 1, annual brood- 

specific mortality rates of early lmae showed a negative relation with mean annual water 

temperatures. Mortality rates of early lmae were lowest in wam c a l .  years (1 989, 

1993) and highest in cold (1992) or windy (1988) years. 

Importantly, my results indicated that median brood-specific mortality rates of 

early larvae did not exceed those of late larvae in al1 years. Thus, low growth rates of 

early larvae did not translate into higher mortality rates as predicted by the critical period 

hypothesis. My results are consistent with those of Taggart and Leggett (1987) who 

found no relation between mortality of larvai capelin MaiIofus viilosus and prey 

abundance. Similarly, Johnson and Mathias (1993) were unable to detect a critical period 

of high starvation in pond-reared larvai walleye Stizostedon viaeum at the omet of f b t -  

feeding. Fortïer and Leggett (1 984) found that mortaiity of fmt-feeding capelin lame 



was related to prey abundance, although the mgnitude of the effect is small. 

Several m o r s  may have contributeci to the low mortaüty nites of eariy h a e .  

F i  death fiom starvation was unlürely, as brood-specific growth rates of larvae were 

only weakly reiated with prey abundance in any year. Second, variability in YOY TL was 

extremely low during the eariy lmai phase of development. The effect of size-selective 

mortalityy assuming it was operating, may not have been apparent during the eariy larvai 

phase of development. Variability in length increased with age, and the effkcts of s h  

seleaive mortality rnay not have been apparent untii the late larvai phase of development, 

as observeci at the individual-level in YOY yellow perch (Post and Prankevicius 1987). 

Third, the volume of water ocaipied by broods and the mean swimming speed of larvae 

(see Chapter 3) were both signincantly lower for eady l m e  than for older larvae. In 

other species, vulnerability to predation during eady life phases rnay be reduced because of 

their low visibility a d o r  low motility (Folkvord and Hunter 1986; Litvak and Leggett 

1992; Pepin, et al. 1992; Bertram and Leggett 1994). That larger and faster growing 

lamae experienced higher mortality rates was consistent with more recent studies, which 

propose that vulnerability of larvae to predators should follow a dome-shaped hc t ion  

@dey and Houde 1989; Fuiman and Margurran 1994; Paradis, et al. 1996). My results 

are ais0 consistent with previous experiments that show predation monality for early 

larvae to be less than (Limak and Leggett 1992; Pepin, et ai. 1992) or equal to (Bertram 

and Leggett 1994) that of older larvae. Finally, the low mortality rates for early larvae 

may have resulted nom changes in parental effort of guarding males, as previous studies 

show a decline in parental defence behaviour of nesting male SMB bllowing fht-feeduig 



of lmae (Ridgway 1986; Ridgway 1989; Mackereth 1995). 

Match-Mismatch Hypoth~is 

The results of this shidy did not support the basic predictions of the rnatch- 

mismatch hypothesis as related to growth and Survivai of SMB larvae. The match- 

mismatch hypothesis predicts good growth and &val of larvae in years of match in the 

peak production of larval fish and their prey. Growth tates of larval SMB were g e n d y  

inconsistent with the prediction that inter-annual growth rates will be higher in years of 

lmal fish-prey match than in years of rnismatch For instance, the mean brood-specific 

growth rate of larvae was higher in 1993 (mismatch year) than in 1989 and 1991 (match 

years). The higher mean larval growth rate in 1993 could not be attributed to temperature 

eEécts, as mean brood-specific temperatures during the laival period did not Mer 

sigmficady among the tbree years. In 1992, low larval growth rates were associated with 

extremely low prey concentrations. However, mean brood-specific water temperature 

during the lamal period in 1992 was si@cantly lower than mean temperatures in the 

other 4 years. Temperature is often the main factor regulatiag larvai fish growth (Houde 

1989), and the positive relation between mean muai l a r d  growth rates and mean annual 

prey abundance was likely due to the strong positive correlation between larval growth 

rates and temperature. Previous field studies have associated inter-annual variation in 

YOY fish growth with prey abundance (Haldorson, et al. 1989; Kadiri, et al. 1989; 

Bailey, et al. 1995; Fortier, et al. 1995; McGovern and Olney 1996). Other studies (Butler 

1 989; McGurk, et al. 1 992) found inter-annual variation in larval growth rates to be 



d a t e d  to prey concentrations. 

The match-mismatch hypothesis aiso predicts that variation in larval growtir rates 

within a growing season is a f'unction of the temporal match between lame and peak prey 

abundance (Cushing 1990). Regression analysis showed that seasonal variabiiity in brood- 

specinc growth rates was not retated to the timing of peak prey production in 1988, 199 1 

and 1992. In 1988 and 1991, production of SMB larvae and their prey was closely 

synchronized. Under such favourable prey concentrations, the likelihood of food 

limitation would have been g r d y  reduced. In 1992 and 1993 production of first-feedhg 

larvae followed the seasonal peak in prey abundance. Prey concentrations during the 

SMB larval period were extremely low in both years, but values did not m e r  s ignif idy 

fkom one another. However, mean growth rates of larvae in 1992 and 1993 Wered 

significantly, as the mean growth rate of larrae in 1993 was nearly twice as bigh as that for 

larvae in 1992. Given the temperature coTlStrained growth and developmental rates of 

SMB larvae in 1992, the absence of any &ect of prey concentration on brood-specific 

growth was not surprising. Prey concentration rnay not have been the most important 

fàctor limiting larval growth in 1992. In 1993, SMB lanme grew at very high rates despite 

low prey concentrations and the temporal match between larval production and peak prey 

abundance explaineci 1 1% of the variation in brood-spdc growth rates. My resuits 

contrast with those of Emery (1975) who proposed that first-year growth of Lake 

Opeongo SMB is Iimited by food avaüabiii~. Recent studies of American shad in the 

Comdcut  River (Crecco and Savoy 1985) and land plaice PIeuronectesplatesw in the 

North Sea (Hovenkamp 1990) have cleariy iinked seasonal variations in growth rates with 



prey concentration. In contras, diffennces in cohort-specinc growth rates of Pacifie 

herring CZtcpeapaIlasi larvae were not related to prey abundance (McGurk, et al. 1993). 

Inter-mual differences in brood-spdc mortality rates of SMB lame were not 

related to the availabdity ofprey abundance. For example, in years of larvae-prey match 

(1988, 1991) brood-specific mortality rates were greater than or equal to those in years of 

iarvae-prey mismatch (1 992, 1 993). In cona'ast, B d e y  et aL(1995) found that inter- 

annual variability in prey abundance at the t h e  of maximum production of &-feeding 

walleye poiiock Therugra chaîwgrmnm Ilarvae was the most important factor in lamal 

mortality rates. Similariy, inter-annuai merences in the feeding success of fish larvae in 

Hudson Bay, C a ~ d a ,  was related to the availability of prey abundance, also consistent 

with the match-mismatch hypothesis (Fortier, et al. 1995). 

Results of this study showed that variabdity in brood-specinc mortaiity rates of 

laxvae within years was weakly duenced by the temporal ovedap between larvae and 

their prey, as predicted by the match-mismatch hypothesis. In yean of larvae-prey match 

(1 988, 199 1), first-feeding larvae were produced 1-3 wks pnor to the seasonal peak in 

prey abundance. The negative partial correlation coefficients in the regression models for 

the two larvae-prey match years indicated that broods spawned earliest in the season 

experienced the lowest mortality rates. In the years of lme-prey mismatch (1992, 

1993), when larvae were produced following the occurrence of the seasonal peak in prey 

abundance, positive partial correlation coefficients in the regression models again indicated 

that broods spawned earlier in the year experienced lower mortaliîy rates. Regardless of 

the synchronism between the seasonal occurrence of SMB larvae and their prey, broods 



spawned eadier in the year experienced slightly lower rnortaiity rates. For the 4 years ia 

which prey abundance was rneasured, spawning date explaiaed 13,4 7 and 16% of the 

variation in brood-spdc mortality rate- Interestin&, the contribution of spawning date 

to variation in brood-specific mortatity rate was lowest in 1991 (4%) when spawning 

period duration was shortest. This result is consistent with Mertz and Myers (1994) 

suggestion that variability in spawning duration of Atlantic cod caa &ect the extent of 

overlap between lanme and their prey, and thereby affect recruitment dynamics. 

Results ofprevious field midies have both confÏrmed and rejected the importance 

of intra-annual vkability in prey abundance to larval fish mortality. Fortier and Gagne 

(1990) show Survival in spring-spad herrhg lwae CIupea harengus produced severaï 

weeks pnor to the peak in plaokton production to be higher than that of auturnn-spawned 

larvae which are produced in conditions of deciinhg prey concentration. In contrast, 

mortaIity rates ofPacific herring whorts show no relation to  seasonai patterns in prey 

abundance (McGurk, et al. 1993). 

Although the match-mismatch hypothesis assumes that spawning strategies in fish 

have evolved to synchronize annual production of fish larvae and their prey, others 

(Bollem, et al. 1992) suggest that eariy spawning strategies in some species rnay function 

to minirnize predation nsk of their ofiSpring to potentid predators. There was a 

substantial seasonai increase in the abundance of potentid fish predaton of SMB lame in 

the littoral zone of Lake Opeongo (unpubl. data). Thus, avoidance of piscivorous 

predaton that may feed on their ofipring rnay be another constraint that hfiuences the 

timing of spawning in SMB. Initiaihg exogenous feeding eady may not or@ d o w  larvae 



of early spawners to mairimize growth during the first year of Me, but it may also reduce 

their risk of predation during the fim few months of lité. 

Gmwth-Mortaiity Hypothesis 

Importantly, results of this study clearly demonstrateci that brood-spdc growth 

rates of l a r d  and juvede SMB were highly variable and contributeci importantiy to 

YOY survivai in some years. The negative relationship betwem brood-specific growth 

and mortality rates suggested that the probability of surviving through to the juvede 

penod of development was higher for individuals nom faster-growing broods. My results 

contrast with those of Sabo and Orth (1996) who used otolith analysis to show that 

individual SMB that survived to become juvedes were not statistically larger as larvae 

than the average-sized larvae in the population. However, my resdts are consistent with 

earlier reviews of the 1arva.i fish literature that show that survival of cohorts tend to be 

positively related to growth rates during the eariy stages (Anderson 1988) and that body 

size is important to lamal Survival (Miller, et ai. 1988). Previous studies have aiso shown 

t hat faster-growing larvae rnay be favoured over slower-growing individuais (Rosenberg 

and Haugen 1982; Post and Prankevicius 1987; Rice, et al. 1987; Rice, et al. 1993). ûther 

field studies have shown a negative relation between lamai mortality and growth rates at 

the cohort level (Graham and Townsend 1985). Furthemore, if sire-dependent mortality 

is operational, small changes in growth rate a n  have a large impact on larvai Survival 

(Houde 1987). Rice et al. (1993), using an individual-based simulation model, 

demonstrate how changes in the mean and variance of growth rates of individual larvae 



intemct with sizedependent mortaiity to affect both the number and characteristics of 

suvivors. 

Mer-annual brood-specific growth and mortality rates of lame were also 

negatively correlateci. Survivai rates have been shown to be highest for the fastest 

growing year classes in striped bass Morone saxmilis (Rutherford 1992). Shce year-cIass 

PO* rates were positively related to mean annuai temperatwes, larval @od durations 

were also shorter for the faster growing year classes. Thus, larvae nom fmer-growing 

year classes were not only exposed to predation for a shorter period of time, but they may 

also have been less wlnerable to predation during the larval period because of size-based 

mortality. Together these effects codd produce substantial ciifferences in cumulative 

mortality of larvae among year classes. The size-dependem pattern of mortality rates in 

my study provided support for the growth-mortality hypothesis, although evidence to 

niggest food-limitation as the principle cause of mortality was not apparent. 

4.4.2 YOY Production 

Mean Brood Size 

Production of first-feeding larvae in Lake Opeongo varied comiderably, both 

within and arnong years. Mean brood size of est-feeding larvae differed s i g d h d y  

among years, ranging fiom a low of 498 lamae per nest in 1991 to a hi& of 1970 in 1993 

and showed a modenite positive association with spawnüig stock abundance. Estimates of 

mean brood size feu within the range of values reportai for other SMB populations 

(Neves 1975, x = 3943); (IWfietto and Baylis 1990, x = 482-1 699); (Lukas and Orth 



1995, x = 608), however, the 4-fold difference in mean productivity across years was 

larger than previously reported. Brood sizes were also highly variable within nesting 

seasons, ranghg by two orders of magnitude in ail years (1 988,45-3OSO; 1989, 10-3330; 

1991,26-1800; 1992, 17-590; 1993,284000). Ranges reported in earlier midies are 

generaiiy Iower and narrower than values rne8sued in the present study (Pfieger 1966, 

165 1-3952; Clady 1975, 103-2608; Nwes 1975.45 1-7856; Lukas and Orth 1995,98- 

1802). Results of this study also showed that brood size distn%utions were consistently 

skewed right, indicating that a smd percentage of nests produced a large proportion of 

fia-feeding larvae in each reproductive season. This is the h t  long-tem field shidy that 

has detemiined brood site distributions of £kt-feeding SMB larvae, although Lukas and 

Orth (1995), studying reproductive success of SMB in the North Anna River, Vuginia, 

observed that a small number ( 13%) of large males acwunted for 3 1 % of the total 

production of first-feeding larvae. 

Brood size of first-feeding larvae was positively associated with male length in d 

years, consistent with previous studies (Neves 1975; Wiegmann, et al. 1992; Lukas and 

Orth 1995). ûther studies have demonstrated a positive relation between femaie size and 

fecundity in SMB (Clady 1975; Hubert 1976; Vogefe 198 1 ; S e m  1984) including the 

Lake Opeongo population (Mackereth 1 995). Eariier research on the reproductive 

behaviour of S M B  in Lake Opeongo shows a consistent pattern of large males preceding 

small males in establishing neas, and has outlined bioenergetic hypotheses to account for 

the pattern (Ridgway, et al. 199 1). By nesting earlier in the season, large males are more 

Iürely to mate with larger fernales, that are also able to spawn earlier in the season than 



smaller females (Ridgway, et al. 199 1 ), thereby obtalliing more eggs. 

Male size explained much of the variation in brood sire w i t h  years; however, it 

did not explain the Cfold difference in mean brood size arnong years. For instance, the 

mean size of nesting d e s  was highest in 1991, in a year that was also unique in having 

the srnailest mean l a d  brood sizes. It is unlikely that the low brood sizes of first-feeduig 

larvae in 1991 resulted fiom hi& embryonic mortality rates, as brood sizes at spawning 

were also exîrernely low (pers. obs. ). Several studies on SMB report high interdianauai 

variability in total egg production (Clady 1975; Sems l984), but provide no estimate of 

variability in mean fenuidity of females arnong years. Inter-annual variation in mean 

fecundity has been reported for other speciw in the field, hcluding plaice Pleuronectes 

platessu (Bagenal 1969), lake trout, Salwlims nantwmsh (Martin 1970), bay mchovy 

Anchw mztchiiii (Zastrow, et al. 1 99 1 ) and weaknsh Cjmoscion regufis (Lowerre- 

Barbien and Chinenden 1996). Aithough it is generally acceptai that food availability is 

of prime importance in determinhg the reproductive potentiai of different species, much of 

the field evidence is circumstantiai, owing to the diffidties of separating out the effects of 

ot her environmental variables on fecwdity . Laboratory expenments demonstrate a more 

direct effect of nutrition on fecuadity in fishes (Wootton 1977; Spxingate, et al. 1985; 

Kjesbu, et al. 1996). Results of the present mdy suggest that variable fecundity may be 

an important component of SMB population dynamics. Further work is required to m e s s  

the efféas of variable egg production on SMB population dynamics. 

Fecundity, or initial egg number, may aiso have & i e d  production of YOY SMB 

indirectiy, through its infiuence on parental care behaviour in guarding males. Despite 



what appeared to be ideal weather conditions for nestllig in 199 1, the percentage of nests 

producing lmae was 40 to 50% below that of other yean. Maximkbg one's lifetime 

reproductive success is a fùnction of a tradeoff between current and fùture reproduction 

(Sargent and Gross 1986). The parental effort of male SMB should be in response to the 

value of both the m e n t  brood and future reproductive expectations. Parental fish are 

able to adjust their level of behaviour in direct response to brood nurnber (Ridgway 1989; 

Sabat 1994). which rnay include the decision to abandon their n m .  

The early spawning season in 1991 may also have contributeci to the low 

production of larvae in 199 1. Ridgway et al. (1 99 1) show that male body size acts as a 

consaaint on the seasonal timing of reproduction in SMB. Due to the higher relative 

energy debt i n m e d  during the winter, smaller males must docate energy to growth pnor 

to spawning The mean date of spawning in 1991 occuc~ed 2 to 3 wks earlier than it did in 

other years. Consequently, srnaller males may not have had adequate t h e  between ice- 

out and spawning to acquire sufncient energy reserves to meet their reproductive needs. 

