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ABSTRACT 

This study examined the relationship between 

microhabitat use and growth of age-0O smallmouth bass in the 

North Anna River. The study objectives were to describe 

microhabitat use during summer, assess the profitability of 

microhabitats, and determine if and how microhabitat use 

could determine which individuals gained a growth advantage. 

Age-O smallmouth bass changed ‘their microhabitat use as 

they passed through stages of ontogenetic development and 

became familiar with their environment. More than 30% of 

the area available to brood larvae contained mean water 

column velocities greater than 4 cm/s and no cover. More 

than 80% of larvae observed after dispersing from the nest 

site occupied areas approximately one m deep with velocities 

near 0 cm/s, or large cover objects that created low 

velocity shelters throughout the water column. By six weeks 

after dispersal (when all juveniles were > 40 mm), more than 

50% of juveniles occupied depths less than 60 cm and focal 

point velocities > 3 cm/s, and microhabitat use by large and 

small juveniles did not differ. In these shallow 

microhabitats with moderate to fast current velocities, 

juveniles foraged at a higher rate (5.1 bites/min on 

average) than in deeper and slower velocity areas (1.3 

bites/min). When these foraging rates were translated into 

estimates of energetic profit, juveniles in the shallow-fast 

microhabitats gained approximately 5 j/min more than 

juveniles foraging in other microhabitats. Microhabitat use



was the only aspect of behavior that affected the foraging 

rate or energetic profit gained by juvenile smallmouth bass. 

I examined daily rings on otoliths to track the growth 

of individual smallmouth bass through time. Temperature 

affected growth rates below 22-23°C, so that individuals 

spawned later grew in warmer thermal regimes and grew 

relatively fast during early life stages. However, 

individuals that spawned early and grew slowly in cooler 

temperatures did not suffer higher mortality and compensated 

for their slow growth by accumulating growth over a longer 

period of time. Above 22-23°C, relative growth rates were 

not consistent through time; a fast growing individual 

during one life stage could grow relatively slow during the 

next. If growth above the temperature threshold depended on 

foraging success and foraging success depended on 

microhabitat use, then few individuals were consistently 

occupying the most profitable microhabitats. 

In experiments in an artificial stream, juvenile 

smallmouth bass assessed the potential profitability of an 

area by the foraging rate they achieved there. They usually 

did not remain in an area unless they foraged well at the 

time they searched it, and did not appear to associate 

habitat characteristics with profitability. In the river, 

most of the microhabitats available were relatively 

unprofitable, so an individual that abandoned a profitable 

area might (depending on its foraging behavior) spend 

Significant time in unprofitable microhabitats and 

consequently reduce its growth rate. Increasing the 

availability or density of food resources may improve growth 

of juvenile smallmouth bass in the North Anna River by 

increasing the rate at which juveniles encounter profitable 

microhabitats and elevating their intake rates in profitable 

areas.
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INTRODUCTION TO THE DISSERTATION 

Because streams in the United States frequently have 

their flows altered by hydropower facilities and off-stream 

withdrawals, aquatic resources in streams are often 

threatened by rapidly fluctuating flows, periodic 

dewatering, and reduced quantity and quality of instream 

habitat (Bain and Boltz 1989). To reduce the impact of 

altered stream-flow on fish populations, many resource 

agencies have used the Instream Flow Incremental Methodology 

(IFIM) to determine the relationship between discharge and 

the availability of useable habitat for different species of 

fish (Bovee 1982). A critical assumption of the habitat 

simulation component of IFIM is that habitat availability is 

related to the standing stock of fish. Managers use the 

results of these simulations to estimate the amount of 

usable habitat they must preserve to maintain a desired 

carrying capacity. However, accumulated evidence indicates 

that the size of a fish population in a stream is not always 

a simple function of habitat availability (Orth and Maughan 

1982, Scott and Shirvell 1987). 

Because habitat availability frequently does not relate 

to population density, some researchers and resource 

managers have questioned the usefulness of IFIM as a tool 

for conserving fisheries resources (Granholm et al. 1985, 

Mathur et al. 1985, Scott and Shirvell 1987). Despite this 

shortcoming, it is generally agreed that the physical > 

habitat simulation component of IFIM does adequately assess 

the impacts of flow alterations on the availability of 

habitat for fish (Orth 1987, Gore and Nestler 1988) and is 

frequently used for this purpose (Reiser et al. 1989). What 

the methodology lacks is a firm understanding of how changes 

in habitat availability directly or indirectly impact 

population densities.



Most theories that link habitat availability to 

population regulation assume that habitat selection is an 

optimal foraging process (Rosenzweig 1991). Fish appear to 

adhere to this assumption because they tend to occupy 

habitats where they can maximize feeding rates while 

minimizing their risk of mortality (Werner et al. 1983a, 

1983b). If feeding and mortality rates depend on habitat 

use, then the carrying capacity of a population will be 

defined at the life stage where competition for critical 

habitat is most intense (i.e. when the number of 

individuals/area of available habitat is maximized), because 

competition for resources tends to decrease the relative 

fitness that can be attained in a habitat (Morris 1987, 

1988). Among fish, feeding and mortality rates may be most 

affected by competition during the larval and juvenile life 

stages (May 1974, Shephard and Cushing 1980, Elliott 1989a, 

1989b, 1990), because at that time their densities are 

highest and individuals are most susceptible to mortality. 

Therefore, to understand the effect of habitat alterations 

on population densities of fish it is necessary to examine 

relationships between habitat availability and first-year 

recruitment of stream fish. 

The smallmouth bass (Micropterus dolomieu) is a 

relevant fish species to examine in this context. The 

species commonly occurs in warmwater streams of the United 

States, and its life history strategy suggests that density- 

dependent regulation of the spawning stock should occur 

during the first year of life (Williams 1984, Winemiller and 

Rose 1992). Furthermore, the microhabitat use of larval and 

juvenile smallmouth bass differs from the habitat use of 

adults (Orth and Maughan 1982, Leonard and Orth 1988, Forbes 

1989, Aadland et al. 1991). Discharges that reduce habitat 

availability for age-0 individuals might not reduce 
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availability for adults, so a change in discharge could 

affect population densities without affecting the amount of 

living space for adults. To increase spawning populations 

of smallmouth bass, managers may have to focus their efforts 

on increasing the amount of microhabitat available to age-0O 

individuals. But by what mechanism would increasing the 

availability of microhabitats improve survival of age-0 

smallmouth bass? 

Modelling simulations indicate that any factor that 

promotes growth rate of age-0O smallmouth bass should 

increase their survival through periods of high predation 

mortality (DeAngelis et al. 1991) and over winter (Shuter et 

al. 1980). Certain habitat characteristics can promote 

foraging success of age-0 smallmouth bass (Simonson and 

Swenson 1990), so individuals that occupy microhabitats with 

these characteristics should theoretically exhibit higher 

growth and survival rates than individuals in less suitable 

areas (Jager et al. in press). By identifying microhabitats 

that promote growth of age-0 smallmouth bass at each life 

stage, it may be possible to increase population densities 

by regulating discharge so that the availability of these 

profitable microhabitats is increased. 

The purpose of this study was to determine how 

microhabitat use affected growth rates of age-0O smallmouth 

bass in a warmwater stream. The site selected for this 

study was the North Anna River, a major tributary of the 

York River in Eastern Virginia. Detailed descriptions of 

the river are included in the following sections. The site 

was selected for several reasons: .it supports a reproducing 

population of smallmouth bass, flows in the river are 

altered by a dam in the upstream section, and clarity in the 

river is good, which permitted me to observe behavior of 

age-0O smallmouth bass in various microhabitats. 
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The first objective of this study was to accurately 

describe the microhabitat use by age-0 smallmouth bass from 

the time they leave the nest until late into their first 

growing season. By obtaining a detailed description of 

microhabitat use during all early life stages, I tried to 

identify habitat characteristics that could affect foraging 

success, growth, and survival during each stage. My next 

objective was to assess the profitability of microhabitats 

occupied by age-0 smallmouth bass. Then I examined growth 

rates of individuals throughout the summer to determine if 

growth at any time was related to growth earlier in life. 

If certain microhabitats were more profitable and certain 

individuals maintained growth advantages through time, it 

would imply that a limited amount of profitable 

microhabitats were available and only a few individuals 

exploited those areas. Finally, I examined the foraging 

behavior of age-0 smallmouth bass to determine if aspects of 

foraging behavior could determine which individuals grew 

fastest. From all these results I hoped to determine if 

manipulation of microhabitat availability could increase the 

growth rates of age-0O smallmouth bass in the North Anna 

River, and if increasing growth rates would enhance 

recruitment.



CHAPTER 1 

Temporal Variation in Microhabitat Use by 

Age-0 Smallmouth Bass in the North Anna River, Virginia 

Introduction 

Fisheries managers try to identify critical instream 

habitats based on observations of microhabitat use by stream 

fishes. However, stream fishes may change their 

microhabitat use during different seasons (Rimmer et al. 

1983, 1984, Johnson and Kucera 1985, Grossman and Freeman 

1987, Hillman et al. 1987), in response to changes in 

availability of one or more habitat variables (Morantz et 

al. 1987, McMahon and Hartman 1989, Shirvell 1990, Burgert 

et al. 1991), or in response to the presence of predators 

(Power 1987, Gotceitas 1990, Harvey 1991), or competitors 

(Fausch and White 1981). Stream fishes may also alter their 

microhabitat use as they progress through stages of 

ontogenetic development (Baltz et al. 1991). 

For most fishes, rapid anatomical and physiological 

changes occur during the larval and early juvenile stages of 

development. These changes alter how larval and juvenile 

fish function in their environment, and subtle variations in 

either the rate of ontogenetic development or environmental 

conditions can correspondingly alter their mortality rates 

(May 1974, Houde 1989). Larval and juvenile fish do not 

necessarily remain in prevailing environmental conditions 

but may actively seek out better nursery habitats where they 

can most successfully forage and avoid predators (Bohelert 

and Mundy 1988). Whenever microhabitat characteristics vary 

spatially and temporally, microhabitat use by larval and 

juvenile fish could exert a particularly strong influence on 

growth and survival.



Size affects how larval and juvenile fish function in 

their environment (Miller et al. 1988) and may therefore 

affect their microhabitat use. Generally, as fish grow in 

size their swimming ability improves (Webb and Weihs 1986), 

vulnerability to predators declines (Luecke et al. 1990), 

and the size of their preferred prey increases (Crowder et 

al. 1987). Size could affect microhabitat use of larval and 

juvenile fish in streams if larger individuals exploited 

resources in areas that smaller individuals could not enter. 

In that instance, faster growing individuals could gain a 

Significant growth and survival advantage over the other 

members of their cohort. 

Few examinations of microhabitat use by juvenile fishes 

in streams have compared use of habitat variables during 

different periods of ontogenetic development. For example, 

studies of microhabitat use by smallmouth bass generally 

assumed all young-of-the-year occupied similar habitats 

(Sechnick et al. 1986, Bain et al. 1988, Leonard and Orth 

1988, Lobb and Orth 1991), or divided age-0 fish into 

categories based arbitrarily on size (Aadland et al. 1989). 

However, age-0O smallmouth bass pass through several 

stages of morphological development (Meyer 1970) that could 

affect their preference for certain microhabitat variables. 

Additionally, during the period when male smallmouth bass 

guard their progeny, adult habitat preferences may affect 

microhabitat use by larval smallmouth bass (Ridgeway 1988). 

No studies have tracked the microhabitat use of a cohort of 

smallmouth bass from spawning through the first months of 

the growing season or determined if large and small 

individuals consistently occupy different microhabitats. 

The primary objective of this study was to quantify the 

microhabitat use by smallmouth bass in the North Anna River, 

Virginia, during all biologically significant stages of 
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their first growing season. I examined microhabitat use 

when larvae were guarded by their male parent, after larvae 

lost the protection of the male, and as juveniles dispersed 

throughout the river. I also tested the hypothesis that 

within periods when microhabitat use was sampled, large 

individuals occupied different microhabitats than small 

individuals. 

Methods 

Study Site 

The North Anna River forms part of the York River basin 

and flows through both the Piedmont and Coastal Plain 

Physiographic Provinces of eastern Virginia (Figure 1.1). 

In 1972, Virginia Power and Electric Company (VEPCO) 

impounded the river approximately 64 km from its headwaters 

to create a cooling-water reservoir (Lake Anna) for a 

nuclear power plant. The dam maintains a minimum discharge 

of 1.13 m/s from the epilimnion of Lake Anna into the 

river. This discharge usually becomes the average discharge 

in the river during the dry summer months. Comparisons of 

discharge records between the North Anna and the unregulated 

South Anna River suggest that after heavy rains in the 

summer, the dam maintains an elevated discharge in the North 

Anna for several days longer than would naturally occur. 

Simmons and Voshell (1978) and Kondratieff and Voshell 

(1980) described the habitat types, water quality, and 

benthic macroinvertebrates communities in the river after 

impoundment. Deciduous trees grow on the river's banks and 

form a dense, overhanging canopy along most of the 

shoreline. Immediately below the dam, the river primarily 

consists of long pools (average width approximately 30 m) 

underlain with sandy substrate. Largemouth bass 

(Micropterus salmoides) are the most numerous piscivore in 
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Figure 1.1. Location of study sites on the North Anna 
River in eastern Virginia. The upstream site was 
approximately 400 m long, and the downstream site was 
approximately 650 m long.



this section but smallmouth bass become more numerous 

approximately 16 km downstream from the dam (VEPCO 1986). 

At this point the river widens (average width approximately 

40 m), and riffle habitats and bedrock substrate occur more 

frequently than in the upstream section. Smallmouth bass 

reproduce in this section and their growth rates in the 

river rank among the highest growth rates recorded for 

smallmouth bass in Virginia (King et al. 1991). 

At minimum discharge, water depths in the river are 

usually less than 2.5 m but exceed 3.0 m in some pools. 

Visibility in the river regularly exceeds 3.0 m, and the 

exceptional clarity promotes growth of attached algae and 

submerged macrophytes throughout much of the river. The 

river contains at least 12 species of fish that could serve 

as prey for most size classes of smallmouth bass, but 

redbreast sunfish (Lepomis auritus) are the most numerous 

and widely distributed. 

Nesting densities of smallmouth bass were low in the 

North Anna River during 1990 and 1991, so I searched for 

broods of larval smallmouth bass throughout a reach of the 

river that extended 8 km south from the Route 603 bridge in 

Hanover County. This reach was within the lower section of 

the river where smallmouth bass were the dominant piscivore. 

Larvae metamorphosized into juveniles at approximately 20 mm 

total length, when they acquired their full fin-ray and 

scale compliment (Meyer 1970), and after they had dispersed 

from brood sites. After juvenile smallmouth bass dispersed 

throughout the river, I monitored the microhabitat use of 

juveniles in two study sites on the river. An upstream site 

(approximately 405 m long, average width 29 m) was located 

approximately 0.8 river km downstream from the Route 603 

bridge in Hanover County (Figure 1.1). This site lies 

within the portion of the river where fast water habitats 
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and bedrock substrate increase in abundance. The other site 

was located approximately 4 km downstream of the first, 

beginning at the Route 601 Hanover County bridge and 

extending upstream approximately 640 m (average width 38 m). 

At this point in the river, bedrock is the most common 

substrate. 

Quantifying microhabitats used by larvae in broods 

Quantifying microhabitat use at different larval stages 

presented some problems because the behavior of male parents 

determined what microhabitats were available to the larvae. 

After leaving the nest, larvae occupied an area guarded by 

the male parent, and he prevented them from leaving that 

area. Individual larvae did not remain in one place or seek 

preferred microhabitats within the brood site, but were 

forced to move throughout the site in response to changes in 

density of their siblings or the appearance of predators 

(personal observation). Male parents gradually decrease the 

intensity with which they guard broods until they abandon 

their larvae (Ridgeway 1988), and larvae then disperse from 

the brood site. At dispersal, all microhabitats in the 

river are (theoretically) available to larvae, and because 

larvae disperse into a larger area, their microhabitat use 

is less affected by density of conspecifics. Therefore, my 

comparison of microhabitat use between brood and dispersed 

larvae equated to a comparison of what microhabitats were 

available in brood sites to what microhabitats were used by 

dispersed larvae outside of the brood area. 

Rather than estimating microhabitat availability within 

brood areas by measuring habitat variables at randomly 

selected points, I attempted to estimate microhabitat 

availability based on area. I visually examined brood 

areas, and delineated blocks within which microhabitat 
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variables did not substantially vary. The method I employed 

(described below) insured that I could rapidly quantify all 

visible changes in any microhabitat variable within a brood 

site without having to measure microhabitat characteristics 

at a large number of randomly selected points. The time 

factor was important because broods swam-up during a short 

period, and I wanted to quantify the available habitat in as 

many brood sites as possible before larvae dispersed. The 

method also enabled me to estimate the amount of brood area 

associated with each incremental change of microhabitat 

variables. The major disadvantage of this method was that 

it prohibited direct statistical comparison of the 

microhabitat availability in brood sites with microhabitat 

use of dispersed larvae. 

I searched for smallmouth bass nests and broods of 

larvae by snorkeling in the river during the springs of 1990 

and 1991. Temperature affects the developmental rate of 

larval smallmouth bass (Webster 1948, Shuter et al. 1980) 

and the thermal regime of the North Anna requires larvae to 

remain on the nest for 3-5 days after hatching. I attempted 

to quantify the habitat characteristics of these brood areas 

3-7 days after larvae first left the nest (swim-up). 

When possible I verified the exact date of swim-up by 

locating a nest prior to swim-up and monitoring it each day 

until larvae left the nest. From each of these broods I 

collected 5-10 larvae, preserved them on ice, and measured 

their total length (TL, mm) the same day using a dissecting 

microscope equipped with an ocular micrometer. Larvae 

collected from nests were 9-14 mm in TL, 3-7 days after 

swim-up. When a brood was not located before swim-up, the 

brood site habitat was only quantified when the larvae were 

9-14 mm in TL. 
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At each brood site, a snorkeler placed markers at the 

points furthest upstream and closest to each shore where 

brood larvae were observed. The points where larvae 

occurred closest to each shore and furthest downstream were 

also marked and these points delineated the corners of a 

four-sided polygon that outlined the brood area. For each 

corner, the distance and bearing to at least one other 

corner was recorded, and in each area there was at least one 

corner for which the distance and bearing to at least two 

other corners was recorded. These measurements were used 

later to estimate the size of each brood site and 

availability of habitat within then. 

Transects were oriented along the longest side of the 

brood site that paralleled stream flow. If the longest side 

was less than 25 m, transects were placed at 25%, 50%, and 

75% of the distance between the upstream and downstream 

corners on both sides (Figure 1.2). If the longest side was 

greater than 25 m, transects were placed at 20%, 40%, 60%, 

and 80% of the distance between the upstream and downstream 

corners. 

I visually inspected microhabitat along each transect 

and stopped every two meters or at every point where the 

depth, water velocity, or the substrate noticeably changed. 

The width of blocks therefore varied depending upon the 

frequency of changes in microhabitat characteristics. At 

the center of each block, I recorded the depth (m), mean 

water column velocity (0.6 of depth, cm/s), and visually 

described the most common substrate type and all available 

cover objects in the block. Velocity was measured with a 

pygmy current meter mounted on a metric wading rod. 

Substrate descriptions were based on a modified Wentworth 

scale (Appendix 1) described by Bovee (1982). 
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Figure 1.2. Example of habitat quantification in brood 
sites. Outline of the brood site is based on markers 
placed at the four corners. Upstream/downstream 
boundaries divide the brood site into three sections 
(upstream, middle, downstream). Sections were subdivided 
laterally at points along transects where noticeable 
changes in depth, mean velocity, substrate occurred. 
Area of habitat blocks was used to estimate overall 
habitat availability. 
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Microhabitat availability was based on the estimated 

area of each of these blocks. The outline of each brood 

site was drawn based on the distances and bearings recorded 

at the corners. If three transects were placed in the brood 

area, lines were drawn connecting the sides paralleling the 

flow at 33% and 66% of the distance between the upstream and 

downstream corners. If the brood site required four 

transects then the lines were drawn connecting points at 

25%, 50%, and 75% of the distance between the upstream and 

downstream corners. These lines represented the upstream 

and downstream boundaries of the blocks identified along 

each transect. Through each point along a transect where I 

detected changes in habitat characteristics I drew a 

vertical line (parallel to the stream flow) that connected 

the upstream and downstream boundaries and delineated the 

outline of each habitat block (Figure 1.2). 

The area of each block was estimated using a digital 

planimeter. To determine the percent composition of all 

brood sites for each microhabitat characteristic, I summed 

the areas of blocks that contained identical depths, 

velocities, substrate or cover types and divided these by 

the total area quantified. The influence (or "weight") of 

an individual block on the distributions of habitat 

variables depended on the area the block encompassed. 

Quantifying microhabitat use by dispersed larvae. 

I revisited broods 3-7 days after male abandonment and 

quantified the microhabitat used by dispersed larvae. 

During both 1990 and 1991, spawning densities were low 

enough that I could always establish the brood from which 

larvae dispersed (i.e. no two broods were located in close 

proximity to each other). When I located the larvae that 

dispersed from a brood, I marked the position of up to 15 
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individuals per brood and recorded their estimated position 

in the water column. By limiting the number of larvae 

sampled per brood, I reduced the influence that the 

microhabitat use of larvae from any one brood would have on 

the combined use distribution of all dispersed larvae. 

At each point where dispersed larvae were observed, I 

recorded the depth and mean and focal-point (nose) 

velocities, and I visually estimated the most common 

substrate type and all cover objects within a 1-m radius. I 

collected 2-3 individuals from each brood of dispersed 

larvae, preserved them on ice, and measured their TL the 

same day. Total lengths were measured using a dissecting 

microscope equipped with an ocular micrometer. 

Quantifying microhabitat use by juveniles. 

Underwater observation is an effective means of 

locating fish for habitat use studies in clear water and 

deep habitats (Cunjak et al. 1988, Heggenes et al. 1990), 

which both commonly occur in the North Anna River. In each 

of the two study sites, two snorkelers searched for juvenile 

smallmouth bass two weeks, six weeks, and (in 1991) ten 

weeks after larvae dispersed from the brood sites. 

Snorkelers moved upstream and searched for juveniles within 

three meters on either side of four transects that extended 

the length of the study site. Of the four total transects, 

two were located three meters from either shore and two were 

located nine meters from either shore. Snorkel surveys were 

only conducted between 0800 and 1200 hours when visibility 

in the river exceeded 2.5 m, and the dam was releasing 1.13 

m/s. All four transects could be searched in one morning 

in the upstream site but only two transects could be 

searched in one morning in the downstream site. 
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A numbered marker was placed at the point where each 

juvenile was first observed and its position in the water 

column was estimated and recorded. Snorkelers estimated the 

TL of each juvenile using a calibrated mask bar (Swenson et 

al. 1988). After snorkelers searched the transects, they 

revisited the marked positions and recorded the same habitat 

measurements that were recorded for dispersed larvae. 

Additionally, the locations of juveniles in the study 

site were mapped in relation to reference stakes placed 

along the shorelines. By mapping the positions of juveniles 

I could determine if observed changes in microhabitat use 

were the result of juveniles moving among different portions 

of the river. In particular, I examined distributions to 

determine if individuals occupied shorelines or midchannel 

areas more frequently during different life stages and if 

individuals changed their use of riffle, run, and pool 

habitats over time. 

Statistical analysis. 

I divided the comparisons of habitat use into two 

groups: comparisons between brood habitats and microhabitat 

use of dispersed larvae, and comparisons between 

microhabitat use by dispersed larvae and juveniles. Because 

the habitat use by brood larvae had to be quantified per m*, 

the habitat composition of brood sites could not be 

statistically compared to point microhabitat measurements 

made on dispersed larvae. Instead I tried to identify 

consistent differences in percent composition of brood 

habitats and percent use of depth, mean velocity, substrate, 

and cover by dispersed larvae. 

I compared microhabitat use by dispersed larvae with 

use by juveniles observed two weeks after dispersal, and use 

by juveniles observed two weeks after dispersal with use by 
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juveniles observed six weeks after dispersal. In 1991, I 

collected data on habitat use of juveniles at 10 weeks after 

dispersal but did not compare it statistically to samples 

from other periods because the sample size at 10 weeks was 

relatively small (N=48). 

I was interested in comparing location and dispersion 

of all habitat use distributions and could therefore not use 

a multiple comparison test that focused only on location 

differences (i.e. ANOVA, Kruskall-Wallis tests). Instead I 

used two-sample, nonparametric analyses to test for overall 

differences in distributions. Because two comparisons were 

made for each variable, I set the alpha level for rejection 

at 0.025 to provide 95% confidence in detected differences 

for each variable. 

Kolomogorov-Smirnov, two-sided tests were used to test 

for differences among use of depth, distance off the botton, 

and velocity variables by dispersed larvae and juveniles 

observed two, six, and ten weeks after dispersal. I tested 

for differences in substrate and cover use among stages of 

dispersed larvae and juveniles using two-sided G-tests. 

For each stage of habitat use by juveniles, I compared 

the use of all habitat variables by the larger and smaller 

halves of the sample. I tested for differences in depth and 

velocity variables between periods using two-tailed 

Kolomogorov-Smirnov tests, and tested for differences in 

substrate and cover variables using two-tailed G-tests. 

Alpha levels for rejection were set at 0.025 to provide 95% 

confidence in detected difference for each variable. 

Results 

Chronology of spawning and larval dispersal during 1990-91. 

Successful spawning in 1990 may have been delayed by a 

series of high flows and a drop in temperature below 15°C on 
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day 107 (Figure 1.3). Consequently, I did not observe free- 

swimming larvae in the river until calendar day 139 (19 

May). Between days 139 and 146 (26 May), I collected data 

on five brood sites. Before larvae could disperse from the 

brood sites, a large flood (> 120 m°/s) lasting from day 148 

(28 May) to day 156 (5 June) destroyed most smallmouth bass 

larvae in the river. Free swimming larvae were next 

observed on day 160 (9 June), and between day 160 and 174 

(23 June) I collected data on four more brood sites. In 

total, I quantified microhabitat characteristics of 94 

blocks (average area = 4.1 m*) that comprised 342 m° of 

brood site habitat (average brood area = 37.5 m°). Between 

Gay 171 (20 June), and 181 (30 June) I collected data on 93 

larvae that dispersed from these four broods and from two 

other groups of dispersed larvae that were not located until 

after their male parent had abandoned the brood site. 

On day 105 (15 April) of 1991, I observed smallmouth 

larvae on three nests but did not quantify habitat in these 

brood sites or observe free swimming larvae from these 

nests. Between day 123 (3 May) and 151 (31 May), I 

collected data on 15 brood sites (average brood area = 63.8 

m*) that covered a total area of 939 m’ that I divided into 

150 blocks of homogeneous microhabitat (average block = 6.3 

m*) . Data on 155 dispersed larvae from 10 of those brood 

sites were collected between days 127 (7 May) and 134 (14 

May). I did not observe dispersed larvae from the other 

five broods. 

Habitat use by brood larvae and dispersed larvae. 

In both 1990 and 1991, more than 30% of the area in 

brood sites contained mean velocities higher than 4 cm/s, 

and no large cover or substrate (Figure 1.4). Less than 7% 

of the dispersed larvae observed in either 1990 or 1991 
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Figure 1.3. Temperature (thin line, °C) and discharge 
(thick line, m 37/8) in the North Anna River during the 
growing seasons (April 1 - August 30) of 1990 and 1991. 
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occupied microhabitats with all those characteristics. 

While some dispersed larvae during both years occupied areas 

with mean velocities greater than 4 cm/s, most of these 

individuals were sheltered by woody cover or shelves of 

fractured bedrock. 

Less distinct and less consistent differences existed 

between the depth composition of brood sites and depths used 

by dispersed larvae. In 1990, 74% of the observed brood 

area waS 76-125 cm deep, but 67% of the dispersed larvae 

occupied microhabitats that were 126-175 cm deep (Figure 

1.5). In 1991, 59% of the brood area observed was greater 

than 100 cm deep but 80% of the dispersed larvae used depths 

less than 100 cm. During both years, dispersed larvae 

occupied a narrower range of depths than was present in the 

brood sites. 

Microhabitat use by dispersed larvae and juveniles. 

During both years, I collected data on microhabitats 

used by smallmouth bass ranging between 15 and 120 mm TL 

(Figure 1.6). Only 13 juvenile smallmouth bass were 

observed in the two study sites on day 184 (3 July, 

approximately two weeks after dispersal). I collected 

microhabitat data on 30 juveniles observed outside of the 

study sites during days 186-194 (5-13 July). Between days 

195-199 (14-18 July), 77 juveniles were observed in the 

study sites. The use distributions of habitat variables did 

not statistically differ (all P > 0.20) between juveniles 

observed during days 185-194 and days 195-199, so I combined 

all 120 of these juveniles into one sample (the July 1990 

sample). 

As the growing seasons of 1990 and 1991 progressed, 

juvenile smallmouth bass moved into shallower microhabitats 

(Figure 1.7). (See Appendix 2 for box plot format). During 
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Figure 1.5. Frequency of depths (cm) in brood sites 

compared to frequency of depths used by larval smallmouth 

bass that had dispersed from brood sites, 1990 and 1991. 
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Estimated total lengths (mm) of dispersed 
larval and juvenile smallmouth bass observed during 
habitat use surveys, 1990 and 1991.
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1990, dispersed larvae occupied a mean depth of 102 cn, 

while juveniles occupied a mean depth of 74 cm in July and 

55 cm in August. The distribution of depths used by 

juveniles in July differed from the distribution used by 

dispersed larvae, and the depth distribution in August 

differed from the distribution used in July (all P < 

0.00001, Table 1.1). The mean depth used in 1991 also 

decreased as the growing season progressed (dispersed larvae 

= 84 cm, May = 83 cm, June = 62 cm), the depth distribution 

observed in May differed from the distribution for dispersed 

larvae, and the June distribution differed from the May 

distribution (all P < 0.022). 

Juveniles tended to increase the range of mean 

velocities they used over time (Figure 1.7). All stages of 

age-0O smallmouth bass generally used mean velocities less 

than 20 cm/s, but juveniles were observed in mean velocities 

up to 86 cm/s. The mean velocities used by juveniles in 

July 1990 differed from the mean velocities used by 

dispersed larvae that year (P < 0.022, Table 1.1), but no 

other comparisons between mean velocity distributions 

demonstrated statistical differences for either year (all P 

> 0.22). 