In addition to the size and condition of spawning adults, production of first-feeding 

larvae has been shown to be iduenced by factors that infiuence within-nest survivonhip. 

Low produçtivity resulting from displacement of embryos and nrst-feeding lame due to 

turbulence from wave action has been associated with high fiow rates in streams 

(Wmemiller and Taylor 1982; Simonson and Swenson 1990; Lukas and Orth 1995) and 

strong offshore winds in lakes (Coutant 1975; Goff 1985). Displaced offspring or 

offsprulg abandoned by rnales are also more likely to be consumed by predaton (Pfïeger 

1975). In northem lakes, spawning may be intempted when offshore winds produce 



upwellings that bring coi& hypolimnetic water into littoral-zone spawning areas (Shuter, 

et al. 1980). Episodic drops in water temperature are associated with high rates of nest 

abandonment in guarding males (Shuter, et al. 1980; Vogele 198 1; Graham and Orth 

1986) and hcreased egg mortality (Kerr 1966; MacLem, et al. 1981). In 1988, 13 (25%) 

nests in the study area failed following two days of high winds. Broods abandoned by 

males during the embryonic and larval periods in the present study were absent, and 

presumed dead, within 24 h of abandonment. News (1975) observeci similar resuhs after 

permanentiy removing SMB males h m  broods in a small lake. 

Production of larvae has been shown to be higher in nests composed of larger 

substrate in SMB (Goff 1986; Wiegmam, et al. 1992) and bluegill Lepovnis muc~ochiirus, 

a related centrarchid (Bain and Helfnch 1983). Larger substrate offers greater protection 

for o f f s p ~ g  exposed to high offShore winds (Goff 1986) and better protection from 

predaton (Bain and Helfiich 1983; Walten and Wdson 1996). in Jones Bay, nesting 

habitat situated in the leeward side of islands, or othenvise protected fiom prevding 

northwesterly winds, consistai of sand, silt, low-growing vegetation, or some combination 

of these substrates and appeared to offer young SME3 Iittie protection fiom predators, 

relative to the coarse grave1 and large boulders that characterized the wind-swept habitat. 

Large early-nesting males consiaedy established temtories in the wind-swept exposed 

habitat, in contrast with srnaller late-nesting maies that tended to establish nests in the 

protected habitat. 



Total YOY Abundance 

Results of this study showed that 82, 79, 77, 75 and 47% of SMB nests produced 

larvae in 1993, 1989, 1992, 1988 and 199 1, respectively. The high inter-annuai variabiiity 

in percentage of nests producing first-feeciing larvae is consistent with previous shidies of 

SMB in lakes (Goff 1986; Ridgway and Friesen 1992). These authors show that years of 

low nesting success are characterized by cold and windy conditions. whereas calm, wann 

conditions resuit in high nesting success. Nest success during the ernbryonic period was 

not strongly associateci with water temperature, as the percentage of nests that 

successfûiiy produced first-f&g larvae was highest in the coldest year ( 1 993; 1 5.5 OC) 

and lowest in one of the warmest years 199 1 (1 9.0 O C ) .  Thus, cold water temperature 

alone rnay not necessarily result in low nest success. High winds and low tempetames 

appear to be highly correlated, and fûrther studies are needed to determine both the 

relative and the interactive effects of these variables on Survivai of SMB embryos. 

Although a high percentage of nests successfidly produced est-feeding larvae, the 

percemage of embryos s u ~ v i n g  to become larvae was much lower. For example, in 1992 

and 1993, 77 and 82% of the nests produced larvae; however, based on initial egg counts 

of SMB nests in Jones Bay (Mackereth 1995) and brood size estimates of first-feeding 

larvae in this study, oniy 16.4 and 1 3 -4% of the eggs initially deposited in nests survived to 

become larvae in 1992 and 1993, respectively. Earlier studies show embtyo sumival of 

SMB in temperate lakes of similar latitude to Lake Opeongo to range between 25 and 

30% (Latta i 963; Clady 1975). Although fmon affecting embryo rnortality in fishes 

have not been given a great deal of consideration (Bailey and Houde 1989), the apparent 



high mortality rates of SMB embryos in this shidy are not unlike those of other fieshwater 

species that deposit demenal eggs (Fomey 1976; Dahlberg 1979; Bouwes and Luecke 

1997). 

Lukas and Orui (1 995) show a seasonal increase in the total production of first- 

feeding SMB larvae in a Stream. These authors propose that higher temperatures reduce 

developmental times of embryos f?om late-spawned nests; shoner developmental times, in 

tum, result in Iower cumulative mortahy of eggs fiom fiingus. In con- to Lukas and 

Orth's (1995) observation, the seasonal pattern of larval production in Lake Opeongo was 

highly variable; fiequency distributions of first-feeding h a 1  abundance plotted against 

calender date showed distributions to be normal (1993), birnodal(1989, 1992) and skewed 

(1988). The seasonal pattern of larval production in Lake Opeongo was strongly related 

to the shape of the spawning date distributions of d e s .  Thus, year classes characterized 

by birnodd spawning distributions tended to produce first-feeding lard distributions of 

sùnilar shape. The seasonal pattern of large males receiving eggs pnor to srnder maies 

(Ridgway, et al. 199 1), together with the positive relation between embryo number 

(hatched eggs) and male size (Ridgway and Fnesen 1992) may also contribute to the 

seasonal pattem of larval production in Lake Opeongo. Given these relationships, egg 

numbers in nests would be expected to deche seasonally. A more comprehensive analysis 

is needed to determine how variability in spawning distribution, initial egg numbers and 

embryonic mortality operate to regulate the seasonal production of SMB larvae. 

Although mortality rates diiered significantly among y-, the ranking of year- 

classes with respect to total production remained relatively unchangeci between first- 



feeding and dispersai of jweniles fiom the natal sites. Yearclasses with high initial larval 

abundances (1989, 1992, 1993) experienced lower mortahy tates than year-classes with 

lower initial abundances. The positive relation between larval and juvenile abundance is 

the first conclusive evidence that eariy production patterns in juvede SMB may be 

determuied by larval supply. As such, this hding has important implications for the study 

of recniitmem patterns in SMB. Previous research (Ridgway and Friesen 1992) shows 

that inter-annual variation in year-class strength, especiaiiy the appearance of strong year- 

classes at fim reproduction, is maintaineci in age-structures throughout addt life. The 

strong relation between laml  and jwenile abundance in the present study, and the 

maintenance of strong addt year-classes following fist reproduction (Ridgway and 

Friesen 1992), together suggest that much of the variability in year-class strength of SMB 

may uccur during either the embryonic penod andor later in the juvenile period. 

Results of the present study contrast with those of previous studies dernonstrating 

densityaependent monaiity in larvai fish (Welker, et al. 1994; Michaletz 1997). 

DeAngelis et al. (1993), modehg growth and s u ~ v a l  in fist-year SMB, suggest that 

high initial densities of SMB larvae may result in massive die-offs of YOY, due to 

resource depression. Although moplankton densities dedineci seasonally in Lake 

Opeongo, there was no clear evidence that these pattern were related to YOY densities, 

as declines in zooplankton density began prior to the production of ht-feeding larvae in 

two of four years. Given that survival of YOY SMB through the fkst winter of Me is 

strongly size dependent (Shuter, et al. 19801, the density-dependea mechanism of 

population regulation in first-year SMB (DeAngelis, et al. 1993) is vey persuasive. 



As most fish populations neither go extinct or increase to mfhity, density- 

dependent regulation is believed to &st (Rothschild 1986). However, evidence for 

densityaependence has been demonstrated in few populations (Shepherd and Cushing 

1990) and the lack of evidence for deasity-dependence during the l a n d  period has been 

attniuted to low spawning biomass (Shepherd and Cushing 1980; Shepherd and Cushing 

1990). îhe  number of spawning males in Jones Bay, Lake Opeongo, in 1989 exceeded 

the previous hiaorical record for spawning males by approximately 25 to 30% (Ridgway 

1986); yet growth and Survivai of larvae remained significantly higher than those in the 

other four field seasons. Lack of evidence for density-dependent growth and survival in 

1989 suggests that l a r d  spawning biomass and lanml densities in Lake Opeongo may 

simply be too low for density-dependent mechanisms to operate. 

It is possible that density-dependent regulation of SMB populations couid o c w  Ui 

other developmental periods or phases. Population regulation in YOY SMB potentially 

could occur through density-dependent mechanisms as proposed by DeAngelis et al. 

(1993) in post-metarnorphic juveniles. 1 propose that a îikely point in Mie for such a 

mechanism to operate may correspond with the ontogenetic diet shift fkom zooplanktivory 

to benthivory followùig dispersal of juveniles tiom natal areas. The timing of the diet shift 

from invertebrates to piscivory in first-year juvenile largemouth bass appears to be critical 

to fint-year sumival in largemouth bass (Olson 1996). 

Production estimates of first-feeding larvae in Lake Opeongo feu within the range 

of values previously reportecl (Neves 1975; Wkgmam, et ai. 1992; Lukas and Orth 1995). 

However, cornparisons must be made cautiously, as methods used to estirnate production 



have not been standardized. Wiegmann et ai. (1992) and Lukas and Orth (1995) base 

th& estimates of fim-feeding larval abundance on embryo comts in the nest, made just 

prior to the tirne of embryo-larval eansfonnation. Ushg a suction device to collect 

embryos from the nest, Wiegmann et al. (1992) determine the number of embryos in each 

sampled nest volum~cally. Lukas and Orth (1995) also co11ect embryos by niction, but 

base th& estimates on counts using enlargeci projections of photographs taken of the 

brood (Noltie 1986). By placing enclosures over nests during the %!ack f?y stage', News 

(1 975) couected and counted fiee-swirnming larme that emerged from nests. Neves' 

(1975) method may overestimate brood sizes, as mortality factors extemal to the nest may 

have been prevented fiom operating while enclosures remained over nests. 

4.43 YOY Deveiopment 

Environmental variables typically display pronouncd seasonal patterns on a tirne 

scale that encompasses the early developmental periods of fishes in temperate lakes. In 

Lake Opeongo, mean temperatures varieci significantly among developmental periods 

within years and between similar developmental periods arnong years. The seasonal rise in 

water temperature together with the nochastic nature of temperature fluctuations resulted 

in subaantial variation in brood-specific water temperatures within and arnong 

developmental periods. Temperature is known to be an important environmental factor 

affecting d y  developmentai rates of fishes (Youson 1988; Pepin 199 1; Miller, et al. 

1995; Pepin 1997). Not surprisingly, the timing of first-feeding and metamorphosis varied 

substantiaily among broods, both within and among years. The timing of h-feeding and 



metamorphosis in SMB may be critical to first-year swivaf, not oniy because food 

resources and predator abundance varied seasonally in Lake Opeongo, but dso because 

SuNival through the fïrst winter of Mie is strongly size dependemt (Shuter, et al. 1980; 

MacLean, et al. 198 1). The timing of nnt-feedimg and metamorphosis is an hportaut 

component of Hjort's ( 19 14) cntical penod hypothesis and Cushing's (1 975a) match- 

mismatch hypothesis. Results of this research show how the timing of first-feeding and 

metamorphosis are affected by temperature-induced changes in developmemal rates during 

the embryonic and lamal periods of development. 

Results of this study showed that duration of the embryonic period varieci 

substantially, both within and among y-. Within years, the duration of the hatch-to- 

h-feeding phase of embryonic development was consistently longer than the spawn-to- 

hatch phase of development. Spawn-to-hatch times for broods ranged from 4 to 8 d, 

shdar to values detemllned for SMB in the laboratory (Webster 1948; Kerr 1966) and 

field (S hut er, et al. 1 980) at similar temperatures. Hatch-to-first- feeding times ranged 

from 4 to 12 d, somewhat higher than those reported by Shuter et ai. (1980). Embryonic 

period duration ciifFerd sigruficantly among years, owing to the large variation in mean 

annual water temperature. During the embryonic period daily temperatures ranged £kom a 

low of 10.8 OC to a hi& of 23.8 O C ,  with mean annual temperatures ranging from 1 5.5 

(1 993) to 19.2 O C  (1 988). Inter-annual variabiiity in mean phase duration was much 

greater during the hatch-to-first-feeding phase than during the spawn-to-hatch phase of 

embryonic development. Thus, variation in developrnent rates following hatch likely 

contributed to the si@ca.nt ciifference in mean embryonic period duration among years. 



The mean duration of the larval p e r d  also differed significamly among years. 

Inter-annual variabiiity in meen period duration was greata for the larval period than for 

the embryonic perïod. although inter-mual variability in mean water t e m p e m e  did not 

Uicrease. Howwer, due to the seasonal increase of temperature in Lake Opeongo, mean 

temperatures increased fiom 1 7.7 O C  during the embryonic period to 2 1.1 OC during the 

larval penod of development. Optimal growth temperature for larvai and juvenile SMB 

ranges between 26 and 29 O C  (Peek 1965; Homing and Pearson 1973). Growth and 

development of embryos and lawae occurred at temperatures well below the optimwn, 

where the rate of energy assimilation is expected to be an exponentidy hcreasing fûnction 

of temperature (Kitcheli, et al. 1 977). As larvae were growing at temperatures closer to 

their optimum than were embryos, the rate of energy assimilation per unit iacrease in 

temperature would be expected to be higher for Iawae. Assuming growth rates were 

positively related to assimilation rates and given the positive relation between growth and 

developmental rates of larvae in this study, developmental rates of larvae may dso have 

been much more responsive to changes in temperature within the range of temperames 

experienced by lame. 

Size and Age at First-Feeding and Metamorphosis 

Results of this study showed that mean variation in age at metamorphosis was 

significantly greater than mean variation in length at metamorphosis within years. 

Cornparisons among years reveded a similar pattern, with variation in mean age much 

higher than variation in mean length @y a f a o r  of 3.4). Also, mean length and age and 



mean growth and developmental rate of lamal SMB were positively correlateci among 

years. This author is unaware of any previous investigations that have reporteci on the 

variation and correlation between size and age of larvae within and among years for a 

tieshwater species under naturai conditions. However, my r d t s  are in general 

agreement with previous studies of marine spezies in both laboratory (Policansky 1982; 

Chambers and Leggett 1987) and natural settings (Victor 1986). Policansky (1982), 

workhg on starry flounder Platchthys stetlatus, Chaxnbers and Leggett (1987) studying 

winter flounder Pseud~p~euronectes mericamrs, unù Victor (1 986) investigating 

bluehead wrasse T3tafassomu bifc~sciaturn, show length at metarnorphosis to be less 

variable than age at metarnorphosis for individuais. Coefficient of variations (CV's) for 

length and age at metamorphosis for winter flounder averaged 0.05 1 and 0.123 (Chambers 

and Leggett 1987) and compare closely to the 5-year mean CVs for length (0.066) and 

age (0.1 19) in the present study. Chambers and Leggett (1 987), using Viaor's (1986) 

data, calculateci the CVs for length and age of wrasses at metarnorphosis to be 0.063 and 

0.1 2% respeaively . The similarity between the CVs for age and iength at metarnorphosis 

in the present study and those for winter flounder and bluehead wrasse is intriguing, given 

that these fish are not closely related and that data were denved fiom laboratory and field 

settings. Moreover, unlike these earlier studies, data from the present study were not sizes 

and ages of individuals, but instead reflected annual and inter-annual averages for broods 

of lawal SMB. Given the heterogeneous conditions in Lake Opeongo, 1 anticipateci that 

the variation in age and length of recentiy metamorphosed juveniles in Lake Opeongo 

wodd be larger than that determined for other species under laboratory conditions. It is 



Wrely that some of the variation in age and length that occureci at the individual-level rnay 

not have been detected as a coosequence of assessing variation at the brood-Ievel. 

Mean length and age of YOY SMB at metamorphosis were positively correlated 

among years, consistent with previous studies on other species of fish in the laboratory 

(Chambers and Leggett 1987) and fieid (Victor 1986). Others have found the correlation 

to be non-signifiant or negative (Poiicansky 1982). A h ,  the positive correlation 

between mean annual growth and dweiopmental rate for larval SMB is consistent with 

that reported for a nurnber of marine species (Chambers and Leggett 1987, for a review). 

My resuits suggested that although age and size both infiuenced the tirning of 

metamorphosis in SMB, the influence of size was much stronger. This was supported by 

the high variabiiity in mean age at metamorphosis compared to the lower variation in mean 

size at metamorphosis. Quantifjing these pattern in the field is an important step in 

understanding the underlying relationships between development, growth and 

environmental variability. 

4.4.4 Temperature, Growth and Mortaiity 

Results of this study showed substantial intra-annual variation in brood-specific 

size (TL) of fmt-feeding larvae and recently metamorphosed juveniles. Total length of 

first-feeding larvae and juveniles also difEered significantly among y-. Variability in 

length increased with age, consistent with previous research on this same population 

(Friesen 1990). Fnesen (1990) also shows that much of the variation in length-at-age 

occurs among broods and not within brwds. 