Age-0O smallmouth bass typically occupied focal point 

velocities that were slower than the mean velocity. At some 

point in both years, juveniles began using faster focal 

point velocities than they previously used (Figure 1.8). In 

1990, the average focal point velocity of 1.4 cm/s for 

dispersed larvae increased to 3.6 cm/s in July and the 

distributions of focal point velocities differed between 

those periods (P < 0.0009, Table 1.1). The use of focal 

point velocities in June 1991 differed from the observed use 

in May of that year (P < 0.0004), with the mean of 1.1 cm/s 

in May increasing to 5.6 cm/s in June. During all stages, 

25



(S9=N) 
T66T 

(OL=N) 
T66T 

STT 
= 

T
6
6
T
 

9UNnL 
OTT 

= 
t66t 

ACW 
O
t
c
 

= 
T6é6t 

Id 

‘T/L 
- 

62/9 
= 

T66T 
B
U
N
L
 

‘oc/s 
- 

47/SG 
= 

tT66t 
A
w
 

(
S
S
T
=
N
)
 

T66T 
‘OVAZTET 

p
o
s
r
z
s
d
s
t
d
 

= 
Té6é6T 

14 

(8ZL=N) 
O66T 

(
O
Z
T
=
N
)
 

O66T 
(€6=N) 

O66T 

SO 
T 

= 
066T 

3
S
n
b
n
y
 

vet 
= 

0661 
AtTne 

ZOT 
= 

O66T 
Id 

SOeZTS 
e
t
d
u
e
s
g
 

A
A
O
o
D
 

‘st/8 
- 

L/8 
= 

O066T 
B
S
N
H
n
y
 

‘st/L 
- 

€/L 
= 

o66T 
A
t
n
e
 

‘
a
e
a
r
i
e
y
 

p
e
s
a
e
d
s
t
d
 

= 
o
6
6
T
 

I
d
 

 
 

S
6
°
0
<
d
 

697° 
c=D 

S
T
 

° 0
<
d
 

8
e
*
O
T
=
9
 

SO 
°0<d 

60° 
7T= 

T
O
O
 

* O>d 
L
°
6
f
=
9
 

A
V
A
O
D
 

TInu 
943 

fo 
u
o
t
j
o
e
l
e
x
z
 

AOZF 
ToeaAeT 

e
y
d
t
e
 

osuyz 

66 
°
0
<
d
 

fTO 
°O=9D 

OT 
°O0<d 

82° 
S
T
=
9
 

O02 
°“0<d 

8
L
°
O
T
=
9
 

T
0
0
°
*
0
>
d
 

9
0
°
S
E
=
)
9
 

o
y
e
1
q
S
q
n
s
 
 
 

T
0
0
°
0
O
>
d
 

T
0
0
°
O
>
d
 

2
7
°
 
O
<
d
 

T
0
0
°
O
>
d
 

y
c
e
°
O
=
S
i
 

S
c
e
°
O
=
S
m
 

S
T
°
O
=
S
x
a
 

L
£
¢
°
O
=
S
H
 

9
0
0
 
°
0
>
d
 

66 
°O0<d 

ve 
°O0<d 

€
Z
0
°
O
>
d
 

G
Z
°
O
0
=
S
x
 

S
0
°
0
=
S
"
 

vt 
*
O
=
S
y
 

cf 
°
O
=
S
A
 

8
2
°
 
O
<
d
 

v0 
°O0<d 

60 
°
0
<
d
 

T
O
0
0
°
O
>
d
 

vt 
°
O
=
S
i
 

Oc 
° 
0O=Sx 

f
T
*
°
O
=
S
x
 

Ge 
°
O
=
S
_
 

T
O
0
0
°
0
>
d
 

T
0
0
°
O
>
d
 

€
2
0
°
O
0
>
d
 

T
0
0
°
O
>
d
 

€
c
£
°
O
=
S
4
 

L
e
°
*
0
=
S
.
 

T
¢
2
°
O
=
S
u
 

9
7
°
 
O
0
=
S
H
 

wo7z 
3
0
d
 

3IIJO 
A
P
T
I
O
T
S
A
 

A
T
I
O
T
I
A
 

4
3
a
e
q
 

@
o
u
e
y
S
T
G
 

W4UTOg 
[TeD90g 

19a 
\eM 

ueopl 

T66T 
ounce 

“SA 
T66T 

ACW 

T
6
6
t
 

A
e
w
 

“SA 
T66T 

Id 

O066T 
3
S
n
b
n
y
 

"SA 
O66T 

ATne& 

o66t 
AtTne 

“SA 
0661 

10 

uwostTaeduod 

"
G
7
0
°
O
 

3e 
e
S
 

S
e
m
 

s
T
s
o
y
j
o
d
A
y
 

"ZeATY 
euUY 

UAION 
eUX 

UT 
T66T 

pue 
O
6
6
T
 

JO 
s
u
o
s
e
a
s
 

H
u
t
T
m
M
o
r
b
 

ayQA 
Jo 

spotiszed 
juseAzezjJtp 

H
u
t
a
n
p
 

s
s
e
q
 

y
A
n
o
u
T
T
e
u
s
 

e
T
t
u
e
a
n
l
 

Aq 
S
e
T
q
e
t
z
e
A
 

Z
e
R
T
Q
G
e
Y
 

JO 
9
S
N
 

UT 
S
B
d
U
e
A
S
J
I
T
P
 

A
O
Z
 

s
y
s
e
q
 

T
e
R
O
T
A
S
T
I
e
A
S
 

JO 
Ss A

[
N
s
e
Y
y
 

“T°T 
S
T
O
U
P
L
 

26



“
T
6
6
T
 

P
U
e
 

O
6
6
T
 

‘
p
a
e
A
r
e
s
q
o
 

sz9eM 
S
s
e
q
 

Y
R
N
o
U
T
T
e
U
S
 

([TeAAePT 
Se 

p
e
T
e
q
e
T
 

j
o
u
 

s
j
o
t
d
 

[[Te) 
e
t
T
t
u
e
a
n
(
€
 

p
u
e
 

T
e
a
A
r
e
T
 

p
e
s
r
e
d
s
t
p
 

s
z
s
y
M
 

(WO) 
W
O
I
}
O
G
q
 
s
y
 

W
O
A
F
 

S
s
O
U
e
A
S
T
p
 

p
u
e
 

(
s
/
u
d
)
 

S
e
T
A
T
O
O
T
e
A
 

Y
U
T
O
d
 

[eo0zZ 
Fo 

s
u
o
t
y
n
q
t
a
q
s
t
p
 

b
H
h
u
t
j
u
e
s
e
r
a
d
e
z
r
 

s
j
o
t
d
 

xoqg 
°
s
*
T
 

e
a
n
b
T
t
Y
 

(Wd) 
WO}}Og 

JJ0 
BOUR\SIG 

(S/Wd) 
AJINO|aA 

JeO04 
OZ 

Ol 
COL 

O6 
OB 

OZ 
O9 

OF 
OF 

OE 
OZ 

OL 
%
 

O€ 
82 

92 
HZ 

2
7
0
2
 

Gi 
DE 

HL 
ZL 

OL 
@ 

9 
F 

Z 
%
 

—
_
_
 

J
e
 

(89 
= 

N) 
L/Z 

- 62/9 
) 

(99 
= 
N)L/Z 

- 
62/9 

° 
“
e
e
 

{ 
I 

{OZ 
= 

N) 
O
&
/
9
 

- 
22/9 

(OZ 
= 

N) 
O
€
/
9
 

- 
22/9 

“
*
 

{
 

(991 
= 

N) 
@BAs8] 

pesiodsig 
(991 

= 
N) 

@BAJe] 
pesiodeig 

 
 

T
T
 

T
T
T
 

T
T
 

  
  

  
 
 

  
L66L 

L661 

O€ 
82 

92 
HS 

22 
OS 

BL 
DI 

HL 
ZL 

OL 
eB 

9 
r
—
T
 

T 
T
_
T
 

T 

i@ 

4N 

o 

O
Z
 

Ol 
COL 

O6 
OB 

OZ 
O9 

OF 
OF 

OE 
O2 

OL 
%
 

TT 
—
 

—
 

+ 
(a 

=n) 
91/8 

- 
1/9 

—
C
 

(OZ 
= 

N) 
BL/Z 

- 
E/2 

     

  

TT 
T 

T
T
 

T 
T 

{@Z 
= 

N) 
91/8 

- 
2/8 

* 
s 

. 
-= 

(OZ 
= 

N) 
BL/Z 

- 
E/Z 

- 
{
_
T
 
}
 

(€6 
= N) 

@BAI8] 
pesuedsig 

(£6 
= 

N) 
SBAse] 

pesuedsiq 
  

  
  

 
 

O
6
6
}
 

0
6
6
1
 

27



the mean focal point velocities used by age-0 bass indicated 

that the average individual had to swim one body length/s or 

less to maintain their position. 

During both years, dispersed larvae were found further 

from the bottom than juveniles observed 14-20 days later 

(Figure 1.8). In 1990, the mean distance of dispersed 

larvae from the bottom was 23 cm and juveniles observed two 

weeks later averaged 14 cm off the bottom. For the same 

life stages in 1991, average distance off the bottom 

decreased from 19 to 13 cm. Distributions of distances off 

the bottom differed between these two life stages in both 

years (all P < 0.006, Table 1.1). By June 1991, the mean 

distance off the bottom increased to 23 cm and the 

distribution in June differed statistically from that 

observed in May (P < 0.0006). Age-0O smallmouth bass were 

occasionally observed at the surface, but more than 90% of 

all individuals occupied the bottom half of the water 

column. 

Substrate and cover use of age-0 smallmouth bass varied 

little over time in either year (Figure 1.9). Fractured 

bedrock/boulder was always the most frequently used 

substrate type (53-89% of use during all sampling periods) 

and sand was usually the only other regularly used substrate 

(5-27% of use). Substrates other than fractured bedrock and 

sand do not commonly occur in this portion of the river 

(Groshens 1993). In 1990, 19.6% of the dispersed larvae 

used points where cobble was the primary substrate, and 

consequently their substrate and cover use differed from 

that of juveniles observed in July (both P < 0.001). No 

other comparisons detected differences among age-0 

individuals in their substrate or cover use (all P > 0.05). 

Most larvae used microhabitats where rock crevices were 

present (46.2-95.0% of use during all sampling periods). 
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Large woody debris was frequently used during all sampling 

periods (18.7-47.3% of use), and in 1991 a high proportion 

of individuals used aquatic vegetation (20.6-47.1%). A 

significant number of individuals were observed within 1m 

of multiple cover types (9.7-64.3% during all sampling 

periods). 

Microhabitat use by large and small individuals. 

During all periods of juvenile microhabitat sampling 

in 1990 and 1991, the larger half of the age-0O cohort 

occupied the same depths, mean velocities, and nose 

velocities as the smallest half of the cohort (all P > 0.06, 

Table 1.2). Neither larger or smaller juveniles exhibited 

consistent trends in either year for any of these habitat 

variables (Appendices 3-5). 

Comparisons between the largest and smallest 25% of the 

age-0O cohort indicated that at some time during both years, 

small juveniles occupied shallower depths than larger 

juveniles. Depth distributions differed between the largest 

and smallest 25% of the cohort during July of 1990 (P < 

0.007) and July of 1991 (P < 0.03). Distributions of mean 

and focal point velocities did not differ between the 

largest and smallest 25% of the cohort during either year. 

These results should be interpreted cautiously, because the 

sample sizes used in the comparisons were relatively small 

(all N < 35). In general, these comparisons indicated that 

small individuals were not less likely to explore previously 

unused microhabitats than large individuals were. 

Spatial habitat use by juveniles. 

During both years, juveniles concentrated in pools 

during the first 2-4 weeks after dispersal, but 6-8 weeks 

after dispersal they distributed themselves more evenly 
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Table 1.2. Results of statistical tests for differences in 
use of habitat variables by the largest and smallest 50% of 
observed smallmouth bass during periods of data collection 

The alpha level for rejection of the null in 1990-1991. 
hypothesis was set at 0.025. 

Comparison 

July 1990 

August 1990 

May 1991 

June 1991 

Depth 

KS=0.15 

P>0.53 

KS=0.10 

P>0.98 

KS=0.18 
P>0.63 

KS=0.31 
P>0.05 

31 

Mean 

Velocity 

KS=0.11 

P>0.97 

KS=0.14 

P>0.92 

KS=0.26 
P>0.19 

KS=0.25 
P>0.25 

Nose 

Velocity 

KS=0.10 

P>0.98 

KS=0.20 
P>0.41 

KS=0.13 
P>0.98 

KS=0.25 
P>0.19



among habitat types (Figures 1.10 and 1.11). In 1990, 76.1% 

of the juveniles were in deep pools in July, but in August 

58% of the juveniles occupied runs or riffles. In May 1991, 

83.9% of juveniles were located in deep pools, but 60.8 % of 

juveniles in June and 48.9% of the juveniles in August 

occupied runs and riffle areas. Juveniles did not appear to 

occupy shorelines more than mid-channel areas in any habitat 

type. Observed changes in microhabitat use probably 

occurred because large numbers of juveniles moved out of 

pools and into riffles and runs. 

Discussion 

During 1990 and 1991, age-O smallmouth bass in the 

North Anna River exhibited two distinct changes in 

microhabitat use over a relatively short period of time (<10 

weeks) during which habitat availability remained constant. 

First, larvae sought out low velocity microhabitats after 

dispersal, and 4-6 weeks later most juveniles moved out of 

those low velocity areas and into shallower microhabitats 

associated with riffles and runs. Water temperatures varied 

between the times when microhabitat data was collected (> 

5°Cc) and may have encouraged smallmouth bass to change their 

microhabitat use. When a wide range of temperatures is 

available ina stream (e.g. where a cold water tributary 

joins a warmer stream) fish may occupy microhabitats within 

a narrow temperature range and demonstrate no preference for 

other habitat variables (Baltz et al. 1987). Stream fish 

may also change their microhabitat use when water 

temperatures drop below or exceed some critical point and 

subsequently affect fish metabolism or behavior (Rimmer et 

al. 1983, 1984, Smith and Li 1983, Johnson and Kucera 1985, 
Hillman et al. 1987). However, I collected microhabitat use 

data in portions of the river that were downstream from the 
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thermal influences of the reservoir, and temperatures in the 

river varied within the range considered good to optimal for 

growth of juvenile smallmouth bass (Horning and Pearson 

1973, DeAngelis and Coutant 1979, Wrenn 1980). Therefore, 

it is unlikely that age-0 smallmouth bass altered their 

microhabitat use in response to changes in temperature. It 

is more likely that morphological or physiological 

transitions between stages of ontogenetic development either 

forced or enabled age-0 smallmouth bass to shift their 

microhabitat use. 

Microhabitat use during larval development. 

The most distinct change in microhabitat use that I 

observed occurred as larval smallmouth bass dispersed from 

brood sites (when larvae were 14-18 mm, TL). This shift 

coincided with rapid morphological and physiological changes 

(Meyer 1970, Wallace 1972), and the shift occurred after 

male parents abandoned their broods. The combined effects 

of male abandonment and ontogenetic maturation may have 

triggered the observed change in larval microhabitat use. 

By remaining in the brood site before male abandonment, 

larvae received protection from predators. Predators can 

quickly decimate unguarded larvae (Neves 1975) particularly 

when larvae have been freely swimming for less than one week 

(Brown 1984). While much of the area in brood sites 

contained no cover, the microhabitats used by dispersed 

larvae were usually associated with fractured bedrock or 

large woody debris. After losing the protection of their 

male parent, larval smallmouth bass may have 

congregated around large cover objects to avoid predators. 

Most dispersed larvae used large cover outside of the 

brood site rather than objects within the brood site. 

Agonistic interactions among larvae in the brood site may 
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have necessitated dispersal. Previous research identified 

aggressive behavior as a factor associated with dispersal of 

larval salmonids (Chapman 1962) and centrarchids (Elliot 

1976, Brown 1985). Agonistic behavior began soon after 

swim-up and forced many larvae to abandon low velocity areas 

associated with cover in the brood site (personal 

observation). After losing the protection of the male 

parent, larvae may have benefitted by moving far from their 

siblings. I identified one group of 26 larvae that in three 

days dispersed over a wide area approximately 150 m upstream 

from their brood site. 

Large cover objects not only provided protection from 

predators but also created unique microhabitats associated 

with the cover (Shirvell 1990). Larvae may have been 

attracted to these microhabitats for reasons other than 

protection, specifically low water velocities throughout 

much of the water column. I frequently observed dispersed 

larvae using as much as 50% of the water column in their 

chosen microhabitats. Larvae would have had limited 

mobility in the water column in portions of brood sites 

where velocities exceeded 4 cm/s (Larimore 1975). 

Because larval smallmouth bass dispersed over long 

distances to seek out low velocity habitats, I drew some 

contradictory conclusions about their swimming ability. 

Before dispersal, larvae attained a size (average TL = 16 

mm) where their swimming abilities allowed them to move 

through areas with mean water-column velocities greater that 

15 cm/s. Yet smallmouth bass as large as 20 mm TL have 

limited mobility in the water column when velocities exceed 

4 cm/s (Larimore 1975), so larvae were probably restricted 

to the bottom of the water column when moving through areas 

containing velocities 4 cm/s or higher. My results 

indicated that while dispersed larvae were capable of 
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occupying and moving through relatively high velocities (by 

restricting movement to the bottom of the water column), 

they primarily used areas where they could move vertically 

throughout much of the water column. 

A change in foraging ability may have encouraged larvae 

to use habitats where they could move easily throughout the 

water column. By the time they dispersed, most larvae could 

eat invertebrates that were two mm wide (Easton and Orth 

1992) which meant they were no longer restricted to only 

small invertebrate prey (e.g. chironomids). Additionally, 

their ability to pursue and capture mobile prey had probably 

improved (Drost et al. 1988, Osse and Drost 1989). When 

larvae occupied portions of the brood site where high 

velocities restricted them to the bottom, they could 

encounter small, slow moving chironomids (Ward 1992). 

Microhabitats containing slow velocities throughout a large 

section of the water column attract larger microcrustaceans 

and larval insects (Brown et al. 1989, Shiozawa 1991). Ina 

lotic environment, larval smallmouth bass less than 15 mm TL 

(average TL at dispersal = 16 mm) consume primarily 

chironomids, but they eat more copepods and larval insects 

after they exceed 15 mm TL (Easton 1992). 

Brood site habitats in the North Anna River were deeper 

and contained faster velocities than are typically reported 

in studies of microhabitat use by larval smallmouth bass 

(Dowling 1987, Aadland et al. 1989, Simonson and Swenson 

1990). The vast majority of dispersed larvae occupied 

microhabitats that more closely match literature 

descriptions: low velocity habitats with large substrate or 

cover objects present. Contrary to some reports, brood and 

dispersed larvae were frequently observed in the midchannel 

and not exclusively in vegetated shoreline habitats near 

where they were spawned (Floyd et al. 1984). 
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Microhabitat use by juveniles. 

Previous studies of habitat use by juvenile smallmouth 

bass have classified them as occupants of moderately deep 

run habitats (Leonard and Orth 1988), shallow, slow habitats 

(Sechnick et al. 1986), shallow habitats of variable 

velocity (Aadland et al. 1991), and shallow, slow margins of 

riffles and pools (Bain et al. 1988, Lobb and Orth 1991). 

These descriptions may have differed because microhabitat 

availability and the size or developmental stage of juvenile 

smallmouth bass varied among studies. I tracked age-0 

smallmouth bass throughout their ontogenetic development and 

observed them inhabiting shallow, slow microhabitats but 

only after they spent several weeks occupying deeper 

habitats earlier in their development. Until approximately 

four weeks after dispersal, juveniles were observed both 

along the river's margin and in mid-channel pool areas using 

microhabitats that resembled those occupied by dispersed 

larvae. 

Juveniles may have gained an energetic advantage by 

changing their habitat use. When juveniles moved into 

shallower microhabitats, they frequently used locations that 

bordered high velocity areas (i.e. riffles and runs). These 

areas probably contained higher densities of aquatic insect 

larvae from the Order Ephemeroptera (Simmons and Voshell 

1978, Georgian and Thorp 1992, Ward 1992), which have been 

identified as the primary prey of juvenile smallmouth bass 

Guring late summer (Stewart 1978, Angermeier 1982, Easton 

and Orth 1992). 

Juveniles expanded the range of focal point velocities 

they occupied in these microhabitats, but throughout all 

their stages of development swam in velocities that required 

them (on average) to move one body length/s to maintain 

position. As juvenile smallmouth bass grow their swimming 
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ability improves (Simonson and Swenson 1990) and the use of 

higher focal point velocities probably reflects this 

improvement. After experiencing an improvement in swimming 

ability, juvenile smallmouth bass probably occupied higher 

velocities without expending more energy than they expended 

in slower velocities. 

Size is considered an important factor affecting 

microhabitat use for several species (Heggenes 1988, 

Shirvell 1990, Baltz et al. 1991). Smallmouth bass used 

different habitats at different sizes over time but large 

and small juveniles observed during the same period 

generally occupied the same types of microhabitats. The 

lack of a sized-based difference in microhabitat use 

suggested that juvenile smallmouth bass employed a 

complicated process for selecting microhabitats. As their 

swimming and foraging abilities improved, juveniles did not 

immediately explore unfamiliar microhabitats. Habitat 

availability, location of juveniles, and the predisposition 

of juveniles to abandon known areas could all affect the 

probability that any individual would encounter shallow 

habitats on the margins of riffles and runs. Of these three 

factors, only the predisposition to move was likely to have 

been affected by size, and studies of salmonids indicated 

that size may not affect how likely a fish is to abandon a 

Known area (Grant and Noakes 1987). 

Fish location could have been affected by a size-based 

dominance hierarchy, but juvenile stream fishes do not 

always establish hierarchies based on size (Fausch 1984). 

Additionally, densities of age-0 smallmouth bass in the 

river were low relative to the amount of habitat available 

during both years, so juveniles would probably gain little 

energetic advantage by defending their hierarchical status 

(Feldmeth 1983) or fighting over available resources (Mesick 
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1988). Therefore, the pattern of microhabitat use I 

observed probably resulted from active habitat selection 

rather than forced use in response to aggression from 

conspecifics, and apparently large and small juveniles did 

not select different microhabitats to occupy. 

The pattern of microhabitat use that age-0O smallmouth 

bass exhibited might be interpreted as that of a habitat 

specialist (constrained by limited swimming ability) that 

gradually becomes more of a generalist. Juveniles expanded 

the range of mean and focal point velocities they occupied 

and became less dependent on large cover objects. The 

observed decrease in depth use primarily resulted from 

movement of juveniles out of pools and into riffles and 

runs. However, juveniles never completely abandoned pools. 

In order to further understand the consequences of habitat 

selection and the details of habitat partitioning by 

juvenile smallmouth bass, the variation of energetic 

profitability and their process of habitat evaluation must 

be explored in greater detail. In Chapter 2 I explore 

whether microhabitats differ in their energetic 

profitability to determine if juvenile smallmouth bass 

enacted their final habitat shift because that shift was 

energetically profitable. 

Implications of results. 

The observed tendency of age-0 smallmouth bass to 

change their microhabitat use over a relatively short time 

may necessitate some changes in our concept of stream 

habitat management for the species. Most instream-flow 

assessments that include smallmouth bass (e.g. Leonard and 

Orth 1988, Aadland et al. 1991) attempt to identify flows 

that insure adequate recruitment by providing enough 

critical habitat so that resource competition within the 
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age-O cohort is minimized. The results of this study 

suggested that smallmouth bass occupy a variety of 

microhabitats throughout their first growing season. It is 

impractical to suggest monitoring age-0O development and 

altering flows to provide critical microhabitat for each 

life stage. Therefore, managers may have to identify flow 

regimes that support a variety of microhabitats so age-0 

smallmouth bass can effect microhabitat shifts at critical 

stages of development. 
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CHAPTER 2 

Energetic Profitability of Microhabitats Used by 

Age-0 Smallmouth Bass in the North Anna River, Virginia 

Introduction 

In streams, complex interactions of water velocity with 

depth and substrate cause the physical environment and 

availability of resources to vary in space and time 

(Statzner et al. 1988). Fish occupying different 

microhabitats in streams must contend with dissimilar 

physical stresses, so individuals of the same species that 

use dissimilar microhabitats can exhibit considerable 

variation in their behavior and physiological performance. 

Some physical habitat characteristics (e.g. temperature or 

oxygen tension) delineate constraints within which a fish 

can function metabolically (Ultsch et al. 1978, Crowder and 

Magnuson 1983), but within those constraints, other habitat 

attributes affect the energetic profit that individuals can 

obtain (Fausch 1984, Facey and Grossman 1990). Therefore, 

selection of microhabitats can substantially influence the 

energy gain of individual stream fish and may rank among the 

most important factors affecting growth of stream fishes. 

However, physical variables interact with biological 

factors to influence the relative energetic profitability of 

microhabitats. Some fish species exhibit morphological 

adaptations that reduce the energetic cost of occupying 

habitats with high water velocities (Weihs and Webb 1983, 

Facey and Grossman 1992). Stream fish also modify their 

foraging behavior in different microhabitats in order to 

stabilize metabolic costs (Godin and Rangely 1989), or 

exploit different resources (Grant and Noakes 1987). 

Because some fish can change strategies to improve their 

foraging success in a variety of microhabitats, it is 
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possible that some stream fish may forage equally well in 

all microhabitats where temperature, oxygen constraints, or 

high water velocities do not exclude them. If this were 

true it would not mean that all microhabitats were equally 

profitable because profitability would still be affected by 

variation in food availability and the presence of 

competitors (Werner et al. 1983b). However, if individuals 

forage at similar rates and with similar metabolic costs in 

all microhabitats, then other factors (e.g. protection from 

predators) may affect their microhabitat use more than 

energetic profit does. 

In the previous chapter, I described how age-0 

smallmouth bass in the North Anna River gradually move out 

of deep pools and into shallow microhabitats during the 

first 4-6 weeks after they leave their nests. The observed 

shift appeared to occur as age-0O smallmouth bass abandoned 

relatively unprofitable pools where they began life, and 

began occupying areas close to relatively productive riffles 

and runs. It is also possible that the observed 

microhabitat shift was induced by predators or occurred as 

individuals developed morphologically and entered areas that 

they previously could not inhabit. Each of these mechanisms 

would link microhabitat use to subsequent growth or survival 

of age-0O smallmouth bass, but the outcomes could differ 

Significantly depending on whether one or all of these 

mechanisms actually motivated movement. 

Understanding the adaptive significance of the observed 

microhabitat shift could reveal links between habitat 

selection and recruitment success of smallmouth bass in the 

North Anna River. If juvenile bass were moving into more 

profitable areas, then the availability of profitable 

microhabitats could determine how many age-0 smallmouth bass 

could exist in this system (Morris 1988, Kwak et al. 1992). 
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If juvenile smallmouth bass obtained equal energetic gains 

in all microhabitats, then the shift may be a survival 

response, and the abundance of predators or competitors may 

influence carrying capacity along with microhabitat 

availability. 

The objective of this study was to determine the 

relative energetic profit obtained by age-0O smallmouth bass 

foraging in different microhabitats of the North Anna River. 

The null hypothesis I tested was that all individuals could 

obtain similar energetic gains in all microhabitat types. 

If this hypothesis were rejected, then it is possible that 

juvenile smallmouth bass shifted their use of microhabitats 

because they sought higher energetic profits. In the course 

of evaluating the relative profitability obtained in various 

habitats, I monitored the foraging behavior of juvenile 

smallmouth bass to determine if behavioral adaptations 

enabled individuals to obtain similar energetic profits in 

aifferent microhabitats. 

Methods . 

Study Site. 

Data for this study were collected from observations of 

43 juvenile smallmouth bass videotaped in the North Anna 

River, Virginia, between July 19 and August 21, 1991. The 

hydrology and biological characteristics of the North Anna 

River were discussed in the methods section of Chapter 1. 

All observations were filmed in a reach of the river 

extending 640 m upstream from the 601 Hanover County bridge. 

The river averaged 38 m wide in this section, maximum depth 

was 2.5 m, and bedrock, boulders, and sand were the most 

common substrate types. The study site was divided into 

eight sections based on general habitat characteristics (4 

pools, 3 riffles, and 1 run). 
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Field observations of foraging and habitat use. 

A section of the study site was randomly selected and a 

snorkeler searched that section for juvenile smallmouth 

bass. After locating a juvenile, the snorkeler observed the 

individual for at least one minute before videotaping. 

Preliminary observations indicated that juveniles generally 

ignored snorkelers after 30 seconds of visual contact, and 

their behavior after 1 minute of underwater observation did 

not differ from their behavior after 10 minutes of 

observation. The snorkeler would visually estimate the 

total length (TL) of the juvenile to within 5 mn. During 

the period of data collection, 80% of the juveniles in this 

site were between 60 and 90 mm TL. A comparison of length 

estimates to actual lengths of fish that were captured by 

electroshocking indicated that snorkelers could classify 

juveniles into the correct 5-mm category 90% of the time. 

After one minute of visual contact, the snorkeler would 

begin recording the actions of the selected juvenile. 

Observations were videotaped with a remote video system 

which consisted of a remote camera and a surface monitor. 

The remote camera was encased in a camouflaged, waterproof 

housing and recorded 30 frames/s through a 6-mm wide-angle 

lens. The time and date of the observation were recorded on 

videotape at the start of each observation. The snorkeler 

followed the juvenile with the remote camera while another 

observer watched the surface monitor and told the snorkeler 

how to move the camera to keep the juvenile centered in the 

picture. The surface observer also took notes defining the 

boundaries of the area that the juvenile occupied during the 

observation. If the snorkeler lost contact with the 

juvenile before taping for five minutes, then the 

observation was discarded. If contact was maintained for 

five minutes, then videotaping of the juvenile continued for 
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a maximum of another five minutes (10 minutes total) or 

until visual contact was lost. 

After videotaping, I marked four corners of the area 

occupied by the juvenile, and then marked the corners of 

blocks within that area that visibly differed in habitat 

characteristics (i.e. depth, water velocity, and substrate 

type). During preliminary investigations, I determined that 

by stratifying sampling among visibly different areas and 

quantifying habitat variables at one point/m* in a 25-m* 

area, I obtained means and variances that were not 

Significantly different from means and variances obtained 

from nonstratified random sampling of five points/m* (all P 

> 0.50). I measured the distance to the nearest 0.5 m, and 

bearing to the nearest degree between the corners of habitat 

blocks. Each block was later drawn based on these 

measurements, and the total area of the blocks was estimated 

with a digital planimeter. Areas of all habitat blocks were 

added to obtain a total estimate of the area used by each 

juvenile during filming. 

Immediately after videotaping, habitat variables were 

quantified at randomly selected points (a stopwatch 

simulated a random number generator) along randomly placed 

transects within each habitat block. Transects were placed 

perpendicular to the flow at randomly selected points along 

the longest side parallel to the flow. An initial sample 

point was randomly selected within the first meter of each 

transect, and remaining samples were taken at 1-m intervals 

along each transect. I selected one point for every m? in 

areas estimated to be less than 25 mn’, and selected 25 

e. _At each randomly points in areas larger than 25 m 

selected point, I measured the depth (cm), mean water column 

velocity, and described the dominant substrate type. Mean 

water column velocity was measured using a pygmy current 
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meter at 0.6 of depth from the surface. Substrate types 

were divided into a categories based on a modified Wentworth 

scale described in the Methods section of Chapter 1 

(Appendix 1). 

Analysis of foraging activity. 

To determine where juveniles obtained their highest 

foraging success, two observers reviewed each taped 

observation and recorded where and how each juvenile used 

different portions of the water column. Recorded sequences 

were viewed at normal speed (30 frames/s), and observers 

recorded the duration of sequences during which juveniles 

remained in the view of the camera and occupied the same 

position in the water column. I considered juveniles to be 

using the bottom of the water column when they were within 

0.25 body lengths of the substrate or when they were 

oriented downward with their eyes searching the substrate. 