Water temperature is ofken the principle factor influencing lamil fish growth 

(Houde 1989), including SM. (Shuter, et al. 1980). Growth rate of YOY SMB increases 

between 15-25 O C  (Horning and Pearson 1973) with maximum growth rate occuming 

between 26-29 OC (Peek 1965; Homhg and Peanon 1973; DeAngelis and Coutant 1979). 

Given the inverse relationship between brood-specific growth and mortality rate, the sub- 

opthai and seasonally increasing water temperatures in Lake Opeongo and the positive 

relation between YOY growth and temperature, I anticipateci that brood-specific mortality 

ntes of SMB larvae would deciine seasonally. However, brood-spdc mortality rates 

did not fit this pattern in any year. Rather, brood-specific mortality rate tended to be 

lowest for broods that initiated first-feedhg eariiest in the season. That mortality rates did 

not decline seasonally may have stemmed, in part, fiom the low variation in brood-spdc 

tempemes within years. Aithough brwd-specific growth rates were positively 

associated with temperature in 4 of 5 years, the relationships were generally weak. D u ~ g  

the five field seasons, water temperame explaineci a maximum of 56% of the ka-annual 

variation in brood-specific growth rate, leaving a considerable amount the variation 

unexplaineci. Previous studies have demonstrated a positive hear relationship between 

temperatwe and land growth rates for YOY jwenile SMB under laboratory (Rowan 

1962; Peek 1965; DeAngelis and Coutant 1979) and field (Shuter, et al. 1980) conditions. 

Sabo and Orth (1995) found that growth rates of first-year juvenile SMB were not 

correlateci with temperature in a year with nearly optimal temperatures, but were 

positively related to water temperature in a wlder year. Similar to my results, these 

authors found that inter-mual Merences in growth rate were strongly related to mean 



muai temperature. 

The cntical role of temperature, partiailady its potentiai to cause high embryonic 

mortalities and its effect on growth and survival has been ideritifid in eariier research on 

SMB. For example, several studies demonstrate a positive correlation between speafic 

temperature indices and year-ctass strength (Fry and Watt 1 95 7; Fomey 1 972). 

Labontory and field experiments show that YOY SMB are partidariy susceptible to 

water temperature fluctuations soon after fertilization (MacLeaq et al. 198 1, for a 

review). Shuter et al. ( 1 980) developed a mode1 to assess the relations between growth 

and survivd of post-dispersal juvenile SMB in Lake Opeongo and found that growth rates 

were below laboratory-derived predicted values of Rowan (1 962). Shuter et al. (1 980) 

suggest that factors in addition to temperature may control growth rates of YOY SMB in 

Lake Opeongo. What was e q d y  intnguing about Shuter et al.'s (1980) growth rate- 

temperature regression for YOY juveniles in Lake Opeongo was the high variability Ui 

individual growth rates for a given temperature, relative to the low variabiiity observed by 

Peek ( 1965) under laboratory conditions. individual growth rates of juveniles in Lake 

Opeongo varkd by as much as an order of maguitude at a given temperature. h my 

study, brood-specific growth rates also showed high inm-annual va ri ab il if^ over a 

relatively narrow temperature range, aithough the magnitude of variation was lower than 

that reported arnong individual juveniies by Shuter et al. (1980). My resdts confirmai the 

prominence of temperature to YOY growth rates in SMB; however, the high variabiiity in 

brood-specific growth rates suggested that other unidentifid factors were also important. 

Previous research has shown that small reductions in larval growth rate may cause 



survivai to decline simply by prolonging the period of wlnerability to mort* (Chambers 

and Leggett 1987; Pepin 1990; Michaletz 1997). Consequently, any W o r  that strongly 

affects period duration may exert a strong infiuence on year-class strength (Houde 1987; 

Pepin and Myers 199 1 ). My red ts  showed that temperature affecteci sunival and 

production of first-feeding larvae and jweniles through its positive influence on growth 

and developmeatal rates. For instance, the percentage of kt-feeding larvae that survived 

to becorne juveniles each year was strongly associateci with mean annual gowth and 

deveiopmental rates. In 1992, when water temperatures were very col4 decreased 

growth rates of YOY dowed mortaiity factors to act longer, causing broods to 

experience higher cumulative mortality rates. hteresbngiy, year-classes dSered in their 

rankuig with regard to cumulative mortality and mean instarrtaneous monality rates (1 did 

not anaiyze this f o d y ) .  This hding has important implications for SMB population 

dynamics and suggeas that in addition to mortality rate estirnates, accurate predictions of 

year-class success may also require estimates of YOY growth and period duratiom. 

Despite the high intra-seasonai and inter-anmial variability in brood-specific 

mortality rates, 1 was unable to demonstrate that mortality rates were iinked to food 

availability. Either mortality rates of YOY SMB were not strongiy affecteci by prey 

availability or 1 was unable to detect it. For instance, the &ects of srnail-scale spatial and 

temporal variation in prey availability may not have been resolved in my study. The prey 

conditions 1 measured (average density and biomass) may not have been those experienced 

by YOY SME3 because prey availability changed over periods of the  shorter than 1-week. 

If food availability is largely a fiinction of small-scaie local turbulence, then my coarse- 



grained (ie. average density) measures of zoaplankton abundance wouid not have reflected 

a proper measure of food availabiiity. Also, the cause of mortality rnay have been 

predation or some other unidemifieci source. Taggart and Leggett (1987) made the 

important distinction that relationships between fish larvae and their predators often are 

noticeable because they are instanmmus7 whiie effects of prey densities on nutritional 

condition and growth of larvae are less obvious as they are cumulative over tirne. 

Conclusions 

Earlier research on est-year growth and sumivai in fishes focused largely on the 

early l a m l  phase where mortaiity rates were premmed to be the highest (May 1974). My 

results support a growing body of work that suggests that variability in growth and 

mortality during the late l and  phase and juvenile penod of deveiopment may be more 

important in deteminhg year-class strength than that during the early larval phase of 

development (Leggett and Deblois 1994), and that such effects rnay be mediated through 

the negative relation between mortality and growth rates (Anderson 1988). My results did 

not support a major iink between food-abundance at first-feeding and growth and 

mortality of larvae and therefore oEered no support for Hjort's (1914) critical period 

hypothesis. Although production of YOY SMB coincided with the seasonal warming of 

littoral-zone water masses and the development of food resources, the hypothesis that 

growth and mortality are regulated by the degree of match or mismatch in the production 

of larvae and their prey was not strongly supported. Therefore, this study offen only 

partial support for Cushing's (1 975a; 1990) match-mismatch hypothesis. 



1 believe that early jwenile production was essemiaüy set by the abundance of 

£kt-f&g lame, as the relative production of first-feeding lmae and recently 

metamorphosed jweniles were stroagly correlateci in Lake Opeongo. Temperature ais0 

had a strong infiuence on year-class success, as mean lamal growth, mortality and 

development rates al1 showed strong positive correlations with temperature. The e f f i  of 

temperature on htra-annual brood-specific growth and mortality was much weaker, and 

likely stemmed f?om the low variability in brood-specific temperatUres. Examination of 

year-class and brood-specific growth and survid among developmentd penods and 

phases within years and within developmenta periods and phases among years has 

provided a clearer picture of the processes iduencing early Me history dyoamics of SMB. 

1 conclude that growth and mortality of larval and early juvenile SMB were not 

food- limited. ïhe SMB population in Lake Opeongo may be an example of a low-density 

population whose dynamics are not constrained by food, but by other factors such as 

predation. In the following chapter, 1 employ in situ enclosures to further investigate the 

effects of prey availability on growth and survival of YOY SMB. Under these semi- 

controiled conditions 1 examine the effeas of larval stocking density and supplemental 

feeding on YOY growth and mortality. 



Table 4.1. Summary statistics of seasonal timing in spawning by male srnailmouth bass in 
Lake Opeongo, Ontario. Sarnple size (N) refers to the number of nests which received 
eggs in each spawning season. Julian date 152 = 1 June. 

- - -- 

Julian Date of Spawning 

Y ear N Mean S D .  Range 



Table 4.2. Sumrnary of smallmouth bass larval and juvenile abundances in Jones Bay, 
Lake Opeongo. Embry refers to the embryonic period. Spawning = time of egg 
deposition, FUst Feeding = first day of larval period, Metamorphosis = first day of juvenile 
period and, Median Day refers to the median tirne (days) that offspnng remained within 
the territory of the guarding male beyond metamorphosis for al1 nests within a given 
spawning season. Nests = number of active nests and YOY# = total number o f  offspring 
in al1 active nests. 

Y ear Developmental Period 

Embrv IaEZi! Juvenilg 

Spawning First Feeding Metamorphosis M d a n  Dq 

N ~ t s  N a t s  YOY# Nests YOY# Ntsis YOY# 



Table 4.3. Regression equations relating brood size (number of offspnng in a brood) to 
first feeding date (expressed as Julian date) for nesting male srnailmouth bass in Lake 
Opeongo. First-feeding signifies the initiation of the l a r d  period. Sarnple sizes (N) 
represent the number of nests that successfuily reacbed the larval period of development . 
Asterisk indicates a significant (p <0.05) relationship between brood size and julian date. 

Y ear N r' F P Regression Mode1 

1988 73 0.2 1 14-70 0.001* Brod six = -85.3(datc) + 15796 

1989 97 O. 03 3.02 0.085 Brood size = -jO.J(date) + 10 100 

199 1 34 0.04 1.21 0.280 Brood sizc = -37..l(date) + 6273 

1992 7 1 O. 16 12.71 0.001* Brood size = - 109.8(date) + 2 1077 

1993 62 0.00 0.00 0.965 Brood size = 2.6(dat.e) + 1 1 16 



Table 4.4. Summary statistics of brood size for first-feeding smallmouth bass in Lake 
Opeongo. N = number of active nests, Min = minimum brood size estimate, Max = 
maximum brood size estirnate and CV= coefficient of variation, expressed as percentage. 
Note: first feeding signdies the first day of the lawal period. 

Brood Size 

Year N Min Max Range Mean SD CV(%) 



Table 4.5. Regression equations relating brood size at first-feeding to male fork length 
(cm) for nesting smallmouth bass in Lake Opeongo. Sample sizes (N) represent the 
number of nests receiving eggs in each year. Asterkk indicates a significant (p c0.05) 
relationship between brood number and male length. 

Y ear N 8 F P Regression Model 

1988 73 0.46 38.70 0.001* Brood number = I OS.;Z(FL) - 2038 

1989 95 0.20 23.16 0.001* Brood number = 97.2(FL) - 1723 

1991 34 0.09 3.25 0.081 Brood number = 33 .3FL)  - 598 

1992 7 1 O. 16 13.14 0.001* Brood number = 1 18.1 (FL) - 1857 

1993 60 O. 12 7.76 0.007* Brood nurnbcr = 70.6(FL) - 627 



Table 4.6. Summary statistics of brood size at metamorphosis. N = nurnber of active 
nests, Min = minimum brood size estimate, Max = maximum brood size estimate and CV= 
coefficient of variation, expressed as percentage. 

Brood Size 

Y ear Min Max 



Table 4.7. Annual variation in mean water temperature during the smallmouth bass 
spawning season in Lake ûpeongo during five nesting seasons. Days = duration of the 
spawning season in eac h reproductive season. 

Y ear Days Daily Temperature 
- - - - 

Min Max Mean ISD CV (%) 



Table 4.8. Annual variation in mean water temperature during the (a) embryonic, 
(b) lamal and (c) juvenile periods of smallmouth bass development in Lake Opeongo 
during 5 reproductive seasons. Days = duration of a developmental period within each 
reproductive season. 

4. Sa Embryonic Period 

Y ear Days Daily Temperature 

Min Max Mean S D  CV (%) 

4% Larval Pexiod 

Year Days Min Max Mean ISD CV (%) 

4 . 8 ~  Juvenile Period 

Y ear Days Min Max Mean S D  CV (%) 



Table 4.9. Copepod nauplii and cladoceran cmstaceans presented as percentage density 
and biomass of total littoral-zone zooplankton in Lake Opeongo dunng the smallmouth 
bass larval and juvneile periods of developrnent in 1 988. 199 1, 1992 and 1993. Estirnates 
for density and biomass were determined kom samples collected at weekly intervals 
during the larval and juvenile periods. 

Y ear 

Major Zooplankton Taxa 

Copepod Nauplii Cladocera 

L a n d  Juvenile 
Period Period 

L m a l  Juvcnilc 
Period Pcriod 



Table 4.10. Descriptive statistics of density (numbedlitre) estimates for the major zooplankton taxa collected in Lake Opeonyo duriny 
the smallmouth bass reproductive season. Estimates correspond with the timing of smallmouth bass lamal and juvenile periods of 
development. Larval refers to the smallmouth bass larval period of development; juvenile refers to the smallniouth bass juvenile period 
of developrnent. Ave = mean number of individuals per litre. 

Copcpod Nnuplii 

- -  - 

Zooplankton Taxa 

Adult Copcpods 

& Copcpodites Cladoccrn Total Zooplankton Taxa 

Yr Lmral Juvcnilc Larval Ju\lcnilc Lanial Juvcnilc Lanlal Juvcnilc 

Avc. SE Avc. SE Avc. SE Avc. SE Avc. SE A w .  SE Avc. SE Avc. SE 



Table 4.1 1 .  Descriptive statistics of biomass ( m g h 3 )  estimates for the major zooplankton taxa collected in Lake Opeongo during the 
srnallmouth b a s  reproductive season. Estimates correspond with the timing of smallmouth bass larval and juvenile penods of 
development. Laival refers to the smallmouth bass larval period of development; juvenile refers to the smallmouth b a s  juvenile period 
of development. Ave. = niean number of individuals per litre. 

Zooplankton Taxa 

Adult Copepods 

Copepod Nauplii & Copepodites Cladocera Total Zooplankton Taxa 

Yr Larval Juvenile Larval Juveniie Larval Juvenile Larval Juvenile 

Avc. SE Avc. SE Avc. SE Avc. SE Avc. SE Ave. SE Avc. SE Avc. SE 



Table 4.12. Summary statistics for brood-specific age and length at metamorphosis for 
the Lake Opeongo srnallrnouth bass population during five nesting seasons. Average 
values are presented for each year-class. N = number of broods, CV = coefficient of 
variation. 

Age at Metamorp hosis Size at Metamorphosis 
WYS) (totai length; mm) 

Y ear N Mean SD CV1 Mean SD CV 



Table 4.13. Descriptive statistics of YOY total length (mm) for srnahouth bass in Lake 
Opeongo during five nesting seasons. Samples were collected at 4-d intervals begiming at 
first-feeding and continueci throughout the lanral (Lar) and early juvenile (Juv) periods of 
development. Devel Penod = developmental period of offspnng and Day = tirne (days) 
post-first feeding. Coefficient of variation (CV) is expressed as percentage. 

- - - - 

Total Length 

Year Devel Day N Mean Min Max Range CV 
Period (%) 

1988 Lar 

Lar 

Lar 

Lar 

Juv 

Juv 

Juv 

Juv 

1989 Lar 

Lar 

LadJuv 

JUY 

Juv 

Juv 

1991 Lar 

Lar 

Lar 

Juv 

Juv 



Table 4.13 (continued) 

Total Length 
- - -- - - -- 

Year Devel Day N Mean Min Max Range CV 
Period (%) 

1992 Lar 

Lar 

Lar 

Lar 

Lar 

Juv 

Juv 

Juv 

Juv 

Juv 

1993 Lar 

Lar 

Lar 

Lar 

Juv 

Juv 



Table 4.14. Year-class specific growth rates of YOY smallmouth bass in Lake Opeongo 
during the lamal and juvenile penods of development. N = sample size; AGR = absolute 
growth rate (mm b') and IGR = instantaneous growth rate. 

Development al Period 

Y ear Lamai Juvenile 

N AGR IGR N AGR IGR 



Table 4.1 5 .  Regressions of total length (mm) on age (days) for YOY smdlmouth bass in 
Lake Opeongo during five spawning seasons. Regression equations are deriveci for Cday 
intervals, beglluiing at first-feeding . The regression coefficients of the growth equations 
are the instantaneous growth rates. 

Year Interval Days N Regression Model ? 