When juveniles were within 0.25 body lengths of the surface 

or searching the surface, I recorded that they were using 

the top of the water column. At all other times I 

considered juveniles to be using the middle of the water 

column. 

After recording the duration of each sequence, we 

rewound the tape to the beginning of the sequence, reviewed 

all possible feeding attempts at 0.1 normal speed, and 

counted the total number of bites. While juveniles may not 

have ingested prey each time they took a bite, the number of 

feeding attempts taken by a fish is correlated with the 

amount of prey in its stomach (Grant 1990). For each 

observation we calculated the total time the juvenile spent 

at the top, middle, and bottom of the water column, the 

total number of bites in each portion, and the bites/minute 

in each portion. 

47



Analysis of energy intake and expenditure. 

The energetic profitability of a microhabitat depends 

on the number of prey that an individual can consume while 

in that microhabitat and the amount of energy that the 

individual must expend while foraging (Fausch 1984, Kacelnik 

and Houston 1984). For fishes that feed on benthic or water 

column invertebrates, a significant proportion of the energy 

expended while foraging may be attributable to activity 

costs (Boisclair and Leggett 1989). To determine if the 

energetic profitability gained by juvenile smallmouth bass 

varied among microhabitats, I subtracted an estimate of the 

energy that juveniles expended while foraging from an 

estimate of the total energy ingested during the same 

period. 

The duration of each filmed observation varied (because 

the time each fish was out of view varied), so I reduced 

estimates of total energetic profit gained to profit 

gained/min. Energetic profit obtained by each juvenile 

during the time they were filmed was estimated using a 

formula adapted from a generalized bioenergetics model for 

fish (Rice et al. 1983): 

G = [C+ (1-(RgpptF+U) ) -Reseay / (1) 
where G = rate of energy gain (J/min), C = total consumption 

during the observation (J), Ry, = the proportion of 

consumption used for specific dynamic action, F = the 

proportion of consumed energy egested, U = the proportion of 

consumed energy excreted, R.,,, = energy used for standard 

and active metabolism (J), and t = time observed (min). I 

used constant values for R,, (0.17), F (0.15), and U 

(0.088), and based my estimates on values reported for 

species that were fed invertebrate diets because I assumed 

juveniles only ate invertebrates (see below). Roell and 

Orth (in press) used the value of 0.17 for R,, of smallmouth 
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bass based on the value determined for bluegills (Lepomis 

macrochirus) eating mayfly nymphs (Pierce and Wissing 1974). 

Elliott (1976) reported that the value of F for brown trout 

(Salmo trutta) eating invertebrates was 0.15, and Rice et 

al. (1983) derived a value of 0.088 for U of largemouth 

bass. 

Energy lost to standard and active metabolism was 

estimated for each juvenile using a formula adapted for 

predicting daily respiratory losses of age-0 smallmouth bass 

by Simonson and Swenson (1990): 

Reseay = ArH? eM -e%- (£/1440) +4,184 (J/g) (2) 
where a = intercept for respiration (0.03 g-g ww da), W = 

wet weight (g), b = weight-dependent exponent for 

respiration (-0.21/g ww), m = temperature-dependent 

coefficient for respiration (0.0313/°C), T = water 

temperature (°C) on the day of the observation, g = 

coefficient for swimming speed dependence of respiration 

(0.0196 s/cm), and s = average swimming speed (cm/s) during 

the observation. All constants were derived for juvenile 

smallmouth bass (Shuter and Post 1990) except m and g which 

were derived for juvenile largemouth bass (Rice et al. 

1983). The coefficients of equation 2 applied to a 24-h 

(1440 min) day, so I multiplied the initial result by the 

proportion of the day that I observed the juvenile on 

videotape. Mean daily water temperatures used in equation 2 

were measured by a thermograph maintained approximately 3 km 

upstream from the study area. Temperatures varied between 

25 and 30°C. Weight of each juvenile was estimated from a 

length-weight relationship (P < 0.0001, R* = 0.89) developed 

from 80 juveniles (27-70 mm TL) that were collected between 

June 1 and July 9, 1991. The resulting formula was: 

W = 0.00026-L*°*! (3) 
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where W = wet weight (g), and L = estimated total length 

(mm) . 

Tail-beat frequencies have been used to estimate the 

energetic cost of activity for several species (Feldmeth and 

Jenkins 1973, Feldmeth 1983, Puckett and Dill 1984, 1985) 

and I used this technique to estimate the swim speed 

variable (s) of equation 2. During the initial review of 

the films, observers classified sequences as episodes where 

fish were foraging (i.e. searching the surface or substrate, 

or adrift feeding at a point in the water column) or cruising 

(i.e. moving without specifically searching for food). 

Because swimming speeds may vary during these two types of 

movement, I randomly selected 20, 2-s segments from the 

foraging and cruising segments of each observation. I 

reviewed each frame of the 2-s segments and counted the 

number of tail-beats taken. The number of tail-beats taken 

was determined by counting the number of times the trailing 

edge of the caudal fin passed through the midline of the 

body and dividing that number by two. If an individual 

spent less than 40 s either foraging or cruising I counted 

all tail-beats taken while foraging or cruising. The 

average tail-beat frequency for other juveniles was 

estimated as: 

T. = ((Te°£,)+(2,°S) /(£,+E,) J (4) 
where T, = tail-beat frequency (beats/s) during the total 

observation, T, = average tail-beat frequency while foraging 

(beats/s), £, = total time spent foraging (s), T, = average 

tail-beat frequency while cruising (beats/s), and c, = total 

time spent cruising. 

I estimated the swimming speed term of equation 2 using 

the formula developed by Bainbridge (1958): 

S = 0.075-L+ (T,-1.33) (5) 

where L = total length (mm), and T, = tail-beat frequency 
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(beats/s) during the observation. This formula accurately 

predicted the swimming speed of a variety of species (e.g. 

Carasius auratus and Oncorhynchus mykiss) of all size 

classes (e.g. juveniles and adults) from observed tail-beat 

frequencies. Puckett and Dill (1984) verified that the 

formula accurately predicted the swim speed of juvenile coho 

salmon (Oncorhynchus kisutch), but the formula has not been 

verified for juvenile centrarchids. 

To estimate the total joules each juvenile consumed 

while being filmed, I multiplied the total number of bites 

by an estimate of the average joules contained in a single 

prey item. I assumed juveniles ate only microcrustaceans or 

larval aquatic insects (because I did not observe them 

eating either fish, crayfish, or mollusks) and ate one prey 

item each time they took a bite. I estimated the percentage 

of four categories of aquatic invertebrates that occurred in 

the diet of juvenile smallmouth bass collected from the New 

River, West Virginia (Easton 1992). Prey were grouped into 

four categories based on differences in their caloric 

content, average volume, or frequency of occurrence in the 

diets of juvenile smallmouth bass (Table 2.1). The average 

energetic content of a prey item was calculated as a 

weighted average of the four categories: 

4 

K= [£2 aj,*V,-k,+E,]+4.184(J/kcal) (6) 
i=1 

where K = joules contained in the average prey item 

consumed, i = the category of aquatic invertebrate, a, = the 

average proportion of category i in the diet, V, = the 

average wet volume (mm?) of a prey item in category i, k, = 

specific constant for converting wet volume to dry weight 
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Table 2.1. Values of variables (and sources) used to 
calculate the average energetic content of a prey item 
ingested by a juvenile smallmouth bass. 

    

Category of Percentage Average mg /mm?* Average 
Invertebrates in Diet? Volume (mm?) 3 Dry Weight Kcal/mgq 

Chironomidae 17 0.15 0.2° 5.248° 

Other Aquatic 5 

Insects 70 1.66 O.1 5.200" 

Amphipoda and 
Isopoda 7 1.39 0.1° 3.776° 

Microcrustacea 6 0.18 0.1° 5.335" 

  

‘Includes larval: Ephemeroptera, Odonata, Hemiptera, 
Megaloptera, Trichoptera, Coleoptera, and Diptera other than 
Chironomidae. 
Easton 1992. 
skaston (unpublished data). 
*stites and Benke 1989. 
Cummins 
Scummins 
Cummins 
Cummins 
*cummins 

and Wuycheck 
and Wuycheck 
and Wuycheck 
and Wuycheck 
and Wuycheck 

1971. 
1971. 
1971. 
1971. 
1971. 

Mean 

Mean 

Mean 

Mean 

52 

of eight species. 
of 31 species. 
of four species. 
of 27 species.



(mg), and E, = energetic content (Kcal/mg) of a prey item in 

category i. 

I estimated average volumes from measurements taken on 

500 prey items removed from the stomachs of juvenile 

smallmouth bass (Easton, unpublished data), obtained 

estimates of mg wet-weight/mm from Cummins and Wuycheck 

(1971) and Stites and Benke (1989), and used caloric values 

reported in Cummins and Wuycheck (1971). My calculations 

determined that K = 2.82 J, and therefore the consumption 

term of equation 1 was estimated as: 

C = 2.82:B (7) 

where B = the number of bites taken during the observation. 

Statistical Analyses. 

Effect of confounding variables. 

Differences in estimates of energetic profitability 

could have been caused by factors associated with data 

collection. Water temperature or fish size could have 

directly affected foraging rates or fish activity. 

Additionally, the duration of each observation could have 

influenced estimates of foraging rate or swim speed, with 

brief observations influenced more by short term variation, 

and longer observations dampening the effects of extreme 

variation. I used least squares regressions and multiple 

regressions to determine if temperature, total length, and 

duration of observations affected estimates of foraging rate 

or tail-beat frequency. If no relationship existed I 

assumed temperature, fish size, and duration of observation 

did not consistently bias my estimates of net energetic 

gain. 
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Relationship between microhabitat and energetic profit. 

I used least-squares regression and multiple regression 

analyses to test the null hypotheses that the rate of 

energetic profit gained by each individual was not related 

to habitat variables. Factors that affect energetic 

profitability could relate to individual habitat variables, 

multiple habitat variables, or hydraulic characteristics 

that are a function of habitat variables. Therefore, I 

executed three sets of analyses that examined relationships 

between my estimates of energetic profitability and the 

habitat characteristics listed above. Each set of analyses 

examined relationships between habitat characteristics and 

variables that directly affected my estimates of 

profitability: foraging rate, respiratory rate, and tail- 

beat frequency. 

Microhabitat data collected for each individual was 

summarized by determining the mean, variance, and maximum of 

depth and velocity measurements and the modal substrate 

type. To determine the effect of individual habitat 

variables on energetic profit, I tested for linear 

relationships between energetic profit gained by juveniles 

and the mean value of depth and velocity measurements in the 

areas they occupied. Because most of the river is 

underlain by bedrock (see Chapter 1), substrate type by 

itself was unlikely to affect rates of energetic gain, so I 

did not include substrate type as an independent parameter 

in regression analysis. 

When summary statistics were examined together they 

could differentiate several types of lotic microhabitats. 

However, collinearity among habitat variables complicated 

the use of regression analysis to examine the relationship 

of energetic profit to multiple habitat characteristics. 

Other than modal substrate, all of the summary statistics 
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(mean, variance, and maximum) calculated from depth and 

velocity measurements were highly correlated (all Pearson's 

r > 0.59) with at least one other summary statistic. Rather 

than using correlated summary statistics as independent 

variables in multiple regressions, I used principal 

components to summarize multivariate differences among 

microhabitats, and examined linear relationships between 

principal components and energetic profitability. 

Principal components analysis (PCA) was used to create 

artificial variables that described larger proportions of 

the overall microhabitat variation than any one of the 

summary statistics (Johnson and Wichern 1988). Principal 

components were uncorrelated, and each component 

incorporated summary statistics that varied along the same 

multivariate plane. All components with eigenvalues greater 

than 1.0 (meaning they explained more variation than any one 

of the original variables) were retained. The original 

summary statistics were multiplied by scoring coefficients 

generated by the PCA to create a data set of factor scores 

representing linear combinations of the coefficients and the 

summary statistics. Each of the retained components was 

used as an independent variable, and their corresponding 

factor scores were the data points used to relate habitat 

variables to energetic gain or respiratory rate. Mallow's 

Cp criterion (Daniel and Wood 1980) was used to determine 

which combination of independent variables best explained 

the relationship between energetic profitability and the 

principal components. 

I used two hydraulic ratios that incorporated depth and 

velocity to describe the relationship between the inertia of 

flowing water and inertia-eroding forces within a habitat 

(Vogel 1981). Both of the ratios were calculated for each 

point where habitat was quantified, and mean ratios were 

55



calculated for each individual based on their habitat use. 

The ratio of inertial forces to viscous forces (Reynolds 

number) was calculated as: 

Re = pdU/u (8) 
and the ratio of inertial forces to gravitational forces 

(Froude number) was calculated as: 

Fr = U'/gd (9) 
where U = the mean water-column velocity (m/s), d = depth 

(m), p = density of water (kg/m) , MB = kinematic viscosity 

of water (m*/s), and g = the gravitational constant (9.81 

m/s*). Both p and p were adjusted for differences in water 

temperature (Streeter and Wylie 1985). 

Reynolds number increases as either depth or velocity 

increases, and microhabitats with high Reynolds numbers have 

a large mass of water flowing through them and high 

turbulence throughout the water column. The Froude number 

increases as velocity increases or depth decreases, and high 

Froude numbers occur in microhabitats where surface 

turbulence and water momentum is high (relative to the force 

or gravity). Therefore, microhabitats with very different 

depths or mean water column velocities may have similar 

Reynolds or Froude numbers because their hydraulic 

characteristics are similar. I used these ratios as 

independent variables in simple linear regressions to test 

for relationships between the hydraulic characteristics and 

energetic profitability. 

Relationship between behavior and energetic profit. 

Besides microhabitat, the energetic profit gained by an 

individual could have been affected by the area (m°) they 

searched, or the percent time they spent actively foraging 

or moving throughout the water column. I used least squares 

regression to test the null hypothesis that these behavioral 
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variables were not related to the estimates of energetic 

profit. As with the analyses described earlier, I also 

examined how behavioral variables related to foraging rate, 

respiration rate, and tail-beat frequency. 

Results 

Juvenile use of the water column. 

All individuals spent the majority of their time in the 

middle or at the bottom of the water column (Figure 2.1). 

Only 12 individuals used the top of the water column and 

none of those remained near the surface for long durations. 

Most juveniles that ventured to the surface fed at 

relatively high rates, but because they remained there for 

short periods the estimated amount of food they ingested at 

the surface was relatively low. Juveniles located most of 

the food they ingested by searching the substrate or 

vegetation attached to the substrate. Juveniles rarely fed 

in the middle of the water column, and when they did they 

primarily fed on items attached to leaves of rooted 

macrophytes. 

Summary of factors affecting rate of energetic gain. 

Juveniles ranged between 45-100 mm in TL (mean = 77.1), 

observed foraging rates varied between 0-20 bites/min (mean 

= 2.1), and tail-beat frequencies ranged between 65-255 

beats/min (mean = 178, Table 2.2). Foraging rates 

translated to energetic intake rates between 0-56.4 J, and 

estimated swim speeds from observed TL's and tail-beat 

frequencies ranged from 0-23 cm/s. Estimates of respiratory 

rates ranged from 0.3-1.2 J (mean = 0.73), and estimates of 

net energy gained ranged from -1.2-36.7 J/min (mean = 3.32). 
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Figure 2.1. Box plots of percent time occupied and foraging 
rates (bites/min) at the bottom, middle, or surface portions 

Individuals that did not enter the 
bottom or surface portion of the water column were not 
of the water column. 

included in the box plots of foraging rates. 
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Table 2.2. Observed values of morphological and behavioral 
variables used to estimate energetic profit for 43 fish and 
characteristics of the microhabitats they occupied during 
observations (sf = sample mean, s° = sample variance, MVel = 
mean water-column velocity). 