1988 1 1-5 924 Log(TL) = 2.235 + 0.030(Age) 0.60 

2 5-9 698 LogJTL) = 2.162 + 0.043(Age) 0.70 

3 9- 13 587 Lo&(?Z) = 2.263 + 0.@32(Age) 0.53 

4 13-17 5 15 Log(TL) = 2.26 1 + 0.032(Age) 0.45 

5 1 7-2 1 385 Log(TL) = 1.868 + O.OSS(Age) 0.62 

6 2 1-25 186 Log(TL) = 1.845 + 0.056(Age) 0.52 

7 25-29 57 Log(TL) = 2.270 + 0.038(Age) 0.55 

1989 1 1-5 1250 LogJTL) = 2.169 + 0.053(Age) 0. 76 

2 5-9 974 Log(TL) = 2.1 1 1 + 0.065(Age) 0.75 

3 9-13 799 Lo&(TL) = 1 -79 1 + O. 1 O 1 (Age) 0.90 

4 13-17 537 Log(TL) = 2.307 + 0.06 l(Age) 0.78 

5 17-2 1 181 Lo&(TL) = 2.7 13 + 0.037(Age) 0.42 

1991 1 1 -5 3 14 Lo&(TL) = 2.1 77 + 0.036(Age) 0.69 

2 5-9 304 Lo&(TL) = 2.103 + 0.05 1 (Age) 0.70 

3 9-13 180 Log(TL) = 2.050 + O.OS7(Age) 0.62 

4 13-17 48 LogJTL) = 1.934 + 0.065(Age) O. 73 



Table 3-15 (continued) 

Year In terval Days N Regression Mode1 i 



Table 4.16. Summary statistics of absolute (mm d") and instantaneous brood-specific yrowth rates for srnailmouth bass larvae in Lake 
Opeongo. N refers to sample size (broods) and Combined refers to mean values for the five nesting seasons. 

Brood-specific Growth Rates 
- - - - 

Y ear N Absolute Growth Rate (mm d") Instantaneous Growth Rate (Z) 

Mean SD Min Max Range Mean SD Min Max Range 

1988 74 0.40 0.09 O. 18 0.60 0.42 0.033 0.007 0.019 0.052 0.033 

1989 89 0.74 0.25 0.3 2 1.30 0.98 0.063 0.018 0.03 1 0.097 0.066 

1991 29 0.48 O. 17 0.28 1.03 0.75 0,040 0.009 0.027 0.058 0.031 

1992 72 0.32 O. 12 0.03 0.52 0.49 0.027 0.009 0.003 0.038 0.035 

1993 61 0.70 0.19 0.24 1.00 0.76 0,053 0.008 0.024 0.065 0.041 

Combined 325 0.56 0.26 0.03 1.30 1.27 0.045 0,019 0.003 0.097 0.094 



Table 4.17. Regression equations of  brood-specific growth rate (mm d-') on brood- 
specific water temperature (OC) for smaiimouth bass larvae in Lake Opeongo. Sample size 
(N) indicates the number of broods for which growth and temperature estimates were 
obtained in each season. Asterisk indicates a signifiant (p < 0.05) relationship between 
orowth rate and mean water temperature. 
C 

Regression Mode1 

1988 45 O. 15 7.78 0.008* Gro;th rate = 2.126 - 0.085(HZ0 temp) 

1989 65 0.36 35.20 0.00 1 * Growth rate = -9.462 + 0.467(H20 temp) 

1991 20 0.05 0.98 0.336 Growth rate = -3.524 + 0. 197(H20 tcmp) 

1992 55 0.02 0.87 0.356 Growth rate = -0.52 1 + 0.049(H20 temp) 

L 993 55 0.56 66.68 0.00 1 * Growth rate = -2 -226 + 0.146(H20 temp) 



Table 4.18. Summary statistics of absolute (mm d") and instantaneous brood-specific growth rates for juvenile smallmouth bass in 
Lake Opeongo. N refers to sample size (broods) and Combined refers to the mean values for the five nesting seasons. 

Brood Growth Rates 
- -  - -- 

Y ear N Absolute Growth Rate (mm d") Instantaneous Growth Rate (2) 

Mean SD Min Max Range Mean SD Min Max Range 

1988 30 1.12 0.36 0.52 1.69 1.17 0.056 0.016 0,029 0.082 0,053 

1989 50 1.73 0.34 0.89 2.63 1.74 0.089 0.020 0.047 0.136 0.089 

1991 17 0.84 O. 19 0.60 1.17 0.57 0.062 0.014 0.043 0.089 0.046 

1992 34 0.68 0.21 0.19 1 .O1 0.82 0.034 0.010 0.01 1 0.058 0,047 

1993 2 1 1.46 0.18 1.23 1.76 0.53 0.056 0.008 0.045 0.071 0.026 

Combined 152 1.25 0.53 O. 19 2.63 2.44 0.064 0.027 0.01 1 0.136 O. 125 



Table 4.19. Regression equations of brood-specific growth rate (mm d-') on brood- 
specific water temperature ("C) for juvenile sndimouth bass in Lake Opeongo. Sample 
size (N) indicates the number of broods for which growth and temperature estimates were 
obtained in each season. Asterisk indicates a signincant (p < 0.05) relationship between 
growth rate and mean water temperature. 

Y ear N 8 F P Regression Mode1 

1988 16 0.59 19.79 0.00 1 * Growth rate = -4.24 + 0.24(H20 temp) 

1991 10 0.04 0.3 1 0.59 1 Growth rate = -0.96 + 0.09(H20 temp) 

1992 24 O. 13 3.3 1 0.083 Gr0wt.h rate = -0.75 + 0.08(H20 tcmp) 

1993 9 0.04 0.27 O.2G7 Growttirate= 3.81 -O.ll(HTOternp) 



Table 4.20. Results of one-way repeated masures ANOVA to detect differences in 
instantaneous growth in YOY srnallmouth bass during 4-day growth intenais, beginning 
at fint feeding. Painvise Merences in means are shown for intervals that dEered 
significantfy at the p < 0.05 Ievel of significance. 

ANOVA 

Y ear Source df F P 

Con trasts 

Source df F P 
Interval 1 - interval 2 1 10.6 1 0.006* 

Intend 1 - Interval 5 1 66.7 1 < 0.0005* 

hterval 2 - interval 3 1 19.0 1 0.00 1 * 
interval 2 - Intemal5 1 6.04 0.029* 

interval 3 - interval 5 1 26.79 < 0.0005* 

Intemal4 - Intmal 5 1 2 1.40 < 0.0005* 

Error 13 2 1.40 < O. 0005 * 

Year Source df F P 

- - - 

Intemal 1 - IntcnaI 2 1 6.40 0.026* 

intemal 1 - hterval3 1 87.65 < 0.0005* 

Intend 2 - intend 3 1 25.78 c 0.0005* 

Interval 3 - Interval 4 1 97.29 < 0.0005* 

Error 12 



Year Source df F P 
1991 Growth interval 2 14.89 < 0.0005* 

Error 20 

Contrasts 

Source df F P 
interd 1 - Intemal 2 1 20.44 0.00 1 * 
Interval 1 - interval 3 1 19.22 0.00 1 * 
Error 1 O 

Year Source df F P 

1992 Growth htemal 4 5.87 < 0.0005* 

Error 88 

Contrasts 

Source df F P 
htenlal 1 - hterval 2 1 6.00 0.023* 

Intenrd 1 - intemal 3 1 14.68 0.00 1 * 
Interval 1 - hten-al4 1 17.54 < 0.0005* 

Intcrval 1 - Intemal 5 1 34.59 < 0.0005* 

Error 22 

d f F P 

1993 Growth interval 3 3 1-19 < 0.0005* 

Error 66 

Contrasts 
ce df  F P 

Intemal 1 - Interval 2 1 9.62 O. 005 * 
Intmal 1 - Intmai 3 1 32.6 1 c 0.0005* 

Internai 1 - Interval4 1 80.16 < 0.0005* 

Interval 2 - Interval 3 1 15.09 0.00 1 * 
Inîmal2 - Interval4 1 39.39 < 0.0005* 

Interval 3 - interval 4 1 6.04 0.022* 
or 



Table 4.2 1 .  Regression statistics to determine the importance of prey abundance to 
brood-specific growth rate of srnallmouth bass lmae in Lake Opeongo. Regression 
statistics include sample size (n = broods), F statistic, probability (P) based on the F 
statistic7 the coefficient of detennination (Z), and the partial correlation coefficients. 
Independent variables in the multiple regression model inciuded; 1 )  temporal match (days) 
between production of first-feeding smallmouth bass lamae and date of peak prey biomass, 
2) mean water temperatue and 3) variation in mean water temperature. Results are shown 
for only those years in which the temporal match between production of first-feeding 
larvae and date of peak prey biomass comprised a significart component of the model. 

Year n Indepen- F P ? Partial 
dent Corr 

Variables Coeff 

1991 21 4.22 0.032 0.33 

days 0.0 1 O. 50 

temp sd 0.32 0.57 

6.62 0.00 1 0.29 

days 0.1 1 -0.48 

ternp ave 0.14 0.40 

temp sd 0.04 -0.45 



Table 4.22. Age-specific mortality rate of laml srnallmouth bass for the entire larval 
period (LarvalJ, the early land phase ( LarvaiJ aud the late larvd phase (Land,) in 
Lake Opeongo during 5 spawning seasons. ~ g e  interval = age (days) post-first feeding; 
Length Interval = mean total length of larvae at beginning and end of age interval; Z = 
hstantaneous rnortality; M = daily rnortality; No = initial mmber of larvae at beginning of 
age intexval; Nt = number of larvae at end of length interval. 

larval, 

larvai, 

Iarval, 

laIval, 

larvd, 

Iarvai,. 

lm* 

larvai, 

iarvai,. 

Iarval, 

lamal, 

larval, 

l a n d ,  

larval, 



Table 4.23, Descriptive statistics of brood-specific mortality for larval smallrnouth bass in Lake Opeongo. Sarnple size (n) refers 
to number of broods and Combl indicates average values for the 5 spawning seasons. 

Mortality 

Y ear n lnstantaneous (Z) Daily (% d") 

Mean Median SD CV Mean Median SD CV 



Table 4.24. Surnmary statistics of brood-specific mortality rates for smallrnouth bass during the early and late larval phases of 
development in Lake Opeongo. Z = instantaneous mortality ; M = daily monality; n = sample size (broods) and Combined' refers 
to average values for the 5 spawniny seasons. 

Early L a 4  Phase Late Larval Phase 

Y ear n Z M n Z M 
(Yo day-' ) (% day") 

Mcrin Mcdian Mcan Median Mcnn Mcdian Mem Median 



Table 4.25. Results of chi-square analysis to test for dserences between median 
brood-specific instananeous mortality rates for larval smallmouth bass dunng the early 
and late land phases of development. X2,, ,,., = critical chi-square value; XZc = 
calculateci chi-square value. Asterisk (*) indicates a significant difference. 

Y ear x20 05, X2, P 



Table 4.26. Descriptive statistics of brood-specific mortality estimates for juvenile smallmouth bass in Lake Opeongo. Sample 
size (n) refers to number of broods and ~omb'  indicates average values over the 5 spawning seasons. 

Mortality 

Y ear n lnstantaneous (2) Daily (% d") 

Mean Median SD CV Mean Median SD CV 

1988 24 0.36 O. 18 O. 56 1.54 

1989 52 O. 13 0.05 O. 19 1.44 

1991 17 O. 18 0.1 1 0.22 1.23 

1992 27 0.22 O. 10 0.27 1.21 

1993 24 0.23 O. 17 O, 26 1.15 

Comb' 144 0.2 1 O. 10 0.32 1.51 



Table 4.27. Results of chi-square analyses to test for merences between median 
brood-specific instananeous moriality rates for juvenile and larval smallmouth bass in 
Lake Opeongo. X2,, ,., = cntical chi-square value; X'. = calculated chi-square value. 
Asterisk (*) indicates a significant difference. 

Y ear xX o.., 



Table 4.28. Regression statistics to determine the importance of prey abundance to 
brood-specific mort* rates for s d m o u t h  b a s  larvae in Lake Opeongo. Regression 
statistics include sample size (n = broods), F statistic, probability (P) bas4 on the F 
statistic, the coefficient of determination (6). and partial correlation coefficients. 
Independent variables in the multiple regression model include; 1 ) temporal match (days) 
between production of first-feeding smallmouth bass larvae and date of peak prey biomass, 
2) mean water temperatue and 3) variation in mean water temperature. 

Year n Indepen- F P R' Partial 
dent COB- 

Variables Coeff 

1988 65 

&YS 

temp ave 

temp sd 

days 

temp ave 

temp sd 

days 

days 

temp ave 

temp sd 



Table 4.29. Regression equations relating mean instantaneous mortality to mean 
instantaneous growth in smaiimouth bass broods during the larval period of development 
in Lake Opeongo. Sample size (n) indicates the number of broods for which mortaiity and 
growth estirnates were obtained; IMR = instantaneous mortaiity rate and IGR = 
instanraneous growth rate. Astensk indicates a significant (p < 0.05) negative iinear 
relationship between Uistantaneous growth and mortality rate. 

Regression Mode1 



May June July 

DATE 

DATE 

Figure 4.1. Mean daiiy water temperature (dotted line) and percent spawning Frequency 
(solid bars) of male smallmouth bass in Lake Opeongo during 5 spawning seasons. 
The dashed horizontal line indicates the 15 O C  critical low temperature below which high 
mortality of smallmouth bass embryos may occur. 



FORK LENGTH (cm) 

FORK LENGTH (cm) 

Figure 4.2. Size distribution of nesting male srnailmouth bass in Jones Bay, Lake 
Opeongo during five spawning seasons. Size distributions are divided into 2-m intervals 
with midpoint of each intewal shown. /' 
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Figure 4.3. Relationship between estimated total production of first-feeding smallmouth 
bass lawae and date on which larvae initiated fïrst-feeding in Jones Bay, Lake Opeongo 
during 5 spawning seasons. Total number of first feeding larvae produced each year 
(sum) is presented in the figures. 





YEAR 

Figure 4.5. Box plots showing median (solid horizontal line inside box), mean 
(dashed horizontal line inside box), 25th and 75th percentiles (box), 1 ûth and 90th 
percentiles (capped bars) and 5th and 95th percentiles (symbols) of brood size 
estirnates in first-feeding smdlmouth bass broods in Lake Opeongo during five 
reproductive seasons. Sample sizes are presented in Table 4.3. 



FORK LENGTH (cm) 

Figure 4.6. The relationship berneen size (fork length) of nesting males and brood size 
(total number of o f f s p ~ g  in nest) at first-feeding for lamal srnailmouth bass during five 
spawnùig seasons. Regression equations and sarnple sizes are presented in Table 4.5. 
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Figure 4.7. Seasonal production of juvenile smallmouth bass in Jones Bay, Lake 
Opeongo during 5 spawning seasons. Total number of juvenile smallmouth bass 
produced each year (sum) is presented in the figures. 
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1988 1989 199 1 1992 1993 

YEAR 

Figure 4.8. Box plots showing median (solid horizontal line inside box), mean 
(dashed horizontal line inside box), 25th and 75th percentiles (box). I ûth and 90th 
percentiles (capped bars) and 5th and 95th percentiles (symbols) of brood size 
estimates for smallmouth bass broods at metamorphosis. Sample sizes are show 
in Table 4.5. 
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Figure 4.9. Box plots of  brood-specific water temperatures for srnallmouth bass during 
the embryonic (Ernb), Larval (Larv) and jwenile (Juv) period of development in Lake 
Opeongo during 5 spawning seasons. Box plots show median (solid horizontal Line 
inside box), 25th and 75th percentiles (box), l ûth and 90th percentiles (capped bars) 
and 5th and 95th percentiles (symbols) of water temperature. 



Figure 4.10. Box plots showing mean (dashed horizonal line inside box), median 
(solid horizontal line inside box), 25th and 75th percentiles (box). 10th and 90th 
percentiles (capped bars) and 5th and 95th percentiles (symbols) of brood-specific 
water temperatures experienced by smallmouth bass during the (a) embryonic, (b) 
larvaf and (c) juvenile penod during five spawning seasons. 



YEAR 

Figure 4.1 1 .  Mean (a) density (individuals m") and (b) dry weight biomass (mg m.') 
of littoral-zone zooplankton in Lake Opeongo in 1 988, 199 1, 1992 and 1993. 
Sarnpling times corresponded with the larval (solid bars) and juvenile (open bars) 
penods o f  deveiopment in smallmouth bas .  Error bars indicate +SE. Total sample 
size (n) = 1 40. 
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Figure 4.12. Seasonal patterns in biomass of Littoral-zone zooplankton (solid line) in 
1988, 199 1, 1992 and 1993 and percent frequency of first-feeding smallmouth bass larvae 
(solid bar) during five nesting seasons in Lake Opeongo. Zooplankton biomass was 
estimated from weekly and biweekly sarnpies collected at fixed stations. 



TAYONOMIC GROW TAXONOMIC GROUP 

Figure 4.13. Percentage abundance of major taxonomie groups of littoral-zone 
zooplankton in Lake Opeongo in 1988, 199 1,  1992 and 1 993. Sarnples were collected 
d u ~ g  the smallmouth bass larval (a-d) and juveniie (e-h) period of development. 
Abbreviations: Cal naup = Calanoid nauplii; Cycl naup = cyclopoid nauplii; Cal cope = 
caianoid copepodid; Cycl cope = cyclopoid copepodid; Cala = calanoid copepods; cycl = 
cyclopoid copepodr Bosm = Bosmim longrom's; Poly = PoIphemuspediculus and 
Clad = other cladoceran species. 
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Figure 4.14. Percentage biomass of major taxonomic groups of littoral-zone 
zooplankton in Lake Opeongo in 1988, 199 1, 1992 and 1993. Zooplankton was 
collected during the srnailmouth bass larval (a-d) and juvenile (e-h) periods of 
development. See Fig. 4.13 for description of taxonomic abbreviations. 
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DEVELOPMENTAL PERIOD 

Figure 4.15. Mean (+ SD) duration of embryonic, l a r d  and juvenile developmental 
penods of smallmouth bass in Lake Opeongo during five neaing seasons. Note, for the 
purposes of this study the duration of the juvenile period extends fiorn metamorphosis to 
brood disperd. 



TEMPERATURE {OC) 

Figure 4.16. Duration (days) of the (a) eariy larval phase and (b) late 
iarval phase plotted in relation to average water temperature. 
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Figure 4.17. (a) Mean total length at metamorphosis plotted against mean age at 
metamorphosis. Each symbol in plot represents the mean length and age for all 
broods within a given year-class. (b) Mean instantaneous growth rate plotted 
against rnean dwelopmental rate for the fU larval penod. Developmental rate 
refers to the reciprocal of age at metamorphosis. 



YEAR 

Figure 4.18. Box plots showing mean (dashed horizontal line inside box), median 
(solid horizontal line inside box), 25th and 75th percentiles (box), lûth and 90th 
percentiles (capped bars) and 5th and 95th percentiles (syrnbols) of brood-specific 
total length in first-feeding smaiimouth bass larvae in Lake Opeongo. Sample sizes 
(broods) are presented in Table 4.3). 



YEAR 

Figure 4.19. Box plots showing mean (dashed horizontal line inside box). 
median (solid horizontal line inside box), 25th and 75th percentiles (box), 10th 
and 90th percentiles (capped bars) and 5th and 95th percentiles (symbols) of 
brood-specific total length in juvenile smallmouth bass at metamorphosis. Sarnple 
sizes (broods) are presented in Table 4.5. 



AGE (&y p s t  fmt feeding) 

Figure 4.20. Relationship between age (days) and total length (mm) of post-first-feeding 
larval srnahouth bas in Lake Opeongo during five spawning seasons. Regression 
coefficients estimate mean growth rates (mm bl). 
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Figure 4.2 1 . Relationship between age (days) and total length (mm) of juvenile 
smaümouth bass sampled in Lake Opeongo during five spawnuig seasons. Regression 
coefficients estimate mean growth rates (mm d-'1. 

199 



MSTANTANEOUS GROWTH RATE 

Figure 4.22. Relationship between larval and juvenile instantaneous growth rates for 
srnallrnouth bass year-classes in Lake Opeongo. 



Figure 4.23. Box plots showing mean (dashed horizontal line inside box), median 
(solid horizontal line inside box), 25th and 75th percentiles (box), lûth and 90th 
percentiles (capped bars) and 5th and 95th percentiles (symbols) for brood-specific 
(a) absolute and (b) instantaneous growth rates of lanral smallrnouth bass in Lake 
Opeongo. 



Figure 4.24. Relationship between brood-specific water temperatures and growth rates 
(mm d-') for smallrnouth bass larvae in Lake Opeongo during five spawning seasons. 



YEAR 

Figure 4.25. Box plots showing mean (dashed horizontal Iine inside box). median (solid 
horizontal Iine inside box), 25th and 75th percentiles (box), 10th and 90th percentiles 
(capped bars) and 5th and 95th percentiles (symbols) of brood-specifk (a) absolute and 
(b) uistantaneous growth rates for juvenile srnailmouth bass in Lake Opeongo. 



AGE (days) 

Figure 4.26. Relationship between age (days after first feeding) and mean brood-specific 
inaantaneous growth rates of YOY srnaiimouth bass dunng 4-day growth intervals 
in Lake Opeongo. 
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Figure 4.27. Relationship between age (days after first feeding) and mean brood-specific 
absolute growth rates (mm d*') of smallmouth bass offspnng during Cday growth 
intervals in Lake Opeongo. 



Figure 4.28. Brood-specific daiiy instantaneous growth rates of 
smallmouth bass during the (a) early larvai and (b) late lamal phases of 
development ploned against mean brood-specific water temperature. 
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Figure 4.29. Relationship between age (days post-first feeding) and estirnated year-class 
abundance of YOY smallmouth bass in Lake Opeongo during five spawning seasons. 
Regression coefficients in the models are estirnates of the mean innantaneous mortaiity 
rate for the year-classes. 
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Figure 4.30. Frequency distribution of brood-specific instantanmus mortality rate of 
smallmouth b a s  larvae in Lake Opeongo during five spawning seasons. Sample sizes 
are presented in Table 4.2 1. 
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Figure 4.3 1 .  Frequency distribution of brood-specific daily mortality rate (% d'l) of 
srnailmouth bas larvae in Lake Opeongo during five spawning sewns. Sample sizes 
are presented in Table 4.2 1. 



Figure 4.32. (a) Instantaneous (d-') and (b) daily (% d") mortality rates of 
lmal srnaIlmouth bass in Lake Opeongo. Symbols indicate year-class 
(open circle) and brood-specik mean (solid squares) and median (solid 
triangles) values. 



Figure 4.33. Box plots of brood-specific instantaneous and daily (% 6') mortality rates 
of smallmouth bass during the (a,c) early larval and (b,d) late larval phases of 
development. Box plots show mean (dashed horizontal line), median (solid horizontal 
line). 25th and 75th percentiles (box), lOth and 90th percentiles (capped bars) and 5th 
and 95th percentiles (symbols) of mortality rates. 



Figure 4.34. Box plots showing mean (dashed horizontal line hside box), median (solid 
horizontal line inside box), 25th and 75th percentiles (box), l ûth and 90th percentiles 
(capped bars) and 5th and 95th percentiies (syrnbols) of brood-specific (a) in~antaneous 
and (b) daily (% d-') mortality rates for juvenile smallmouth bass in Lake Opeongo. 
Sample sizes (broods) are shown below boxes in (a) above. 



TEMPERATURE (OC) 

Figure 4.3 5 .  (a) Mean brood-specific daily instantanmus mortality 
rate of yolk-sac larvae plotted in relation to mean brood-specific 
water temperature. (b) Cumulative brood-specific mortality rate of 
yolk-sac larvae plotted in relation to mean brood-specific water 
temperature. 



Figure 4.3 6 .  (a) Mean brood-specific daily instantaneous mortality 
rates of post-yolk-sac Iarvae plotted in relation to mean brood-specific 
water temperatures. (b) Cumulative brood-specifk mortality rates of 
post-yolk-sac lawae plotted in relation to mean brood-specific water 
temperature. 
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Figure 4.3 7. (a) Mean brood-specific cumulative instantaneous 
monaiity of yolk-sac larvae plorted against time to yolk absorption. (b) 
Mean brood-specific cumulative instanttaneous mortality of poa-yoik- 
sac larvae plotted against tirne to metamorp hosis. 



INSTrtVTANEOL'S GR0WT)i RATE 

Figure 4.3 8. Relationship between brood-specific instantaneous growth rates and brood- 
specific instantaneous mortdity rates for smallmouth bass larvae in Lake Opeongo during 
five spawning seasons. Sarnple sizes and coefficients of determination for regression 
equations are presented in figures. 
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Figure 4.3 9. (a) Year-class instantaneous mortality rates of larvae 
plotted in relation to year-class instantaneous growth rates. @) 
Median brood-specific instantaneous mortality rates of larvae plotted 
in relation to median brood-spdc instantaneous growth rates. 



Cbapter 5 

ER- of Stocking Density and Prey Abondance on Gmwth and Survivd 

of Youngsf-Year Smallmouth Bass: an Experimentai Evaiuation 

Wsing In Situ Endosures 

5.1 Introduction 

Questions of growth, mortality and the &écts of food limitation are prominent in 

midies of young-of-year (YOY) fish ecology. Zooplankton serve as important prey items 

for young fishes and adequate densities are cnticai to lamal fish growth (Werner and 

Blaxter 1980; Milis, et al. 1989; Papoulias and Minckley 1992) and suMvd (Hart and 

Werner 1987). However, zooplankton densities may vary across habitats or change 

seasonally (Patalas and Sdki 1993). Consequently, although youag fishes may experience 

times when prey is abundant, they may also experience unpredictable episodes of 

inadquate prey ievels. As rapid growth rates fivour Survival of young fish because 

mortaiity decreases with increasing size (McGurk 1986; Miller, et al. 1988; Luecke, et al. 

1990) the availabiiity of zooplankton may be an important connraint on growth and 

s u ~ v a l  of young fishes. 

In addition to prey availability, population density has aiso been reco&ed as a 

factor that cari potentiaiiy af5êct growth and d v a l  of YOY fishes. The first year of Me 

is a crucial portion of the iife history of fishes; srnail fish have the greatest scope for 

growth and hence the greatest potential for vkability in growth (Post and McQueen 

1994) and it is during this portion of the life cycle that many of the possible density- 



dependent mechanisms have been hypothesized to bct ion (Forney 1972; Funk and 

Fieener 1974). Under limiteci food resources, high lard density may lead to intra-specinc 

cornpetition for food, which may reduce overall growth rates (Houde 1977; Du@ and 

Epifiuiio 1994). Population density may also innuence the Vuxnerability of larvae to 

predation either directiy (McGurk 1986) or indirectly (Houde 1987). Predation rates on 

eariy larvae of capelin Mallotus villosus by jelyfish predators were found to be diredy 

related to larval densities (de Lafontaine and Leggett 1989). Indirect effécts of population 

density on predation mortajity of larvae may occur when low prey consumption ai high 

population density l a d s  to reduced growth rates and longer period duration (Houde 

1987). For a given predation rate? cumulative mortality to the end of the larvai period 

would be positively related to population density of larvae. 

Despite the extensive literature on srnahouth bass Microptems dolomieu 

(hereafter SMB), few studies have investigated the relationship of prey abundance and 

YOY density to first-year growth and suntival. Some studies suggest that growth rates of 

YOY are related to prey availability (Emery 1975) or quantity of food consumed (Wales 

198 1). Growth rates of YOY in many temperate lakes appear to be closely related to 

temperature-predicted values (S huter, et al. 1 980; M a c m  et al. 1 98 1 ); however, studies 

of both largemouth Microptems ~~12moz&s (Kramer and Smith 1960) and srnahouth 

(Sem 1982) bass suggest that inter-annual variability in YOY growth rates may be 

infiuenced by prey availability. Fomey (1972) found a negative correlation between fint- 

year growth of SMB and young perch, Percuflawscens, implying interspecific density 

effects. In contrast, first-year growth of SMB was unrelateci to initiai YOY densities 



(Serns 1982). More recently, modehg investigations of YOY SMB have demonstrateci a 

strong negative feedback loop between YOY density and prey availability, growth and 

survival (DeAngelis, et al. 1991 ; DeAngelis, et al. 1993). However, to my knowledge, no 

empirïcal studies have experimentally investigated the effects of YOY density and prey 

abundance on growth and Survivai of YOY SMB employing in situ enclosures. 

Understanding growth and suMval patterns of young fish in nature has been 

difndt because of the large mimber of physiological, ecological and physical processes 

that &kt growth and nuvivaf, and the interactions between these processes (May 1974; 

Post and McQueen 1994). Numerous laboratory studies have provided valuable 

information on many aspects of growth and Suntival in young fishes, nevertheless there 

have been senous problems in interpreting Iaboratory data and linking them with field 

observations (Houde 1978; de Lafontaine and Leggett 1988). For instance, MacKenzie et 

al. (1990) show that growth rates of marine iarvae in laboratory studies are ofien higher 

than values obtained under field conditions, which would suggest food limitation under 

natural conditions. 

In an attempt to overcome these problems, recent experiments have employed in 

situ enclosures to study growth and mortaiity of lamal fishes in natural settings (Oiestad 

and Moksness 198 1 ; de Lafontaine and Leggett 1988). In situ enclosures are large 

enough that young fish may be stocked at naturd densities (ûttera 1993), thereby 

providing results at a scale more relevant to naturai conditions (de Lafontaine and Leggett 

1987). Moreover, discrepancies in r d t s  that often ocnir between laboratory and field 

studies can be addresseci by employing in situ enclosures (Oiestad 1982; Houde 1987). 



The objectives of this chapter were to detexmine the importance of l a r d  densîty 

and prey abundance to first-year growth of SMB. Specifically, I examineci the effects of 

stocking density (1992) and supplemental feeding (1993) on growth and niMval of larval 

and juvenile SM33 using in situ enclosures. My experimental designs bave removed the 

eE-s of potential cornpetitors and predators, and by controllhg rhe inmal densdy of 

SMB, I have attempted a more direct test of the importance of YOY density and prey 

abundance on fim-year growth and survivai. 1 also cornparecl growth and mortality rates 

of YOY fkom Lake Opeongo with those detenmined for enclosure-held fish. 1 showed that 

growth and mortaiity rates of SMB are highly variable within and among y m  (see 

Chapter 4). If the variability in growth and mortality is a function of prey availability 1 

predicted that: (1) growth and SUlVival of YOY would be Uiversely related to initial land 

socking densities and (2) growth and survival of YOY wouid be positively related to prey 

abundance. 

5.2 Methods 

Stocking density (1 992) and food supplementation (1993) experiments were 

wnducted using 2.0 m3 in situ enclosures situateci in Lake Opeongo, Ontario. Enclosures 

were located in the littoral zone of Jones Bay, Lake Opeongo, at a mean depth of 0.75 m 

in typical SMB nesting habitat. A continuous recording thermograpb, located in the 

littoral zone at a depth of 1 rn, measured water temperatures 



Endosan Design 

Rectmguiar enclosures, measuring 2 x 1 x 1 m (length x width x height), open on 

top, and consîmcted of 2.4 mm white nylon netting, were mbmerged to a depth of 0.75 

m Enclosures held approxhnately 1-50 m3 of water (Fig. 5.1) and were submerged except 

for 0.25 m, which remaineci emersed to prevent ioss of fish fkorn wash-over of waves. 

Enclosures were anchored to the substrate with boulders and spaced at 5 m intervais dong 

the shoreline. Renewal ofwater within the enclosures occurred through ambient flow. 

In the food supplementrition experiment, nipplemental food in the fom of lake 

zooplankton, was made available to the experimental fish through a cenually located 

feeding container suspended at Md-depth. The rectangular feeding container was 

consmicted of opaque plastic and was 10 cm2 and 35 cm in length. Zooplankton were 

introduced into the feeder through a hinged lid at the top of the feeder. Zooplankton were 

able to escape through 1 - 4 mm holes (n = 32) in the sides of the containers. 

Experimental Fish, Sampling 

To d u c e  the genetic contribution to variation in growth and s u ~ v a l  among 

experknental treatments, 1 used larvae from a single 'donor' brood in Lake Opeongo. 

Young &om the donor brood had transfomed fiom embryos into larvae two days prior to 

being coll&ed (see Chapter 2 for description of developmental intewals). Larvae were 

collecteci with aquarium dip nets, placed into nine 5 1 containers Med with lake water and 

transported directly to the experimental site to minimize handling mortality. Containers 

were randody assigned to the enclosures and lame were introduced into the enclosures. 



Some lanme (n=15) were collectecl fiom the domr brood and presewed in 5% 

bdfkred formalin to detennine initial mean total length (TL) and dry weight (W,J of 

l a r e .  OffSpring from each enclosure were sampled midway through the larvai penod, at 

the end of the larval period and again at the termination of the experiment for growth 

determination. 1 removed a total of 10 and 15% of the initial number of Iarvae stocked in 

each enclosure at the two larval p e n d  sampling times in the stocking density and 

supplemental feedùig experiments, respectively. At the termination of the experiment all 

suMving fish were enumerated and placed in a 5% formalin solution. A sub-sampie 

(n = 25) fi-om each enclosure was removed for total length and ~ I Y  weight detefininations. 

Sampled fish were dried at 60°C for 24 h and weighed individually to the nearest 0.1 mg. 

Zoopiankton Sampling 

Zooplankton densities in the enclosures were q u d e d  prior to the start of the 

expenments and again immediately following termination of the experiment. On each 

occasion, zooplankton densities were determineci for three randody chosen enclosures. 

Triplicate 5-L samples were collected and pooled fiom each enclosure on each date. 

Sarnples were collected using an electric bilge pump (Jabsco, Par Model; capacity 40 1 

min-'), filtered through a 40 pm screen and preserved in a 5% buffered formalin solution. 

Endosure and littoral-zone zooplankton samples fiom the lake were processed 

similarly. In the laboratory, samples were adjusted to a constant volume. randornly sub- 

sampled, aller which 200-300 individuais were identified, counted, and measured using a 

dissecting microscope comezted to a cornputer-assisted caiiper system (Sprules. et al. 



198 1). Zooplankton densities were converted to biomass by using species-specinc length- 

weight regressions for crustacean mopIankton (Culver, et al. 1985). Total zooplankton 

biomass included ail cladocerms, copepods and copepod nauplü and copepodites. 