  

TL Bites Tail-beats 4 of Depth yu of MVel s¢ of Depth s@ of MVel Maximum Maximum Modal 

(mm) = (#/min) _G#/min) (com) (cm/s) (em) (cm/s) Depth Mvel_ Substrate 

70 2.3 65.0 78.6 0.0 1198.9 0.0 115 0 Bedrock 

65 3.0 143.0 61.7 3.4 179.4 2.1 86 6 Bedrock 

65 5.1 128.5 78.0 4.0 547.9 14.5 108 11 Bedrock 

65 0.3 220.0 73.2 10.3 331.8 8.5 106 16 Bedrock 

90 0.2 133.5 73.2 10.3 331.8 8.5 106 16 Bedrock 

45 3.2 194.0 40.3 5.2 243.4 6.5 72 10 Bedrock 

80 3.3 255.0 76.3 19.8 738.6 18.2 121 31 Bedrock 

55 0.5 195.0 41.8 1.3 489.3 2.6 70 4 Bedrock 

65 0.4 149.0 41.8 1.3 489.3 2.6 70 4 Bedrock 

55 1.7 159.0 37.9 0.0 110.4 0.0 54 0 Bedrock 

85 0.1 166.0 37.9 0.0 110.4 0.0 54 0 Bedrock 

70 2.4 220.0 51.6 16.6 445.3 55.0 80 30 Bedrock 

85 1.6 179.0 54.8 5.6 332.4 17.2 82 15 Bedrock 

65 5.9 204.0 49.2 10.1 172.5 78.3 67 33 Bedrock 

75 0.4 229.5 58.3 11.9 403.4 18.1 85 17 Bedrock 

70 1.1 167.5 68.3 1.5 251.4 2.6 90 3 Bedrock 

75 2.8 130.5 52.6 6.2 126.6 4.2 68 11 Sand 

85 2.1 228.0 69.8 4.2 1193.8 11.8 110 11 Sand 

90 20.0 247.0 49.1 13.6 151.3 118.0 67 41 Bedrock 

70 3.6 178.5 32.8 36.5 31.4 305.1 41 56 Boulder 

100 1.5 110.0 102.9 4.3 173.8 2.9 17 7 Bedrock 

90 1.2 163.0 68.2 3.8 194.4 6.6 90 12 Bedrock 

70 1.9 154.0 64.8 2.8 159.8 3.0 82 7 Bedrock 

85 0.3 156.0 50.9 6.1 171.7 19.2 75 12 Bedrock 

95 1.0 126.0 86.2 3.8 155.5 3.5 103 6 Gravel 

70 1.6 146.0 39.9 6.2 204.5 8.2 64 12 Bedrock 

85 2.0 212.0 61.4 21.5 135.6 54.1 76 27 Bedrock 

90 4.4 159.5 50.8 12.8 464.4 67.5 90 26 Bedrock 

75 5.9 205.0 49.5 17.0 161.5 19.4 73 23 Bedrock 

95 0.0 271.0 56.4 11.2 634.0 55.7 B6 25 Bedrock 

75 0.0 208.0 56.4 11.2 634.0 55.7 86 25 Bedrock 
85 1.3 200.0 52.7 16.3 135.2 43.6 64 25 Boulder 

70 0.1 65.0 48.3 0.7 122.2 1.6 60 3 Boulder 

80 4.3 220.0 28.1 13.7 59.1 63.8 41 27 Bedrock 

70 1.2 243.0 80.1 11.6 272.1 13.8 109 18 Bedrock 

85 2.0 222.0 52.7 17.3 168.0 29.5 64 25 Boulder 

95 0.3 187.0 49.1 8.6 58.8 . 3.4 67 12 Bedrock 

90 1.5 177.0 53.6 8.1 55.6 2.8 67 11 Boulder 

95 0.6 147.0 45.3 5.9 437.5 15.7 84 13 Sand 

70 0.2 170.0 68.3 6.2 318.8 11.9 100 14 Bedrock 

75 1.5 116.0 63.1 2.8 200.7 1.4 85 5 Sand 

70 0.0 220.0 48.8 1.9 287.4 12.1 72 11 Bedrock 

75 3.7 253.0 46.8 16.3 408.6 25.1 70 24 Bedrock 
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Tests of possible confounding variables. 

Water temperatures during the study ranged from 25- 

30°C. Temperature, total length, and the total time each 

juvenile was observed did not linearly relate to foraging 

rate or tail-beat frequency when examined independently or 

as multiple independent variables (all P > 0.27). Feeding 

rates varied throughout the day but did not consistently 

increase at any particular time of day (Figure 2.2), 

although they may have decreased some after 1600 hours. In 

general, the manner in which data were collected did not 

consistently bias the results in a way that could alter 

relationships detected between net energy gain and habitat 

or behavioral variables. 

Summary of habitat variables. 

Most of the areas occupied by juvenile smallmouth bass 

were underlain by bedrock, but depths and velocities varied 

more noticeably among occupied areas (Table 2.2). Mean 

depths ranged between 28.1-102.9 cm (mean = 56.9) in 

microhabitats, and the mean of velocity measurements varied 

from 0-36.5 cm/s (mean = 8.7). In three cases, habitat 

variables were identical for two juveniles because both were 

observed using approximately the same areas. 

Independent habitat variables and energetic profit. 

Mean depth was not linearly related to foraging rate, 

tail-beat frequency, respiratory rate, or energetic profit 

gained by individuals (all P > 0.23). Mean velocity was 

positively related to foraging rate, tail-beat frequency, 

and respiration rate (all P < 0.05, Table 2.3), but was not 

related to energetic profit (P > 0.05). These results 

indicated that juveniles fed more frequently, and increased 

their activity and respiration rates in microhabitats with 
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Figure 2.2. Foraging rates of individuals observed at 
different times of the day. 
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Table 2.3. Significant linear relationships detected 
between variables describing habitat characteristics (mean 
depth, mean velocity, principal components, Reynolds number, 
and Froude number) and estimates of energetic profit gained 
in a microhabitat or factors affecting estimates of 
energetic profit (foraging rate, tail-beat frequency, 
respiration rate). Principal components are explained in 

  

Table 2.4. 

Habitat Energetic 
Variable Variable Relationship P< R? 

Velocity Foraging Rate 1.00+0.13V 0.05 0.09 
(cm/s) (bites/min) 

Tailbeats 0.65+0.009V 0.04 0.10 

(#/min) 

Respiration 150.00+3.42V 0.0004 0.27 
(J /min) 

Principal Profit 2.85+2.17PC1 0.007 0.17 

Component 1 (J/min) 

Foraging Rate 2.14+1.32PC1 0.006 0.17 
(bites/min) 

Tailbeats 179.64+19.92PC1 0.006 0.17 

(#/min) 

Principal Respiration 0.73+0.07PC2 0.04 0.11 
Component 2 (J /min) 

Froude Tailbeats 154.2+622.15F 0.0009 0.24 
(#/min) 

Reynolds Tailbeats 146.3+(6.20E-7)R 0.01 0.14 
(#/min) 

Respiration 0.63+(1.95E-9)R 0.0002 0.30 
(J/min) 
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higher velocities, but did not acquire more net energy by 

entering higher velocities. 

Principal components and energetic profit. 

The PCA extracted three components that explained 85% 

of the total variation within the summary statistics that 

quantified microhabitat characteristics. The first of these 

components (PC1) was positively related to all velocity 

variables and negatively related to all depth variables 

(Table 2.4). The second component (PC2) was positively 

related to all depth and velocity variables (though weakly 

so) and the third component (PC3) was positively related to 

the modal substrate type. When viewed on a scatter plot, 

areas that scored high on PCl1 tended to contain shallower 

depths and higher water column velocities (Figure 2.3), and 

areas that scored high on PC2 tended to be deeper and 

contained a wide range of velocities. 

Foraging rate and net energy gain were positively 

related to PC1 (both P < 0.007, Table 2.3), indicating that 

juveniles occupying the shallowest, highest velocity 

microhabitats (and the microhabitats that varied most in 

depth and velocity) foraged most frequently and gained the 

highest energetic profit (Figure 2.4a). No other single 

component or combination of principal components improved 

the fit of the model to estimates of energetic profit. The 

rate of net energy gain was very highly correlated with 

foraging rate (Pearson's r = 0.99, P < 0.001), which 

suggested that the estimates of energetic profit were 

primarily a function of intake rate (Figure 2.4b). 

If I deleted the individual that gained an estimated 32 

J/min from the sample, the regression analysis still 

detected a significant positive relationship between the 

first principal component and the rate of net energetic gain 
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Table 2.4. Factor pattern of the three components retained 
by the principal component analysis performed on statistics 
summarizing habitat data (N=43). 

  

Statistic Component 1 Component 2 Component 3 

Mean Depth -0.638 0.619 0.067 
Mean Velocity 0.802 0.508 0.002 
Depth s° -0.443 0.549 -0.061 
Velocity s° 0.854 0.342 -0.067 
Maximum Depth -0.702 0.682 0.086 
Maximum Velocity 0.830 0.510 0.049 
Modal Substrate 0.092 -0.070 0.989 

Eigenvalues 3.165 1.788 1.001 

Proportion of 
s* Explained 0.452 0.256 0.143 
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Figure 2.4. a) Scatter plot of estimated rates of net 
energy gained (J/min) versus factor scores generated from 
the first principal component. b) Scatter plot of foraging 
rate (bites/min) versus net energy gained. 

66



(P < 0.007, R? = 0.17). Whether computed with the outlier 

included or not, the regression predicted net energy gained 

equally well for all values of the first component. 

Therefore, the detected increase in the rate of energy gain 

in shallow, fast habitats was not dependent on a single 

influential observation or a tight cluster of samples at the 

extreme values of the first principal component. 

Because the estimates of net energetic gain were highly 

dependent on estimates of consumption, the detected 

relationship between energy gain and PCl depended on the 

assumption that one food item was consumed each time a 

juvenile took a bite. The relationship remained positive if 

I assumed that the 22 juveniles with the highest PCl scores 

ate a food item during only 66% of their bites (P < 0.03). 

No relationship was detected if I assumed the same group of 

juveniles ate an item during 50% of their bites (P > 0.10). 

While tail-beat frequencies increased in shallow, fast 

habitats (P < 0.006, Table 2.3), respiratory rates did not 

(P > 0.39). This result was somewhat confusing, because 

both variables increased in high velocity microhabitats. 

However, while respiration estimates increased with 

increasing tail-beat frequencies (P < 0.02), the 

relationship did not explain a large proportion of the 

variation in respiration rates (R? = 0.14, Figure 2.5a), so 

the two variables could relate to habitat characteristics 

differently. 

This interpretation was reinforced by the significant 

relationship detected between respiration rate and PC2 (P < 

0.04, Table 2.3). The relationship indicated that 

respiration increased as both depth and velocity increased 

(Figure 2.5b), although tail-beat frequency did not (P > 

0.07). Net energy gain and foraging rate were not related 

67



Respiration (J/min) 
  

      

  

    

a 
1.5 

0.43 + 0.002(X) 

1.25+ P< 0.02 oO 

R?= 0.14 4 
O 

17 o -- Oo ao e Oo gt _-O 

0.75+- ee FO 4 
weer o06U6U Oo | wee oa a 4, 8 

0.5" B o po” 
O 

0.25- 

O ! i J 

50 100 150 200 250 300 

Tail-beats (#/min) 

b 
1.5) 

0.73 + 0.07(X) 
1.25+ P< 0.035 o 

R?= 0.41 | a0 
1 

| gO 0 "5 one a lee OQ 

0.75° ae 
: “oe oO ge oo a m oO 

0.5" o Z o OQ 
| Oo 

0 5) o 

0) J ! I ! | 

-3 -2 -1 0 1 2 3 

Principal Component 2 

Factor Scores 

Figure 2.5. a) Scatter plot of observed tail-beat 
frequencies versus estimated respiration rates (J/min). b) 
Scatter plot of factor scores generated from the second 
principal component versus respiration rates. 
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to PC2 (both P > 0.38), and none of the energetic variables 

were related to PC3 (all P > 0.50). 

Hydraulic ratios and energetic profit. 

Reynolds numbers ranged between 0-1.82-10° (mean = 

5.37-107), and Froude numbers ranged between 0-0.20 (mean = 

0.04). Mean velocity was highly correlated with both 

Reynolds (r=0.89, P < 0.01) and Froude numbers (r=0.98, P < 

0.01), and energetic variables exhibited relationships with 

these hydraulic characteristics that were similar to those 

exhibited with mean velocity. Neither hydraulic variable 

was related to net energetic gain or foraging rate (all P > 

0.05), but both were positively related to tail-beat 

frequency (both P < 0.0009, Table 2.3). Additionally, 

Reynolds numbers were related to respiration rates (P < 

0.01, Table 2.3). Log transformation of Reynolds numbers 

did not improve any of the regressions involving that 

variable. These results indicated that in the microhabitats 

where I observed juvenile smallmouth bass, these hydraulic 

indices did not account for energetic profitability of 

microhabitats. 

Behavioral variables and energetic profit. 

Juveniles exhibited wide variation in the area they 

occupied (range: 2.3-65.3 m*, mean = 16.9 m°) , and percent 

time they spent moving among foraging sites (range: 22-100%, 

mean = 57%), or actively searching for food (range: 0-79%, 

mean = 43%). However, none of the energetic variables were 

related to these behavioral characteristics (all P > 0.06). 

These results indicated that searching the benthos for food 

could be as energetically costly as moving through the water 

column among foraging sites, and that foraging success did 

not necessarily depend on foraging (i.e. searching) effort. 
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Discussion 

Factors determining energetic profit of microhabitats. 

The juvenile smallmouth bass observed in this study 

primarily fed on benthic prey or prey attached to rooted 

vegetation. However, foraging strategies varied among 

individuals, in terms of the microhabitats they occupied, 

their average swimming speed, the size of the area they 

moved within, and the time they actively searched for food. 

While variation in any one of these aspects might affect 

either intake rate or energy expenditure, microhabitat use 

was the only factor in this study that consistently 

influenced the estimated rates of net energy gain. 

Different modes of benthic foraging (e.g. spending a long 

period searching a small area as opposed to searching 

several smaller, dispersed areas over the same period of 

time) could net similar energetic gains depending on the 

characteristics of the microhabitat in which they were 

employed. 

This study was not specifically designed to define the 

characteristics of profitable and unprofitable microhabitats 

in the North Anna River, but the data suggested some 

generalizations. Juveniles that occupied areas less than 60 

cm deep with average velocities higher than 10 cm/s always 

attained positive rates of net energetic gain, so areas with 

these characteristics might be considered profitable. 

Juveniles that occupied areas greater than 70 cm deep and 

containing average velocities less than 5 cm/s always 

attained positive net energy gains as well. However, 

juveniles in the shallow, fast microhabitats (n=9) averaged 

7.86 J/min of net energy gain, while those in the deep, slow 

microhabitats (n=7) averaged 2.13 J/min. The difference in 

the magnitude of energetic gain indicated that the 

microhabitats meeting the shallow, fast criteria were the 
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most energetically profitable microhabitats in the river. 

These microhabitats have also been identified as the areas 

that support the highest densities of larval aquatic insects 

in streams (Kondratieff and Voshell 1980, Gore and Judy 

1981, Orth and Maughn 1983). . 

A significant result of this study was that the 

relative profitability of microhabitats could only be 

predicted if both depths and water velocities were examined. 

I attempted to account for variation in depth and velocity 

using hydraulic ratios and principal components, but Froude 

and Reynolds numbers did not relate to net energetic gain 

because they did not incorporate the effects of depth 

adequately. The first principal component (PC1) was the 

only variable that differentiated between deep microhabitats 

with slow velocities and shallow microhabitats with higher 

velocities, and it was the only habitat variable that was 

related to estimates of energetic profit. 

Juveniles foraged more frequently in high velocities 

(regardless of depth), but not frequently enough to indicate 

that energetic profitability was associated with velocity 

alone. It is possible that profitability did not directly 

relate to velocity because energy lost to respiration also 

increased in higher velocities, thereby nullifying gains 

amassed through increased foraging. This explanation is 

intuitively appealing; juveniles increased their tail-beat 

frequencies when swimming in high water velocities, and the 

corresponding increase in respiratory costs nullified 

energetic gains achieved through elevated consumption. 

However, other results raised some doubt about the 

Simple explanation that juveniles had to swim faster and 

expended more energy in faster velocities. While tail-beat 

frequency was related to respiration rate, it did not 

explain a large proportion of the variation in respiration. 
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In fact, respiratory estimates did not increase in shallow- 

fast microhabitats (i.e. areas with high PCl scores), even 

though tail-beat frequencies were significantly higher in 

those areas. Therefore, it is possible that increased 

respiratory estimates in high-velocity microhabitats were 

not entirely caused by elevated tail-beat frequencies, but 

were more consistently affected by a factor such as juvenile 

size. 

Additionally, all estimates of respiration rate were 

less than 1.3 J/min, which suggested that respiratory losses 

in all microhabitats were low relative to many of the 

estimates of consumption. Therefore, the profitability of 

habitats for juvenile smallmouth bass primarily depended on 

foraging rates and not respiratory losses. Foraging rates 

certainly increased in higher velocities, but they increased 

more significantly in high-velocity microhabitats that were 

also shallow. This relationship between habitat variables 

and energetic profit for juvenile smallmouth bass was not 

exactly identical to the conceptual model of microhabitat 

profitability developed for drift-feeding salmonids in 

streams. 

Profitability of microhabitats for drift-feeding salmonids 

and benthic feeding smallmouth bass. 

The energetic profitability of a microhabitat is 

defined as the trade-off between energy expended while 

foraging in the microhabitat and the resulting intake rate 

(Jenkins et al. 1970, Bachman 1984, Crowder and Magnuson 

1983, Fausch and White 1981, Fausch 1984). For drift- 

feeding salmonids, rates of both intake rate and energy 

expenditure depend on the velocity they occupy. Both 

juvenile and adult salmonids increase their intake rate of 

drifting invertebrates as they occupy increasingly faster 
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water velocities (Smith and Li 1983, Fausch 1984, Hughes and 

Dill 1990), and expend more energy to maintain their feeding 

position (Brett 1973, Puckett and Dill 1984, Dabrowski 1986, 

Facey and Grossman 1990). However, both adult and juvenile 

salmonids decrease their attack distance in high velocities, 

so by moving into higher velocities salmonids generally 

increase their energetic intake more than their energy 

expenditures (Godin and Rangely 1989, Hughes and Dill 1990). 

Therefore, the profitability of microhabitats for drift- 

feeding salmonids, like benthic-feeding smallmouth bass, is 

defined by the consumption rate achieved in the 

microhabitat. 

But the habitat characteristics associated with 

profitability for juvenile smallmouth bass differed from 

those associated with profitability for drift-feeding 

salmonids. Juvenile smallmouth bass netted their highest 

energetic profit in areas that were both shallow and 

contained high velocities, not areas that simply contained 

high velocities. Shallow-fast microhabitats may have been 

most profitable for juvenile smallmouth bass because 

submerged vegetation grew well in those areas, and this 

vegetation frequently supports high densities of benthic 

invertebrates (Ward 1992). The presence or proximity of 

aquatic vegetation may therefore be an important variable to 

include in future evaluations of microhabitat use by age-0 

smallmouth bass. 

Another difference between smallmouth bass and 

salmonids was that juvenile smallmouth bass exhibited 

Similar foraging behavior (i.e. benthic foraging) in 

dissimilar microhabitats, suggesting that they maintained 

Similar respiratory costs in all microhabitats without 

modifying their behavior. Similar results have been 

observed for other benthic-feeding species (Facey and 
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Grossman 1992), so the relationship between velocity and 

energy expenditure for fish that are primarily benthic 

foragers may differ from the relationship observed for 

salmonids. Salmonids appear to shift between drift feeding 

and benthic foraging depending upon the microhabitat they 

occupy (Grant and Noakes 1987). 

Assumptions affecting estimates of energetic profit. 

The assumptions I made in the course of estimating 

energetic profit are certainly subject to dispute. 

Estimates of respiratory costs depended on estimates of 

average swimming speed during the observation, but it was 

evident that swimming speed varied substantially within each 

observation period. The swimming-speed method of estimating 

respiratory costs is typically applied to species that 

exhibit steady swimming (e.g. Dabrowski 1986, Facey and 

Grossman 1990, Kaufmann 1990), and the actual metabolic 

costs of non-steady swimming may be much higher than my 

estimates (Webb 1991). However, all the swim speed 

estimates were less than 3.0 body-lengths/s, which is 

considered a sustainable speed for most fishes (Videler and 

Wardle 1991), and probably represents a relatively small 

metabolic cost. 

Estimates of energetic profit also depended on the 

estimated energetic content of the average food particle, 

which in turn assumed that food habits of juvenile 

smallmouth bass in the North Anna River resembled those of 

juveniles in the New River. Studies of the food habits of 

age-0O smallmouth bass from throughout eastern and midwestern 

U.S. (Lachner 1950, Stewart 1978, George and Hadley 1979, 

Angermeier 1982, Buynak et al. 1982) have reported varying 

percentages of aquatic invertebrates in the diets. However, 

all studies suggested that larval aquatic insects were the 
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most frequently occurring food item in late summer, and 

chironomids and microcrustaceans were a more minor component 

of the diet. Therefore, the relative proportions I assumed 

for each category in the diet were supported by data 

collected in a number of systems throughout the geographic 

range of smallmouth bass. 

If it were not valid, the assumption that one item was 

ingested with each bite could also affect the estimates of 

energetic intake. Comparison of observed foraging rates 

with estimates of foraging rates necessary to obtain maximum 

consumption suggested that this assumption was at least 

possible. For the average sized juvenile I observed (80 mm 

TL), the maximum consumption possible in a day was 0.67 

g/day (Shuter and Post 1990). If the average prey item 

weighed 0.132 mg (based on the data in Table 2.1), and an 

individual consumed an average of one item per bite, then 

the individual would have to average 5.9 bites/min for 14 

hours to achieve maximum consumption. Only one individual 

observed in this study exceeded that rate, and the average 

foraging rate (2.1 bites/min) was well below the rate 

necessary to reach maximum consumption in a 14 hour day. 

This comparison suggested that the juvenile smallmouth bass 

I observed were not consuming more food than they could 

consume based on my estimates of foraging rates and the 

energy consumed during an average bite. Additionally, the 

estimate of 5.9 bites/min for a juvenile to achieve maximum 

consumption was similar to the mean foraging frequency 

observed for juvenile smallmouth bass feeding in the 

Mississippi River (5 bites/min) and growing at a rate 

considered near "optimal" (Simonson and Swenson 1990). 

The relationship between energetic profit and PCl 

remained positive when the intake rate for juveniles in the 

22 areas that scored highest on PC1 was lowered to two items 
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for every three bites. This test indicated that foraging 

rates in shallow-fast microhabitats were high enough to make 

those habitats more profitable, even if the number of bites 

taken was negatively related to the rate of energetic 

intake. This is significant because evidence indicates that 

the number of bites taken was positively related to 

energetic intake. Not only do fish that bite more 

frequently tend to consume more prey items (Grant 1990), but 

the juveniles I saw biting more frequently were foraging in 

shallow-fast microhabitats containing more larval 

Ephemeroptera and Trichoptera (Ward 1992), which contained 

more energy/individual than other food items (Table 2.1). 

When drift feeding, juvenile smallmouth bass 

concentrate their foraging efforts at dawn and dusk when the 

concentrations of drift are highest (Stewart 1978). Because 

I could not video-tape juveniles at dawn and dusk (due to 

low light levels), I can not definitely state that juvenile 

smallmouth bass in the North Anna River never switched to a 

drift feeding mode at dawn or dusk. However, I observed 

juvenile smallmouth bass at dusk on several occasions and 

never noticed them moving into new microhabitats or 

switching foraging modes as would be expected if they were 

drift feeding. 

Implications for microhabitat use. 

Given that shallow-fast microhabitats yielded a 

higher energetic gain to juvenile smallmouth bass, optimal 

foraging theory would predict that juveniles should occupy 

shallow, fast microhabitats more frequently than deep, slow 

habitats (Crowder and Magnuson 1983, Werner et al. 1983b). 

The results presented in Chapter 1 support this prediction 

because juveniles increased their use of shallow 

microhabitats and expanded the range of velocities they 
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occupied as the summers of 1990 and 1991 progressed. The 

chronology of microhabitat use suggested that some 

individuals entered the most profitable habitats earlier 

than others but after several weeks of evaluating available 

microhabitats the majority of juveniles entered areas that 

were likely to yield relatively high energetic profits. 

The results of this study indicated that microhabitat 

use by juvenile smallmouth bass could directly affect their 

growth rate during the first year. Age-0 smallmouth bass 

that grow quickly increase their chances of surviving to 

maturation and subsequently increase their fitness within 

the population (Werner et al. 1983a, Rozenweig 1991), so an 

individual's fitness may depend upon its ability to identify 

and occupy profitable habitats. Accumulated evidence 

indicates that this is the case for drift-feeding salmonids. 

Salmonids establish dominance hierarchies where dominant 

individuals exclude competitors from the most profitable 

positions, subsequently grow faster, and maintain that 

growth advantage by increasing their size and swimming 

ability so they can be the first to invade even more 

profitable positions in higher velocities (Wankowski and 

Thorpe 1979, Abbot et al 1985). 

But a key difference between benthic-feeding smallmouth 

bass and drift-feeding salmonids is that salmonids identify 

and defend specific focal points in a stream that convey 

food at relatively stable rates, and they occupy those 

positions for long periods of time (McNicol and Noakes 1981, 

Bachman 1984, Fausch 1984, Stradmeyer and Thorpe 1987). The 

size of defended feeding territories can vary with changes 

in food abundance (Dill et al. 1981), or changes in the 

density of competitors (Li and Brocksen 1977, Fausch and 

White 1981) but the relative focal points remain the same. 
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While drifting food resources are replenished 

continuously at a focal point, it may take several days to 

replenish depleted benthic resources. Therefore, benthic 

food resources in all microhabitats fluctuate both spatially 

and temporally (Angermeier 1985), and benthic feeders can 

not concentrate their efforts in a small area for an 

extended time. As benthic feeders, juvenile smallmouth bass 

tend to employ the mobile strategy described by Grant and 

Noakes (1987) in which individuals do not focus their 

efforts on a single position but instead search a wide area. 

Juveniles could improve their foraging success by 

concentrating their efforts in areas with profitable habitat 

characteristics, but competitors or abiotic factors could 

cause food resources to vary so much that typically 

profitable areas frequently become unprofitable (Werner and 

Hall 1979, Peckarsky 1983, Poff and Ward 1989). If 

microhabitat profitability varied, juveniles may have 

reentered microhabitats that were typically less profitable 

(i.e. deep pools) as they searched for another area where 

they could forage successfully (Werner et al. 1983b). 

Therefore, the probability that a mobile, benthic feeding 

juvenile would gain a growth advantage becomes a function of 

microhabitat availability, spatial and temporal variability 

of the food resource, and the behavioral mechanisms employed 

while searching for a patchy resource. If the availability 

of food resources was extremely variable (even in profitable 

microhabitats), then it is possible that all individuals 

would experience periods of slow growth, and stochastic 

abiotic factors could determine which (if any) individuals 

gain a growth advantage. 
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CHAPTER 3 

Effect of Early Growth Rate on Subsequent Growth and 

Survival of Age-0 Smallmouth Bass 

Introduction 

Larval and juvenile fish typically experience high 

mortality rates, but larval cohorts that grow at different 

rates experience dissimilar survival rates (Houde 1989, 

Luecke et al. 1990). Individual larvae that grow relatively 

fast may gain a survival advantage over slower growing 

members of their cohort (Miller et al. 1988, Persson and 

Diehl 1990). This early growth advantage may result from 

initial size differences of larvae at the time of hatching 

(West and Larkin 1987) or from individual differences in 

foraging success or prevailing environmental conditions. 

However, the duration of time that individual larvae and 

juveniles maintain growth advantages is a subject of 

speculation. 

During their first growing season, individuals that 

gain an early growth advantage usually begin feeding on 

high-energy prey items (e.g. larval fish) sooner and thereby 

further increase their growth rate (Keast and Eadie 1985). 

Additionally, large individuals are frequently the first 

members of a cohort that are morphologically capable of 

exploiting new habitats in which they may forage more 

efficiently (Layzer and Clady 1987, Ehlinger 1990). Small 

individuals may lock themselves into a cycle of slow growth 

by specializing on small, low-energy prey items which 

promote slower growth and this subsequently increases the 

time that these individuals are morphologically unable to 

capture high-energy prey (Walton et al. 1992). These 

results suggest that individuals that gain an early growth 

advantage are likely to maintain that advantage, reduce 
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their susceptibility to predation and starvation mortality, 

and subsequently are more likely to recruit to the spawning 

population. 

However, much of the evidence supporting size-dependent 

growth and mortality of age-0 fish does not consider how 

environmental stochasticity affects these processes. Ina 

heterogeneous environment, large individuals may have their 

competitive advantages eliminated by spatial and temporal 

shifts in food resources. In such cases, foraging success 

may depend more on the ability of individuals to locate 

resources (an ability that is not necessarily size 

dependent) rather than the ability to capture or defend 

resources (abilities that are frequently size-dependent). 

Age-O fish in streams may be particularly susceptible to 

these influences because streams are highly variable 

environments (Angermeier 1985, Statzner et al. 1988), and 

many stream fish demonstrate limited mobility (and therefore 

limited ability to search for resources) during their first 

growing season (Shuck 1945, Heggenes et al. 1991). 

In Chapters 1 and 2, I demonstrated that age-0O 

smallmouth bass change their use of microhabitats in the 

North Anna River as they progress through stages of 

ontogenetic development. The first individuals to enter 

previously unused (and energetically profitable) habitats 

may gain a growth advantage over the rest of the age-0 

cohort. Alternatively, it is also possible that individuals 

gain only short-term growth advantages when they enter 

profitable habitats because of environmental stochasticity. 

Growth advantages may also result less from the actions 

of juveniles than from behavioral decisions made by spawning 

adults. Adults that spawn early may provide their offspring 

with a size advantage over the rest of the cohort during an 

early period of development. Conversely, warmer thermal 
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regimes may provide late-spawned larvae with a growth 

advantage that overwhelms the growth head-start that early- 

spawned individuals gained or the growth advantages amassed 

by individuals occupying the most profitable habitats. 

Understanding the factors that determine how some 

individuals gain a size advantage during their first growing 

season may improve management efforts to stabilize 

recruitment of smallmouth bass populations. 

The primary objective of this study was to quantify and 

compare growth rates of individual smallmouth bass in the 

North Anna River during early life stages. By examining 

daily rings deposited on otoliths (Brothers et al. 1976), I 

was able to compare the relative growth rates of individuals 

through time. I also tried to determine whether individual 

differences in growth rate were influenced more by 

individual differences in consumption and energy expenditure 

or by variation in thermal regime. Finally, I examined the 

effect of growth rate on larval survival, to determine if 

fast growing larvae were more likely to survive through the 

period of mass mortality that occurs after larvae disperse 

from their brood sites. 

Methods — 

Site Description. 