A n m i s  

Growth in length (mm bl) and weight (mg 6') were estirnated by linear regression 

of length and weight against tirne (days). As individuai enclosures were the experimental 

units, analyses for stocking density and food level effécts were based on average growth 

within each enclosure. Growth rates were estimated by the dope of the regression of 

mean fish length venus age. Instantaneous growth rate was caldateci as: 

where G = instantanmus growth rate; TL, = mean total length of fish for a given enclosure 

at the start of the growth penod, T1, = mean total length of fish at t h e  t, end t = duration 

(days) of the growth period. 

Mortality rate was estunated for each enclosure. At the termination of the 

experirnents, enclosures were Mted and surviving juveniles were collectai and counted. 

Instantaneous total mortality (Z) was calculateci as Z = S + M, where S is samphg 

mortality and M represents naturai mortaiity. Sampiing mortality was standardized across 

treatments in the stocking density experiment by removing an equal proportion (10%) of 

the fish fkom each enclosure. Thus, a total of 10, 20, and 40 fish were sarnpled in the low, 



medium and high d e n s e  treatrnents, respectively. In the suppiemed feeding study, in 

which all enclosufes were eqiially stocked (n = IOO), 15 (1 5%) fish were sampled fiom 

each enclosure. The foilowing equation was used to determine SurYival: 

where Nf = number of s u ~ v o r s  at the termination of the experbnent, Ni refers to the 

initiai number of Iarvae stocked in the enclosures and t = duration of the expeNnent in 

days. Knowing N, Ni, S and 2, 1 estimated naturd mortaiity (M). Finaiiy, 1 solved for 

expected survivors (IV,), if no fish had been sampled, using the expression 

Growth and mortality of fish from the enclosure experiments and field study were 

analyzed with aodysis of variance (ANOVA) to compare differences among treatments. 

Statistical analysis consisted of separate 1-way ANOVAs for each of the dependent 

variables and significance was determinecl at alfa = 0.05 (Zar 1984). Tukeys' multiple 

cornparison test was used to detect ciifferences among experimental treatments. 

5.2.1 Stocking Density Expenment 

The experiment was conducteci over a 25 d period and consisteci of a baianced 

experimentai design using three stocking densities (Table 5.1 ), with thme replicates per 



treatment. Treatrnents were designed to detect the effects of increasing stocking den* 

on growth and Survivai ofyoung SMB. Nie enclosures, each randomly assigned to one 

of the three stocking densities, were placed in the water 2 d before larvae were aocked. 

YOY densities within the enclosures were comparable with densities observed in naturai 

broods (se Chapter 3). 

5.2.2 Food Supplementatioo Experiment 

The experirnent was conducted over a 2 2 4  penod and consisted of a balanced 

design using three food levels, controi (Contro&,J, low supplement (Foodh), high 

supplement (Food&, with three repiicates per treatment. Additionally, I measured the 

growth rate of YOY from the donor brood which m e d  as a second control (Controu. 

Treatrnents were designed to detect the effects of increasing food levels on YOY growth 

and survival. Nine enclosures, each randomly assigned to one of the three food 

treatments, were placed in the water 2 d pnor to being stocked. Enclosures were stocked 

with 100 larvae (50 m"), which approxhated the density (45 ni2) of YOY in SMB broods 

in Lake Opeongo immediately foliowing metamorphosis (Chapter 3). Fish in the control 

treatments received no additional food. 

Supplemental Feeding 

Zooplankton for supplemental feeding was cok ted  from the nearshore zone in 

Lake Opeongo. Fish in low and high food treatment groups received nipplemental food 

on the first day of the experiment, and daily thereafter, until the experiment was 



terminateci. Fish were fed three times daily (1000, 1300 and 1600 h). 

Zooplankton samples were collecteci using Student plankton nets (100 pm mesh) 

towed nom a boat. Nets were attached to each side of the boat using a bride and set at a 

depth of 1 .O m. Transat lines for collecting zooplankton were 50 rn in length, theû 

locations marked with flagging tape attacheci to shoreline trees. A speed of 1 - 1.5 ms-' 

was maintained while samphg. Samples for ail six enclosures were culiected, washed 

into 500 ml jars and immediately t d e r r e d  to feeding comainers. 

The volume of water fiitered in each net dong a 50 m transect was: 

where V = volume of water sampled, r = radius of the mouth of the plankton net and 

L = length (m) of the transect. Thus, the combined volume of water sampled by both nets 

dong a 50 m transect was approximately 20 m-3. 

At each feeding, low and hi& food treatment enclosures received zooplankton 

coiiected in 20 and 40 m" of water, respectively. Based on the mean biomass of littoral 

zone zooplankton in Lake Opeongo in 1993 (67 mg ni3; Chapter 4) and three daily 

feedings, low and high food treatment enclosures received approximately 4000 and 8000 

mg of zooplankton each day, respectively. By cornparison, the volume of water occupied 

by an average-shed brood at metamorphosis (1 5 m3) in Lake Opeongo, contained 

approxhmtely 1000 mg of zooplankton (Chapter 3). 

Preliminary nids were conducted to detennine the clearance t h e  ofzooplaakton 



fkom the feeding containers. N i e  zooplankton samples (20 m-3 ) were collecteci, sub- 

sampled for initial abundance, and trmferred to feeding containers nispended in 

enclosures. Feeding containers (n = 3) were removed fiom the water 1.0 1.5 and 2.0 h 

after the trials began. A plastic sleeve was slipped over the feedllig containers to 

mhimhe loss of zooplankton while wunpling. Feeding containers and plastic bags were 

rinsed with filtered water and poured through a 40 p m  filter. Samples were adjusted to a 

constant volume (500 ml) and sub-sampied to detemiine abundance. 

5.2.3 Field Study 

To assess patterns in growth and survivai, young-of-year SMB were sampled from 

natural broods in Jones Bay, Lake Opeongo at regular 4 d intervals throughout the 1992 

and 1 993 reproductive seasons. Sampled fish were preserved in 5% bdered formaiin 

solution and measured for total length to the nearest O. 1 mm. 

Zooplankton was sampled weekly or bi-weekly fkom fixed stations in the littoral 

zone. Zooplankton samples (20-L) were collected with a plankton pump operated from 

the bow of an outboard boat (see Chapter 2). Seven samples were coNected at each site on 

eacb sampling date. Samples were passai through a 40 pm screen, preserved in 5% 

buffered formalin solution and retumed to the laboratory for enurneration. 



5.3 Results 

5.3.1 Zooplankton Abundance 

Zooplankton biomass varied seasonally in Lake Opeongo with peak values occurring prior 

to the occurrence of ht-feeding SMB lmae  in both 1992 and 1993 (Fig. 5.2). Dry 

weight biomass of littoral-zone zooplankton in Lake Opeongo at the t h e  of the field 

experiments averaged 44 and 40 mg in 1992 and 1993, respectively. Zooplankton 

biomass in the enclosures, averaged over the two samphg times, was within 10% of the 

littoral zone lake values in both years, averagbg 40 and 39 mg mm3 in 1992 and 1993, 

respectively. W~th regard to body N e ,  adult cladocerans represented the largest potentiai 

zooplankton prey items available to young-of-year SMB in the littoral zone of Lake 

Opeongo. Cladocerans also dominated the biomass of littoral-zone zooplankton during 

the summers, and comprised 73% (1992) and 83% (1993) of the total biomass. in both 

yean, Poijpherm~s pedicuius and Bosmim [ongirostns were the most abundant 

cladocerans. Cladocerans aiso dominated within the enclosures, comprising, 77 and 71% 

of the zooplankton biomass in 1992 and 1993, respectively. Thus, the largest zooplankton 

prey items available to young-of-year SMB were not excluded from the enclosures. 

53.2 Stocking Density Espenment 

YOY Growth 

Growth of larvae appeared density dependent, averaging 0.40, 0.36 and 0.24 

mm d-' for low, medium and high density treatrnents, respectively (Table 5.2; Fig. 5.3). 

Daily instantaneous growth rates of larvae averaged 0.032,0.029 and 0.02 1 for low, 



medium and high density treatments, respectively and Merd  siguificantly (Fz6 = 24.25; 

p -<0.001). Tukeys' test showed that lanm in the high density treatment grew at 

significantly lower rates than larvae in low and medium treatments. In cornparison, brood- 

s@c growth rates of l w a e  ftom Lake Opeongo fangeci fiom 0.03 to 0.52 mm b' in 

1992, and averaged 0.37 mm 6'. Thus, the average growth rate of l m e  fiom natural 

broods in Lake Opeongo most closely appro>cimated the growth rate of larvae in the 

medium and low density treatments. ANOVA and Tukey's post-hoc test showed that 

growth rates of larvae in Lake Opeongo were significantly higher than those of larvae in 

the high-density treatment (F,,, = 14.44; p = 0.01 1). 

Mean length and weight of fish showed inMeashg divergence among density 

treatments foilowing metamorphosis (Table 5.2). Mean length of juveniles at the 

termination of the experiment ranged fiom a low of 16.6 mm in the high density treatment 

to 21 -3 mm in the low density treatment. Absolute growth rates during the juvenile penod 

of development averaged 0.56,0.44 and 0.32 mm 6' for the low, medium and hi& 

density treatments, respectively. Daily instantaneous growth rates of juveniles in low, 

medium and high density treatments averaged 0.030, 0.025 and 0.021; ANOVA followed 

by Tukeys' post-hoc test showed that instantaneous growth rates differed si@cantIy 

among all three treatments (F,, = 84.57; p < 0.0005). Brood-specinc growth rates of 

juveniles in Lake Opeongo ranged fiom 0.19 to 1 .O1 mm d-' and averaged 0.69 mm b'. 

ANOVA showed that daily instantanmus growth rates of juveniles in Lake Opeongo 

dEered signifïcantly from enclosure-held juveniles (F,, = 3 1.36; p = 0.001). Tukeys' test 

showed that the brood-spdc growth rate of juveniles in Lake Opeongo was s i ~ c a n t i y  



higher than those of juveniles fiom the medium and high density experimemd trratments. 

YOY Survival 

Expected survival of youngsf-year at the termination of the stockhg density 

experiment ranged fiom 73 to 91% (Table 5.3). Mean percentage sumival equalled 85, 81 

and 77% for low, medium and high stocking densities, respectively. Mean hantaneous 

mortality rate averaged 0.007, 0.008 and 0.0 1 1 for low, medium and high density 

treatments, respectively and differed signifïcantiy among stocking densities (F,, = 1.86; 

p = 0.236). In contrast to experimental fish, ody 29% of fht-feeding l ame nom the 

Lake Opwngo population survived to metamorphosis in 1992 (Fig. 5.4). Expresseci as 

daily instantaneous mortality, the larval mortality rate for the 1992 year-class equalled 

0.075, an order of magnitude higher than values for enclosure-held fish . 

5.3.3 Food Su pplementation Expenment 

YOY Growth 

Mean larval growth rates of ControL, Control, Food, and Foodw treatment 

groups averaged 0.62, 0.66,0.76 and 0.83 mm d-', respectively (Table 5 -4; Fig. 5 -5). 

Thus, absolute growth rates of larvae tended to increase with prey abundance. In 

cornparison, larval growth rates for natural broods in Lake Opeongo ranged from 0.24 to 

1 .O0 mm d-' and averaged 0.70 mm d-' . Instantaneous growth rates of Controld, 

Control, Food, and Food- treatment groups equaiied 0.043, 0.045, 0.05 1 and 0.054, 

but did not difEer significantiy from one another fi,, = 3 -33; p = 0.08). 



Juveniie growth rates for Contro&, Control, Food, and F w b  treatmem 

groups averaged 1 -23, 1.44, 1.66 and 1.85 mm bl. By cornparison, brood-specinc growth 

rates of juvdes in Lake Opeongo rangeci fiom 0.23 to 1.76 mm 6' and averaged 1.46 

mm 6' (Chapter 4). Daily instantaneous growth rates of juvedes in the Control, 

Control, Food, and Food* treatment groups averaged 0.065,0.059,0.069 and 0.073, 

respeaively and dEered signincantly (F,, = 35.20; p < 0.0005). Tukeys' test showed that; 

1 ) the growth rate of jweniles in the ControId treatrnent was significantly lower than the 

growth rate of juveniles in other treatrnents and 2) growth rate of juveniles in the F o o b  

treatment was signincantiy higher than the growth rate of juveniles in the donor brood. 

YOY Survival 

Expeaed s u ~ v a l  of fish at the temination of the supplernental feeding experiment 

averaged 79,88 and 86% for the Control, Food, and Food- treatment groups, 

respectively (Table 5.5). The mean expected daily instantaneous mortality rate for the 

Control, Food, and Food- treatment groups at the conclusion of the experiment 

equalled 0.0 12, 0 -006 and 0.007, respectively, but did not differ signtficantly (F,, = 1 .S2; 

p = 0.29). In contrast to the hi& survival of enclosure-held fkh, only 3 8% of the larvae 

from the donor brood (Controld suMved to the end of the 3 wk experiment. Survival in 

the donor brood was relatively high compareci with Survival in the population as a whole, 

as only 32% of the lame in Lake Opeongo survived the 14 d period between fil-st-feeding 
1 

and metamorphosis in 1993 (Fig. 5.6). The instantaneous mortality rate of Lake Opeongo 

larvae was 0.071, an order of magaitude higher than values for enclosure-held fish. 



5.4 Discussion 

5.4.1 Stocking Density Experiment: Gmwth 

Ernploying in situ enclosures, 1 demonstrateci that density s igni t idy  d u e n d  

the growth of lamai and early jwede SMB. Larvae reared at high deosities were 

significantiy smaller than those reared at Iow and medium densities, while juveniles 

differed in size across aU three stocking densities. Growth of YOY in the enclosures feu 

withh the range of values previously observed for YOY SMB in both laboratory and field 

midies (Rowm 1962; Peek 1965; MacLean, et al. 198 1) and were dso similv to those 

fkom naniral broods in Lake Opeongo (see Chapter 4). Growth rates of land capelin 

MuIlotus viIIows, reared in enclosures in the Gulf of St. Lawrence were sirnilar to those 

estimated for natural populations (Frank and Leggett 1986). Despite the similarity in 

growth rates between enclosure and lake YOY, it is possible that the density-dependent 

pattern of growth observed among experimental treatrnents may have resulted from 

experimental artifacts of the enclosure environment. For instance, fine-mesh w d s  can 

quickly becorne blocked by growth of aigae or sedentary anirnais (de Lafontaine and 

Leggett 1987; Kneib 1 993); however, the large size of SMB larvae permitted the use of a 

relatively large mesh size, dowing zooplankton to move fieely through the enclosure 

walls. In addition, treatment densities rernained within the range of values observed in 

natural broods in Lake Opeongo and as lmae and early juveniles typically remah in 

M y  shoals within the Linoral zone, it was unWrely that their behaviour was seriously 

altered by the enclosures. 

The effects of stockhg density on growth of larvai and juvenile SMB have not 



been investigated; howwer, Johnson and M c C h o n  ( 1967) dernonstnned density- 

dependent growth in pond-reared jwenile largemouth bas,  a closely reiated centrarchid. 

Density-dependent growth has also been shown for other species, including larvai 

weaknsh Cynacion regalis. rraised in large enclosures @uffy and Epifano 1994), 

jwenile waiieye Stizostedion vitretnn (Fox and Flowers 1990) and bluegiiis Lepomis 

lll~lcruchirus (Breck 1993), r a i d  in ponds. Evidence regarding density-dependent first- 

year growth in naturai popultions however, remains contdous. Some midies have 

confkned demitydependent growth (Carlander and Payne 1977), others have not 

(Kramer and Smith 1960; Fomey 1974), including SMB in a smaü Wisconsin lake (Sem 

1982). My red t s  showed no consistent pattern between initial lamal abundance and 

mean growth rates among years (see Chapter 4). In contrast, DeAngelis et al. (DeAngelis, 

et al. 199 1) demonstrate a strong negative feedback loop between density of Iarvae and 

prey availability, growth and swivai, using an individuai-based model. 

Whether or not density-dependent growth occurs in a population may depend on 

the details of the community structure within which the species in question lives. 

Cornpetition in aquatic communities is commonly invoked and may arise fiom size- 

structurai interactions, where similar-sized indMduals of different species compete for a 

hnited resource (Stein, et al. 1988; DeVries and Stein 19%). For instance, Forney (1 972) 

found that growth rates of YOY SMB were negatively related to abundances of young 

yellow perch, which rnay cornpete or food resources with YOY SMB. In Lake Opeongo, 

the abundance of YOY yeilow perch and other potential cornpetitors in the littoral zone 

was extremely low (pers. obs.), reducing the Ucelihood of strong in terspdc cornpetition 



for food resources. 

The density dependent nature of growth rates arnong the experimerrtd treatments 

are parti&y interesthg when examineci with regard to growth rates of YOY nom 

na- broods. Growth rates of larvae fkom natural broods did not Mer fiom those in 

the low and mediumdensity treatments, despite the higher density of larvae in natural 

broods. This result was intriguing, and suggested that YOY in the lake may not be food- 

limited duhg the iarval period. In contrast, the extremely low growth rates of larvae in 

the highdensity treatment, relative to larvae in the lake, implied food limitation. The 

density of larvae in the hi&-density treatment refiected those observed for naturd broods 

at £kg-feeding. The increase in dispersion area of larval broods between first-feeding and 

metamorphosis may, therefixe, be criticai in aiiowing lame to achieve adequate growth 

rates in natural conditions. 

Juvenile growth was strongiy density-dependent in this experiment as length and 

weight showed an increased divergence among treatments following metamorphosis. 

Importantly, growth rates of juveniies in the lake were higher than those at dl stochg 

treatments. The aocking densities chosen for the experiment were based on density 

estimates of natural broods at three developmental times: w l y  l a d  phase, late lmai 

phase and metamorphosis. Due to the low mortality of YOY in the enclosures, densities 

remained higher than those estimated for nahiml broods, even though initial stockhg 

densities Oow and medium treatments) were low relative to those of first-feeding larvae in 

the lake. One possible explanation for the high juvenile growth rates in natural broods is 

that density continueci to decrease foiiowing metamorphosis, reducing cornpetition for 



food. A further decline in density couid have r d t e d  fkom increased dispersion of 

broods, predation, or through theu combined e f f i s .  Predators may have mitigated the 

effécts of competition within natural broods by maimainiag j d e  denskies below the 

carrying capacity of the spawning habitat (Mills, et al. 1987). 

A second explanation for the high growth rates of juveniles in naturd broods is 

that they were able to forage in an unrestriaed manner. Optimal foraging theory suggests 

that in order to sustain maximum growth rates, predators shouid shift to larger prey items 

as they grow (Wibur 1988). In Lake Opeongo, YOY lamie fed solely on suspended 

zooplankton in the Linoral zone; however, a gradua1 shift to foraging on benthic prey 

began just prior to dispersal (pers. obs.). The shift fiom planktivory to bentbivory by 

juvenile SMB in Lake Opeongo followed the decline in peak zooplankton biomass values 

each season (see Chapter 4). suggested that a reduction in zooplankton biomass may 

cause increased feeding on benthic prey. Sirndar shifts to benthic prey occur among 

juvenile yellow perch during periods of zooplankton deciine (MUS and Fomey 1983; Wu 

and Culver 1992), but may also result fiom intense interspecific competition for food 

resources (Poa and McQueen 1994). While diet shifis in other species are ofien 

accompanied by switches across littoral-pelagic habitats (Werner and Hall 1988), 1 had 

httle evidence to suggest that YOY SMB moved into offShore waters at dispersai. Rather, 

juvedes remained in the littoral zone, but shifedt fkom a shoalùig liestyle to a solitary 

one. My enclosure experiment showed that high juvenile growth rates could be achieved 

over a shon t h e  penod with only limited access to benthic prey; however, it is not clear 

whether these rates cotiid be sustained over a longer time penod. 



The lower mean growth rates in the hi@-density treatment have resulted fiom 

depression of feeding rates. Fenderson and Carpenter (1 971) foud social heraction to 

be the main Eictor t h  depresses feeding rates in salmonids. Alternatively, Iow growth 

rates in the hi&-density treatment may have reSuIted fkom inadequate prey resources or 

fiom increased activity IeveIs due to increased competition for food. Research has shown 

that the energetic costs of interference competition can be hi& in stream sahonids 

defending tenitories (Fausch and White 1986; Grant and Noakes 1988) and rnay dso 

explah some of the variation in growth rates among populations (BoiscIair and Leggett 

1 989). Post and McQueen ( 1 994), employing in situ enclosures, found that fish density 

was the principle factor influencuig first-year growth of yeiiow perch; however, energetic 

costs of interference explaineci only 2% of the obsewed variability in growth. Poa and 

McQueen (1994) attnbute the low energetic cost of interference cornpetition to the 

shoaling nature of yellow perch. 1 made no systematic effort to measure the costs of 

hterference competition; however, wual  observations revealed few instances of agonistic 

behaviour among experimental fish, consistent with estimates of agonistic behaviour in the 

field (see Chapter 3) and with observations on closely related centrarchids (Brown 1985). 

SMB exhibit shoaling behaviour during the parental care period and it is Likely that 

reduced search times, through social faciiitation and local enbancement (Pitcher, et al. 

1982; Pitcher 1986; Ryer and OUa 1992) may offset potential cornpetitive interactions 

under natural conditions. Brown (1985) and Brown and Colgan (1985), show that the 

level of agonistic behaviour during eariy life hiaory in closely related centrarchids 

inmeases dramaticaIly foiiowing metamorphosis, and suggest that it may enhance dispersai 



of juvedes fiom natal temtories The apparent absence of interference cornpetition 

among experimerrtal fish suggests that much of the variability in growth rates of lanial aad 

early jwenile SMB may be attributable to variability in availability of prey. 

5-42 Supplementaî Feeding Experiment: Gmwth 

My enclosure experiment reveaied that YOY SMB growth was strongly related to 

prey abundance, especialiy durhg the juvenile period. The effect of prey density on SMB 

growth has not been previously demonstrated using in situ enclosures, but my results are 

consistent with research on other species (Hart and Werner 1987; Fox 1989; Welker, et ai. 

1994; Johnson and Dropkin 1995). As in the stockhg deosity experiment, growth rates of 

YOY in the experimental treatments were similar to those previously reported in the 

Literature. SuMval rates of YOY in the enclosures were again an order of magnitude 

above field estimates, but sunival rates were unrelated to prey abundance. 

L a r d  growth rat es did not dEer among expeiUîental treatments, including those 

in the Contol, treatment, suggesting that larvae were not food Limiteci. This resuit was 

consistent with the pattern observed in the stocking density experiment, with the exception 

of the highdensity treatment. Following metamorphosis, juvenile growth rates difFered 

sigruficantiy among treatments, showing a Song positive relatiomhip with prey 

abundance. Juvenile growth rates in the F o o k  treatment differed significaatly from 

Control, and Contol, treatments as well as fiom YOY in the lake population- 

In addition to prey abundance, the high growth rates of YOY in the Food, and 

Food,, treatments rnay have been partly due to differences in the amount of energy 



expended in foraging activities. The amount of energy expended for actMty, including 

foraging, has been shown to influence growth in fish (Ware 1975; Kitcheil, et al. 1977). 

Mobility (percent t h e  spent moving) in jwenile sahonids decreases rapidly as cumnt 

velocity increases and encounter rate with food increases (Grant and Noakes 1988). 

Actîvity levels in the Food, and Food- treatments were likely low, as the source of 

supplemental food was predictabie, both spatially and temporally. YOY receivuig 

supplemental food were often observed to be stationed near the feedllig containers, in 

contrast to YOY in the Control, treatment, that actively searched for prey throughout 

the enclosure volume. Furthemore, the activity level of YOY foraging in the lake was 

extremely dynamic, relative to that of enclosure-held fish. This was evident at both the 

brood (dispersion) and individual (swimming speed) levels (see Chapter 3). 

Previous expenments have shown variation in growth to be negatively related to 

ration size in fishes @avis and OUa 1987; Letcher and Bengtson 1996). This relationship 

is not universal however, as variability in growth depends not only on the amount of food, 

but also on its defensibility and the intensity of interference cornpetition among individuals 

(Magnuson 1962; Koebele 1985). In laboratory-reared coho salmon Oncorhynchus 

kisutch, variability in growth was greater in groups receiving localized as compared to 

dispersed food at a low ration level, but no ciifFerence was found at the high ration level 

(Ryer and Olla 1996). The ephemeral nature of both the supplemental food source and of 

prey patches in the lake provided little opportunity for competition or patch 

monopolization (Grant and Kramer 1992). 

The relationship between prey abundance and variability in length was not 



kvestigated in this experiment; howevec, I suspect that variability in growth would not 

have been strongly related to prey abundance, as I observeci linle aggressive behaviour 

between YOY in the enclosures, consistent with field observations (see Chapter 3). YOY 

SMB are a shoahg species during the parental care period of development and the 

prevailing social behaviour 1 obsenred in the field and in the enclosures was mutuai 

attraction (pers. obs.). Lack of a relationship between variability in growth and ration 

level has also been observed in young sockeye sahon Ottcorhyncchs ne* a schooling 

fish that showed no aggressive behaviour under limited prey levels (Brett, et al. 1969). 

More recently, medians for length, weight and growth rate of juvede chum salmon 

Onchorhynchus keta, did not differ between the highest ration levels, although variabiiity 

in growth, as measured by the coefficient of variation for these variables, did ciiffer @avis 

and Olla 1987). Cornpetition can accentuate individual Merences in members of a 

population and the effects of cornpetition on growth are not necessarily reveafed by 

measures of mean or median population growth, which assume equal cornpetitive abilities 

of individuals (Rubenstein 1 58 1 ). 

An increase in variability in growth with decreased ration aiso depends on the 

quantity of food avdable and is therefore most likely to occur under lunited prey 

concentrations. In contrast to the studies that have demonsaated variability in growth 

under limiting ration levels, my experiment was designed to test for differences in growth 

rates under supplemental feeding conditions. Thus, it is unlikely that the magnitude of 

variability in growth among the Food, and Foodw treatments wouid have been large. 

However. higher coefncients of variation in length of YOY at the low prey levels 



(Control, and Contola are more likely, and would suggest that food resources were 

unevenly partitioned by YOY. Assuming faster growth and larger size reduce 

susceptibility to predation (Werner and Gilliam 1984; Bailey and Houde 1989), a growth 

advantage rnay translate hto a sumival advantage for those individuals that consume a 

geater proportion of the food resources. 

The absence of predaton in the enclosures rnay have conmbuted to the merence 

in growth rates between enclosure-held fish and those fiom mtural broods. Tradeoa 

between foraging and predator avoidance may occur ifa group is at risk while foraging 

and individuals may choose to forage in a less profitable ara ifthe risk of predation is 

lower (Milinski 1986). Predation risk has repeatediy been show to affect habitat 

selection by foraging animals (Caldwell 1 986; Ferguson, et al. 1988; Cowlishaw 1997), 

including fishes (Gilliam and Fraser 1987; Werner and Hall 1988). Predation risk has also 

been shown to cause a significant reduction in the foraging activity of juvenile bluegdl 

Lepomis macruchirus, within and arnong food patches within a habitat (Gotceitas and 

Colgan 1990). Gotceitas and Colgan (1990) show t h  within-patch foraging activity of 

bluegdls is less affected by the presence of a predator than between-patch foraging 

activity. In con- to the artificial patches constructed by Gotceitas and Colgan (1990) 

and for natural situations where vegetation patches themselves provide a varying amount 

of protection, the ephemeral patches of zooplankton utiiued by YOY SMB offer no 

refbge potential. Therefore, it is less clear that reductions in the formg activity of YOY 

SMB and other fishes that feed on ephernerai food patches lacking physical protection, 

could be so clearly divided into between- and within-patch components as a consequence 



of predation risk When exposed to predators, YOY SMB moved to safer areas, 

decreased or stopped foraging, remained motiodess near the substrate or sought refuge in 

aRrices between rocks and bouiders (pers. obs.). These antipredator behaviours constrain 

foraging rates of YOY and M e r  studies are needed to determine the magnitude of the 

predator-mediated reduction in foraging rate. 

5.4.3 YOY Mortality 

My results indicated that neither stockhg density nor prey abundance had a strong 

impact on larval and eady juvenile mortaiity rates. These results were not surprishg given 

the signifiant negative relationship between larval abundance and instantaneous mortajity 

rate for the Lake Opeongo SMB population (see Chapter 4). Density-independent 

Survival has been shown for other fieshwater and marine species reared in ponds (Swingle 

1950; Rubenstein 198 1 ; Fox 1989; Fox and Fiowers 1990) and mesocosms and 

Epifanio 1994). Evidence supporting density-dependent larval mortality in natural 

populations however, remains equivocal (Ware 1975) largeSr because its effects are often 

obscureci by stronger density-independent factors (Sissenwine 1984). Several studies of 

YOY SMB indicate density-dependent Suntivai, including Sem's (1984) empiricd midy in 

Nebish Lake, Wkconsin and DeAngelis et al's. (1 993) application of an individual-based 

modei, which shows strong density dependence of mortality rate early Ui the growing 

season. 

Similar to the stocking density experiment, We of the variation in mortality in the 

nipplerneotal feeding experiment couid be 8ccounted for by prey level, dthough sulvivd 



tended to increase in the treatments that received supplementai food. My resuhs differed 

nom those of Hart and Wemer (1987), who dernonstmted a positive relationship between 

prey density and nirvBrai of white sucker Catostomus commersoni and pumpkinseed 

Lepomis gibbacur larvae in the laboratory. The discrepancy may be due to Merences in 

initial stockhg density; Han and Wemer (1987) used 15 1 tanks stocked at four larvae r1 

(4000 ma3) compareci with 100 m'3 in my experiment. In a more recent shidy , Weiker et 

ai. (1994) show ninnval to be related to prey abundance in larvai ghzard shad Dorosomo 

cepediammt, but not in land bluegdi Lepomis macr~~hirus, using 750 1 fibreglass tanks. 

Unlike the constant renewal of prey in my enclosures, Welker et al. (1994) added no 

additional moplankton to the fibreglass tanks after the 2 wk experiment was initiated. 

Slight size ciifferences cm confer considerable advantages in resistance to food 

Limitation and starvation and rnay aiso have important consequences to a fish's 

vulnerability to predators (Mitteibach and Chesson 1987; m e r ,  et al. 1988). L a n d  

yeilow perch, which are slightly srnalier than SMB larvae can suvive food deprivation for 

up to 2 wks afler hatching (Hokanson and Kleiner 1974). L a r d  bluegiils are leu 

susceptible to mortality by starvation than giaard shad, and the high variation in year- 

class strength of gizzard shad, relative to other reservoir species, may stem f?om its 

sensitivity to prey avaiiability during the larval period (Welker, et al. 1994). Hart and 

Wemer (1987) suggest that white sucker larvae are better able to survive short term 

reductions in prey avaiiability than pumpkinseed larvae because of their larger yok 

reserves at est-feedùig. First-feeding SMB larvae also possess large yok resewes 

(Meyer 1970; Waiiace 1972) and like white sucker, may be les  sensitive to temponiry 



reductions in prey resources than species with smaiier larvae. Indeed, prey abundance 

explaineci linle of the annual or inter-annuai vaiability in larval mortal* rates (see 

Chapter 4). 

Daily instantaneous mortaiity rates of enclosure-held fish in both experiments were 

an order of magnitude lower than values estimated for SMB fiom natural broods in Lake 

Opeongo. Johnston and Mathias (1993) report that mortality rates of wdeye larvae in 

natural lakes are typicaliy an order of magnitude above values reported for lawae r a i d  in 

culture ponds. The iow mortality rates of enclosure-held fish was iikely due to the 

absence of large predators in the enclosures. Low mortality rates in the absence of 

predators has also been reported for both marine (Oiestad 1985) and freshwater 

(KWdainen 199 1) fishes raiseci in mesocosms. Hart and Werner (1987) report mortality 

rates of white sucker and pumpkinseed in the laboratory to be sUnilar to estimates of 

naturai mortality in other species and suggea that feeding conditions h the laboratory did 

not deviate from natural conditions. However, their highest prey density (3000 prey 1-') 

was 50 - 100 times greater than estimates of linoral-zone zooplankton in Lake Opeongo. 

My estirnates of mortaiity for enclosure-held fish were based on samples collecteci 

at the termination of the experiments. Consequently, 1 was unable to parîition the 

mortality between the larvai and juvenile periods, nor did I attempt to identify sources of 

mortality. However, my resdts suggested that food limitation was not a major source of 

mortality. 1 did not quantfi prey abundance in the enciosures during the course of the 

experiments; however, 1 assumeci that renewal of zooplankton via shoreluie current was 

s i d a r  for ali  enclosures. Cornparison of zooplankton samples taken in the enclosures, 



pnor to and foUowing termination of the experiment, with samples coliected in the littoral 

zone of the lake, connrnied my assumption. 

Aithough lamal density and prey abundance both had a signifiant influence on 

growth of YOY, mortalïty remaineci unrefated to either factor. Thus, reduced growth 

during eariy development does not n e c a d y  imply an increase in monality as suggested 

by Beyer and Laurence (198 1). Sumival of YOY was high in the enclosures, even at high 

stockhg densities and ambient prey lweis, which indicated that most YOY captured 

sufficient food to prwent starvation. Summer zooplankton dennties in Lake Opeongo 

ranged between 25 and 8 1 1-' and averaged 50 1-' over four spawning seasons, similar to 

those in other temperate lakes of sïrnilar latitude (Watson and Carpenter 1974; Patalas 

1992; Patdas and Saki 1993). The high growth rates of YOY in Lake Opeongo also 

suggest that zooplankton densities must be lower than previously thought for starvation to 

OCCUT. 

Unpublished results from my field research suggested that predation may play an 

important role in mortality of YOY SMB. In 1993, 1 conducted shoreline transect swims 

in Jones Bay in conjunction with a field experiment to determine spatial and temporal 

patterns in relative predation risk. Results showed significant temporal and spatial 

variation in both predator densities and relative predation risk w i t b  the study a r a  

Previous studies have shown that numerous species of fish prey on SMB offsprhg during 

the parental care period of development (Scott and Crossman 1973; Lukas and Orth 

1995), and that removal of guarding males results in complete loss of broods to predators 

within 24 h (Neves 1975). During the 1988 and 1 99 1 field seasons, 1 sampled sub-adult 



SMB fiom the study area for diet d y s i s .  Remains of l a n d  SMB b a s  were found in 1 1 

and 5 % of the stomachs examineci in 1989 and 199 1. respectively, and confirmed the 

existence of heterospecific cannibalism (Dominey and Blumer 1984). The fiequency of 

occurrence of larvd remains in sub-adult stomachs was Iow, but may have constituted a 

sigiuficant hct ion of the year-class, given the low density of l a r d  bass in Lake Opeongo. 

Although 1 did not witness a single occasion of parental d e s  feeding on their ofipring, 

filial cannibalism is relatively commun in fish (Dorniney and Blumer 1984), and is best 

hown in species with parental care (Belles-Mes and FitzGerald 199 1; FitzGerald 199 1). 

Filial cannibalism could explain the dramatic and nearly 'instantaneous' (ovemight) loss of 

emire SMB broods in Lake Opeongo. The fact that cannibalism has not been reponed as 

an important factor infiuencing Survivd and recruitment in SMB bass rnay stem from the 

difnculties in detecting and quantifying its occurrence in the field. 

ConcIusions 

The conclusions that can be drawn fiom the two enclosure experiments, in 

combination with field results may be summarked as follows: (1) prey densities in 

temperate lakes such as Lake Opeongo may be sufEcient to support adequate growth of 

YOY SMB; (2) SMB have a very high potential niMval rate, despite high stocking 

densities and marginal prey availability; (3) given the lack of evidence for food limitation 

and the large discrepancy in mortality rates between enclosure-held YOY and those fiom 

natural broods, rnany healthy YOY rnay be susceptible to  preûation in Lake Opeongo. 

The relevance of my experimental resuits to studies of natui-al populations of SMB 



is clear. The high growth rates achieved by YOY SMB in naairal broods may depend on 

changes in the ontogeny of foraging behaviour and on social interactions of individuais 

wittiin a brood. The association of consp&cs within a brood and their interaction with 

potential predators and zoopiankton prey are key components to understanding growth 

and sumival of YOY SMB. These interactions are cornplex, and fbture studies are 

required to ver@ cornpetition for food resources and to conclusively link reductions in 

foraging rate to the presence of predators. Exclusion of piscine predaton fiom enclosures 

has underlined the importance of predation as a major source of mortality in YOY S M .  

Further investigations of the role of predation in growth and mortality are required to 

more fuUy understand the popdation dynamics of YOY SMB. 



Table 5.1. Description of treatments in the (a) stockhg density and (b) 
suppiementai feeding experiment conducted in 1992 and 1993, respectively. Three 
repiicates per treatment were used in each experiment. 
(a) 

Treatment 
(density ) 

Number of 
Fish 

Low 

Medium 

Treatment Supplement Level Number of Density 
(mg dry wt b') Fish 

C o n t r 0 1 ~  ambient 2300 --- 
Controlm, ambient 1 O0 67 

Low Supplement 4000 100 67 

High Supplement 8000 1 00 67 



Table 5.2. Means (* SD) of total length (TL), dry weight (WJ, growth rate in 
length (GJ and growth in weight (G,) for land and juvenile smallmouth bass 
stocked at 3 densities employuig in situ replicate (n = 3) enclosures in Lake 
Opeongo, 1992. Values are also presented for larval (n = 72) and juvenile (n = 34) 
broods of smallmouth bass in Lake Opeongo. For each of the developmentd 
periods (iawal, juvenile), means with a common superscript are not si@cantly 
different (R0.05) by Tukey's multiple cornparison test. 

16.2' 6.57' 0.40" 0.088" 
(O. 46) (0.50) (0.03 1) (0.005) 

1 O0 15.5' 5 - 6 9  0.36' 0.078' 
(O. 40) (O .40) (0.03 1) (0.005) 

Lake 15.7 6.12 0.37 0.08 1 
( 1.07) (0.66) (O. 122) (0.007) 

Juvenile 

19.4~ 10.74~ 0.44~ 0. 070b 
(O. 66) (1 -09) (0.03 1) (0.005) 

16.6' 6-78' 0.32' 0.055' 
(0.50) (O. 56) (0.024) (O. 004) 

Lake 22.0 15.98 O. 69 0.094 
(1.78) (1 -93) (0.21 1)  (0.0 10) 



Table 5.3. SuMvai of YOY smaiimouth bass reared in enclosures at three densities 
(Low = 50 m-', Medium ( M d )  = 100 m-2 and High = 200 m'2 in Lake Opeongo, 1992. 
Imtantaneous mortality rate and expected s u ~ v a l  were calculated for the entire duration 
(25 days) of the experirnent. Larvae used in the experirnent were 2-day post first-feeding 
at the start of the experiment. 

- 

Expected Expected 
Number number' instant Expected 

Density Number of of mortality Survival 
Treatment (m'2) sarnpled nirvivors suMvors rate (z )~  (%) 

Low 

Low 

Low 

Low (mean) 

Med 

Med 

Med 

Med (mean) 

High 

High 

High (mean) 

'Expaced number of survivon accounts for fi& samplal for growth drtemmation. 
Sxpected inaant monality rate is the adjusted instantaneous m d t y  rate, nccorm~.Q for fi& sampled for 
growh determinatiun. 



Table 5.4. Means (* SD) of total length (TL), dry weight (WJ, growth rate in 
length (GJ and growth in dry weight (G,), for larval and juveniie smallmouth bass 
for Control, Control,. Food, and Foodm treatments employuig in situ 
replicate enclosures (n = 3)  in Lake Opeongo in 1993. See Table 5.1 for details of 
su pplemental feeding levels. The Control, treamient refers to young sampled 
fkom the donor brood. For each of the developmental periods (lavai, juvenile), 
means with a cornmon superscript are not significantly Merent (P c 0.05) by 
Tukey's multiple cornparison test. 

Land 

Control, 16.3' 
(O. 72) 

6.80' 
(O. 86) 

0.66' 
(O. 08) 

0.62" 
(O. 09) 

Food,, O. 76' 
(O. 10) 

Food, O. 83" 
(O. 1 1) 

Juvenile 

Control,, 1 . 4Pb  
(O. 12) 

0.18~ 
(O. 009) 

1.85' 
(O. 06) 

0.24' 
(O. 002) 



Table 5.5. Survival of young-of-year smallmouîh bas during 25 d supplemental feeding 
experiment employing in situ enclosures in Lake Opeongo, 1993. Treatment levels 
included; (Controu = ambient prey levels within enclosures, Food, = low food 
supplement and Fm& = high food supplement. See Table 5 .1  for details of food 
treatment levels. 

- - 

Expected Expected 
Number number' instant Expected 

Density Number of of mortaiity survival 
Treatment (m-3 sampled survivors s u ~ v o n  rate (z)~ (%) 

ControL 50 15 68 80 0.006 80 

Cont (mean) 68 79 0.0 12 79 

Food, 50 15 73 86 0.008 86 

Food, 50 15 77 91 0.005 9 1 

Food, 50 15 75 88 O, 006 88 

Food, (mean) 75 88 0.006 88 

'Expected number of nrrvivors accounts for fish sampled for growth detemination. 
%xpected instant mortaiity rate 1s the adjusteci instrmtaneuus mortaiity rate, accounting for fish sampled for 
p w t h  determination. 





Figure 5.2. Seasonal changes in littoral-zone zooplankton biomass 
(solid circles) from May - August in (a) 1992 and (b) 1993 in Lake 
Opeongo. Hatched bars indicate zooplankton biomass w i t h  
enclosures pnor to and immediately following termination of the 
stocking density ( 1992) and supplemental feeding experiment. Data for 
seasonal changes in zooplankton biomass are from Chapter 4. Error 
bars indicate +l  SE. 
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Figure 5.3. Changes in (a) mean total length and (b) mean dry weight of 
larval and juvenile srnallmouth bass in Low (50 m-*), Medium ( 100 nf2) 
and High (200 m-*) density treatments in the stocking density 
experiment. Values are also presenteû for young-of-year srnallmouth 
bass from the Lake Opeongo population in 1992 (hatched line-ciosed 
diamond). Vertical arrow indicates mean time to metamorphosis. 
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Figure 5.4. Relationship between aocking density and percent survivai for Low (50), 
Medium ( 100) and High (200 fish rn'-') treatments in the stocking density experiment 
conducted in Lake Opeongo, 1992. For cornparison, percentage survival of larvae 
from the Lake Opeongo population in 1992 is shown (hatched bar). Error bars 
indicate 1 SD. 
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Figure 5.5 .  Changes in (a) mean total length and (b) mean dry weight of 
larval and jwenile smalimouth bass for Control, (pen circle), 
Control, (closed diarnond-dashed line), Food, (closed square) and 

. - -+ - - Control,, 

I I t I 1 

Foodw (open triangle) treatments in the supplemental feedùig 
experùnent. See Table 5.1 for details of food treatment Ievels. 
arrow indicates average tirne of lanuil-juvenile transformation 
(metamorphosis) in 1993. 
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Figure 5.6. Relationship between food abundance and percentage survival for Control,, 
Control,, Food, and Foodw treatments in the supplementai feeding experiment in 
Lake Opeongo, 1993. See Table 5.1 for details of supplementai feeding levels. For 
comparative purposes, percentage survivai through the 2-week l and  perïod is shown for 
the Lake Opeongo population (solid bar). 



Chapter 6 

Summa y 

This study addressed a variety of issues of specific relevance to YOY SMB growth 

and sunival, as well as of general relevance to the study of fish early Life hiaory and its 

role in the population dynarnics of fieshwater species. The primary objective of this study 

was to detemine the importance of food limitation in larval fish ecology. Results ofthis 

research offered strong support to the idea b t  food limitation is a relatively minor 

phenomenon in natural populations of SMB during the larval and early juvede penods of 

development and that the most important cause of mortality rnay be predation. 

1 base this conclusion on the following evidence. First, swKnming speed, foraging 

rate, agonistic interactions and nearest neighbour distance of individual YOY were 

unrelated to brood size, suggesting that cornpetition for prey resources did not increase 

with brood size. Importaotly, the dispersion of SMB broods within natal temtories may 

be critical in ailowing young bass to find suIncient prey resources and in achieving 

adequate growth under naturd conditions. Second, no evidence was found to indicate 

that prey resources were being depressed as a consequence of foraging by juvenile SMB. 

1 propose that wind-generated water motion in the littoral zones of fieshwater lakes, 

through its potential to innuence predator-prey contact rates (MacKe~e, et al. 1990), 

may explain the lack of effect of foraging by YOY SMB on prey resources. 

Third, my data showed a distinct temporal mismatch between the seasonal 

abundance of first-feeding larvae and their prey, suggesting that food limitation of early 



larvae may not be the dominant force coastraimng the timing of spawning and subsequent 

growth, mortality and abundance patterns of YOY SMB. To the degiee that SMB face 

energetic consoaints on their spawning behaviow (Ridgway 1991), my results suggest that 

food limitation during the early larvd phase, implicit in both the critical period hypothesis 

and the match-mismatch hypothesis, may not be as important in determinhg the timing of 

spawning and the seasunal patterns in growth and mortaiity of YOY SMB as predation. 

A fourth reason 1 believe food limitation plays a minor role in larval and eariy 

juvenile population dynamics, is because of the high levels of supplemental food required 

to elevate growth rates of enclosure-held YOY above those in natural broods. Further, 

suMval of YOY within the predator-free enclosures was an order of magaitude higher 

than that of YOY in natural broods, suggesting that predation d u ~ g  the larval and early 

juvenile periods may be a process of greater importance to survival than prey availability. 

In addition to the immediate concerns of this dissertation, the resuhs of this study 

may d o w  insights to be gahed into how growth, mortality and abundance interact to 

influence recniitment variability in SMB. To date, initiai abundance and growth rates 

during early Life hiaory have not been clearly linked to year-class strength in SMB, but a 

general lack of correlation between the abundance of larvae and subsequent recruitment 

has been noted in other species (SissenMe 1984). It is clear that no one process controls 

larval and juvenile s u ~ v a l  and subsequent recruitment. I suggest that a more complete 

understanding of recnitment variability in SMB will require research into a d e r  range of 

developmentd periods, including later juvenile phases of development, and that partinilar 

consideration must be given to the role of predation during the first year of We. 



Behaviour of YOY 

Swimming speed. foraging rate. agonistic interactions and nearest neighbour 

distance of individuals were all positively related to YOY body size, but untelated 

to brood size. 

b At the brood level, dispersion was positively refated to body size and brood sire. 

In contrast density within broods was inversely related to body size and did not 

Mer across brood-size cat egory . 

rn Estirnates of zooplankton biomass did not Wer 'within' and 'outsider broods, 

suggesting that YOY SMB were not food-lirnited. 

Devdopment of  YOY 

Mean size and age of YOY at metamorphosis were positively correlateci among 

year S. 

The duration of both the early and late Iarval phases were imrersely related to 

temperature. Temperature effect s on larval phase duration influenced juvenile 

production; year classes that grew most rapidly during the larval penod had the 

lowest cumulative mortality. 



The mean duration of the embryonic, larvai and juvenile periods differed 

significdy among years. There was a strong negasive relation between water 

ternperature and period duration among years. 

Production of YOY 

b Annuai ditferences in total production of iïrst-feeding larvae were related to both 

spawning stock abundance and mean brood size. 

Annual difrences in abundance estimates of first-feeding lame pardeleci annual 

changes in early juvenile abundance estimates, indicating that year-class strength of 

YOY SMB may be fixed during the l a r d  period. 

Growth of YOY 

b Mean length of first-feeding larvae dsered sigdcantly arnong years. 

Brood-specific growth rates were highly variable within each spawning season. 

Growth rates showed a weak to rnoderate positive relationship with water 

ternperature in 4 of 5 years. 

Inter-annual difFerences in growth rates were amibutecl p r i d y  to Merences in 

water temperature as growth rates were close to temperature-predicted values 

(Peek 1965) and therefore did not appear to be food-limiteci. 



Brood-spedc growth rates of larvae were not significady related to the match 

between the timing of production of larvae and their prey, nor did prey biomass 

account for much of the inter-annual variability in l a r d  growth rates. 

No evidence was found for densitydependence in growtO or mortality rates of 

YOY SMB, as annual Merences in growth and mortality rates were not related to 

initial larval abundance. In fact, growth rates of YOY were highest in 1989, a year 

Ui which the number of spawning males in Jones Bay supasseci the previous 50- 

year high by nearly 30% (Ridgway 1986). It is possible that density-dependent 

regulation of SMB populations may operate during the early juveaile period when 

young disperse f3om the nesting territories, or later in the juvenile period. through 

changes in the timing of fira reproduction. 

Growth rates of enclosure-held YOY were positively related to prey level and 

negatively related to lama1 stocking density, pareicularly following metamorphosis. 

The absence of density and prey level e f f i s  on growth rates of YOY from natural 

broods contrasted with those of enclosure-held fish and appeared to be related, in 

part, to changes in the behaviour of YOY. For instance, swimming speed, 

foraging rate and nearest neighbour distance of individuals increased significantly 

with body size. At the brood-level mean area of water occupied by broods 

increased by an order of magnitude between first-feeding and metamorphosis, 

while the mean density of YOY within broods decreased sigmficantly. 



Mean annual growth rates below temperature-prediaed vahies in some years and 

the high brood-specific variability in growth rate withul years suggesîed that 

fktor(s) other than temperature affected YOY growth rates. Sub-maximai growth 

rates may have been due to variability in zwplankton distributions or predator- 

prey contact rates that were not evident at the d e  of sampiing in my study. 

Mortoüty of YOY 

t Brood-specific mortality rates were highly variable withh each spawning season . 

Brood-specific mortaiity distributions were highly skewed to the right in ail years, 

indicating that a small percentage of nests experienced high mortality each season 

t Within-season mortaiity rates of YOY were not consistently related to prey 

abundance or temperature, but tended to increase seasonally in d years. 

w Within-season brood-specific mortality rates of larvae were negatively related to 

growth rates. 

w The mortaiity rate of YOY SMB in natural broods was an order of magnitude 

higher than estimates for enclosure-held fish in Lake Opeongo. As piscivore 

predators were excluded from the enclosures, these results ntggested that 

predation rnay be the dominant source of mortatity of YOY SMB. 
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