Larval and juvenile smallmouth bass used in this study 

were collected from the North Anna River in eastern 

Virginia. A complete description of the river is included 

in Chapter 1. All collections were taken from a reach of 

the river extending approximately seven km downstream from 

the Route 603 bridge in Hanover County and encompassing both 

the study sites described in Chapter 1. Larvae were 

collected from all areas where I observed smallmouth bass 

nests in this reach, but juveniles were only collected from 
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areas outside of the two study sites described in Chapter 1, 

to insure that I did not directly affect juvenile densities 

in those sites. 

Sample collection. 

Collections were timed to coincide with life stages 

during which age-0 smallmouth bass exhibited distinctive 

behaviors, food habits, and habitat use. Brood larvae were 

collected to estimate the distribution of individual growth 

rates that existed before mass mortality occurred at 

dispersal. A sample of juveniles was collected two weeks 

after dispersal to represent individuals that had survived 

dispersal, were morphologically capable of eating a wide 

variety of prey items (Easton and Orth 1992), and were 

beginning to explore previously unoccupied habitats (see 

Chapter 1). Juveniles were sampled again six weeks after 

dispersal, when most individuals were occupying previously 

unused habitats. 

Between May 24 and June 29, 1990, I collected 78 larvae 

that swam off the nest at least six days earlier but still 

occupied their brood sites. I collected a maximum of 10 

larvae from each brood (eight broods total) with an aquarium 

net, preserved them on ice, and transported them back to the 

laboratory where their total length (TL, mm) was measured 

the same day using a dissecting microscope equipped with an 

ocular micrometer. Also in 1990, I collected 38 juvenile 

smallmouth bass during July 11-26, and 16 juveniles during 

August 14-17. Juveniles were collected using a backpack 

electroshocker, their TL was measured immediately after 

capture, and they were preserved on ice until transported to 

the laboratory. Because ethanol degrades otolith 

microstructure of smallmouth bass (R. J. Graham, D. J. Orth, 

M. J. Sabo, R. S. Easton, and B. Wells, personal 
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observation), larvae and juveniles were frozen to preserve 

them until I could begin age and growth analyses. 

In 1991 I obtained samples of larval and juvenile 

smallmouth bass at life stages similar to those sampled in 

1990. I collected 73 larvae from eight broods during May 8- 

15, 38 juveniles during June 4-5, and 38 additional 

juveniles during July 2-9. Sampling methods were identical 

to those used in 1990. 

Otolith removal and preparation. 

Larval and juvenile smallmouth bass were dissected, and 

their sagittal otoliths were removed and mounted in 

thermoplastic cement on glass slides. I used an adapted 

metallurgical jig (Neilson and Geen 1981) to grind otoliths 

level along the anterior-posterior plane, using an alternate 

convex-concave grinding procedure (Graham and Orth 1987). 

Based on the morphology of smallmouth otoliths, the 

anterior-posterior plane is the ideal plane for growth 

analyses because the distance between rings is largest along 

this plane (Panfili and Ximenes 1992). 

Procedures for counting and measuring. 

I covered larval otoliths with immersion oil and 

counted their rings by examining them with a compound 

microscope at 200X power. The diameter (um) and longest 

radius (um) of larval otoliths along their anterio-posterior 

plane were measured with an ocular micrometer. Magnified 

images of juvenile otoliths were projected, and their 

diameters and long radii were measured using a metric ruler. 

Measurements in mm were converted to wm based on comparisons 

of diameters for 10 otoliths measured with both the ocular 

micrometer and from projected images. Diameter measurements 
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on five projected images predicted the diameter measurements 

obtained with the ocular micrometer within 1 um. 

Ring counts do not differ between the left and right 

sagittae of individual smallmouth bass (Graham and Orth 

1987), so only one otolith from each individual was used to 

estimate age and growth. Rings were counted until I 

obtained the same ring count three consecutive times and 

concurrently identified ring numbers 6, 12, 24, and 50 at 

the same positions. Weakly defined rings that disappeared 

when followed into the lateral field were considered 

subdaily rings (Miller and Storck 1982) and were not 

counted. If an otolith had seven rings I only established 

the position of ring 6, if it only had 13 rings I 

established the position of rings 6 and 12, etc. The 

longest radius to each of these rings was measured. These 

rings were chosen as bench-marks of growth, based upon 

observations of distinct differences among life stages. The 

first otolith ring is formed at the time of swim-up, and 

between swim-up and day six larvae only occupied the brood 

Site. Larvae dispersed from the brood site between days 6 

and 12, and metamorphosize before day 24. By day 50, most 

juveniles have begun occupying previously unoccupied 

habitats. 

Estimating growth. 

Smallmouth bass deposit rings daily (Graham and Orth 

1987), and current evidence indicates that these rings are 

deposited even during periods of extremely slow growth 

(Wright et al. 1991). The relationship between otolith 

growth and somatic growth is particularly strong before 

otolith morphology changes towards the end of the first 

growing season (Rice et al. 1985, Wright 1990). Therefore, 

measurements of radii at specified rings should provide 
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comparable estimates of growth rates over standardized 

periods early in life. 

However, the procedure used to estimate growth rates 

can Significantly affect the results. Different methods 

yield different back-calculated estimates of TL though all 

methods are equally plausible under most circumstances 

(Francis 1990). Back-calculated length estimates are highly 

sensitive to investigator errors when the objective is to 

estimate changes in length over short periods of time (Rice 

1987). Additionally, estimates of larval growth rates are 

affected by random error when the size of the larvae at the 

formation of the first ring is variable and independent of 

otolith size (Titus and Mosegaard 1991). Because I was 

estimating growth rates over a small number of days and was 

unable to predict the size of larval smallmouth bass at 

swim-up, I chose to compare otolith growth rates as a 

surrogate for growth of fish in TL. To validate the 

assumption that otolith growth was related to growth in TL, 

I used least squares regression to determine if an otolith's 

long radius was linearly related to the TL of the fish from 

which it was taken. The assumption was tested for each year 

and separately for larvae and juveniles to insure that the 

assumption applied to both life stages during both years. 

The alpha level of rejection equaled 0.05 for each of these 

comparisons (and for all subsequent analyses used in this 

study). 

I calculated absolute otolith growth (OG, microns 

accumulated on the long radius over a specified period) from 

swim-up to day 6, days 6-12, days 12-24, and days 24-50. 

The radius of the sagittal centrum was subtracted from the 

absolute growth estimate for days 1-6 to insure that only 

growth accumulated after swim-up was considered. For each 

year, OG during days 1-6 was compared between larval and 
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juvenile samples to determine if individuals that grew 

guickly as larvae were more likely to survive to the 

juvenile stage. I used two-sample t-tests to compare sample 

means of these variables and two-sample F-tests to compare 

the dispersion of distributions observed for larvae and 

juveniles collected each year. Pearson correlation analyses 

were used to determine if individuals that grew quickly 

during early life stages were likely to grow quickly during 

subsequent life stages. 

These analyses did not resolve whether variation in 

growth rates was caused by environmental or behavioral 

differences among individuals. Specifically, because 

smallmouth bass swam off nests on different dates (and were 

exposed to different temperature regimes), I wanted to 

determine if temperature regime was the primary factor 

affecting growth rates, or if the rate of food intake and 

energy expenditure could override the effects of temperature 

(Radtke 1989). I estimated the mean water temperature 

experienced by each individual during each period by 

relating water temperature data collected by a thermograph 

installed at the Route 603 Hanover County bridge to each 

individual's swim-up date. Pearson correlations were used 

to determine if individuals that grew in higher temperatures 

were more likely to grow quickly. This comparison was made 

for each life stage during each year. 

A final correlation analysis was used to compare the TL 

of juveniles at the time of capture to their date of swim-up 

and accumulated degree-days. This comparison demonstrated 

whether the largest juveniles at the times of collection 

were individuals that were spawned earliest or those that 

experienced the warmest thermal regimes. It also revealed 

if thermal advantages were gained by juveniles that 

accumulated degree-days over a longer period of growth, or 
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by juveniles that grew for a shorter period but in a warmer 

thermal regime. 

The analyses described so far examined characteristics 

of growth during the first two months after larvae began to 

swim off the nest. I used estimates of TL collected during 

the August underwater surveys described in Chapter 1 to 

compare the results of growth at a time near the end of the 

summer during both years. Juveniles observed underwater 

during 7-15 August, 1990, and 2-4 August, 1991, were 

classified into 5-mm categories based on TL estimates 

obtained with calibrated mask bars (Swenson et al. 1988), 

and then grouped as small, medium, or large juveniles (each 

group encompassed five 5-mm length categories). I used a 

chi-squared contingency test to determine if these size 

distributions differed. This comparison revealed whether 

the factors that affected growth rates early in the growing 

season resulted in significant differences in the size of 

juveniles near the end of the summer. 

Results. 

Spawning chronology and general characteristics of growth. 

According to estimates of swim-up days from larval and 

juvenile otoliths, smallmouth bass spawned later in the year 

in 1990 than in 1991. These estimates concurred with 

observations reported in Chapter 1, and the difference was 

probably attributable to differences in the hydrologic 

regimes of the river during those years (Figure 3.1). In 

1990, spawning occurred during a period of relatively low 

flow beginning soon after day 130 (10 May), but most swim-up 

larvae from that spawn did not survive a large flood that 

occurred about day 145 (25 May). Most successful spawning 

occurred during the subsequent low-flow period that began on 

Day 155 (5 June). Flows were relatively low throughout the 
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Figure 3.1. Water temperature (thin line, °C) and discharge 
(thick line, m/s) in the North Anna River, during the 1990 
and 1991 growing season (April 1 - August 30). Shaded 
regions define when larval smallmouth bass swam-up. 
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growing season of 1991, and most spawning occurred during a 

relatively short period between days 100-128 (10 April-8 

May). 

Because successful spawning occurred later in the year 

in 1990 than in 1991, age-0O smallmouth bass experienced 

different thermal regimes during much of the two growing 

seasons. In general, larvae and juveniles experienced 

warmer thermal regimes and exhibited faster otolith growth 

during all life stages in 1990 (Figure 3.2), and juveniles 

collected in 1990 were larger than juveniles collected 

during corresponding periods in 1991 (Table 3.1). During 

both years, there was some variation in otolith growth that 

did not appear to be solely attributable to differences in 

thermal regimes. 

Relationship between otolith size and length. 

During both years, the length of the otolith radius was 

linearly related to TL of larval and juvenile smallmouth 

bass (all P < 0.00001, Table 3.2). All regression models 

explained variation in TL from otolith radius well (all R* > 

0.89, and all MSE < 1% of mean squared regression). These 

results indicated that otolith growth approximated growth in 

TL and conclusions drawn from examinations of otolith growth 

could be extended to growth in TL. 

Relationship between larval growth and survival. 

Individual smallmouth bass in 1990 tended to have 

higher OG between days 1-6 than individuals collected in 

1991 (Figure 3.3). In 1990, the mean OG during days 1-6 

observed among larval smallmouth bass (mean=72.4) did not 

differ (P > 0.49) from the mean OG observed among juveniles 

(mean=71.19). Individuals that survived to the juvenile 

stage showed more variation in OG during days 1-6 (s°=110.3) 
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Table 3.1 Summary statistics of total length (mm) and 
weight (g) for juvenile smallmouth bass collected from the 
North Anna River during 1990 and 1991. 

    

  

Sample Total Length (mm) Weight (q) 
Year Period N Mean SD Range Mean SD Range 

1990 7/11- 38 53.1 12.70 30-92 2.01 1.37 0.5-7.9 

7/26 

8/14- 16 67.6 8.65 48-82 3.32 1.08 1.3-5.3 

8/17 

1991 6/4- 38 39.4 6.03 27-57 0.86 0.28 0.4-1.7 

6/5 

7/2- 38 58.2 5.77 47-70 2.23 0.62 1.1-3.8 

7/9 
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Table 3.2. Linear regressions describing relationship 
between the long radius of the otolith (OR, microns) and 
total length (TL, mm) of smallmouth bass that otoliths were 
removed from (all P<0.00001). Separate models were 
developed for larval (8-19 mm TL) and juvenile smallmouth 
bass (23-118 mm TL) collected during 1990 and 1991. 

  

Year Life Stage 

1990 Larvae 

1990 Juvenile 

1991 Larvae 

1991 Juvenile 

N 

55 
54 
69 
76 

Model 

TL=5.36+0.040R 

TL=2.62+0.060R 

TL=5.17+0.040R 

TL=5.94+0.050R 

92 

r* 

0.90 

0.89 

0.89 

0.90 

MSE 

0.19 
19.60 
0.89 

13.09 

SR 

80.3 
8429.0 
457.4 

8346.5



OG Day 1-6 (microns) 
  

    
  

100 

” a | 
60: . : 

40; 

207 pro.4® po.00001 
Larvae Juveniles Larvae Juveniles 

(N*55) (N*54) (N=69) (N*76) 

0 

1990 1991 

Figure 3.3. 

juveniles collected later in the growing season, 
1991. 

Absolute growth of otoliths compared between 
larvae collected before mass mortality occurred and age-0 
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than larvae (s°=49.7) in 1990, and the variances 

statistically differed (P < 0.002). These analyses 

indicated that during 1990 individuals that grew faster 

between days 1-6 were not more likely to survive through 

dispersal, and some very slow-growing individuals actually 

survived. Juveniles collected in 1991 tended to have higher 

(mean=47.7) and more variable (s°=86.5) OG between days 1-6 

than larvae (mean=44.3, s°=32.7) and the means and variances 

exhibited during each life stage statistically differed 

(both P < 0.008). Therefore, in 1991, individuals that grew 

faster between days 1-6 were more likely to survive through 

dispersal. However, the difference between mean OG of 

larvae and juveniles was only three microns (which equated 

to 0.15 mm of TL based on regression presented in Table 

3.2), and some juveniles grew as slowly as the slowest- 

growing larvae. 

Correlation of OG among periods. 

In 1990, OG during days 7-12 was negatively correlated 

with OG during days 25-50 (r=-0.43, P<0.02, Table 3.3) but 

was not significantly positively correlated between any two 

periods (all r < 0.22, all P > 0.10). In 1991, OG was 

positively (though weakly) correlated among all adjacent 

periods (all r > 0.32 and < 0.57, all P < 0.02) and between 

Gays 1-6 and days 13-24 (r = 0.35, P < 0.01). Comparisons 

between all other periods did not yield significant 

correlations (P > 0.05). These results indicated that fast- 

growing individuals during early periods in 1990 were not 

more likely to grow fast during later periods. In 1991, the 

fastest growers during any period were somewhat more likely 

to grow fast during the next period, but that advantage 

generally did not extend further into time. 
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Table 3.3. Results of Pearson's correlation analysis of 
absolute otolith growth among growth periods during 1990 and 
1991. 

Day 1-6 

Day 7-12 

Day 13-24 

Day _ 25-50 

Day 1-6 

Day 7-12 

Day 13-24 

Day 25-50 

Day 1-6 
(n=54) 

r=1.00 

Day _ 1-6 
(n=76) 

r=1.00 

(n=54) 

=-0.05 
P>0.20 

r=1.00 

1990 
  

Day 7-12 

1991 
  

(n=76) 

r=0.44 

P<0.01 

r=1.00 

95 

Day 7-12 

Day 13-24 

(n=54) 

r=0.20 
P>0.10 

r=0.10 
P>0.20 

r=1.00 

Day 13-24 
(n=76) 

r=0.35 

P<0.01 

r=0.56 

P<0.01 

r=1.00 

Day 25-50 
(n=26) 

r=-0.09 

P>0.20 

=-0.43 
P<0.02 

r=0.22 
P>0.20 

r=1.00 

Day 25-50 

(n=53) 

r=0.25 

P>0.05 

r=0.26 

P>0.05 

r=0.32 

P<0.02 

r=1.00



Relationship of OG and mean temperature. 

In 1990, OG during days 13-24 was positively correlated 

with the mean temperatures individuals experienced during 

that period (r = 0.44, P < 0.01), but the two variables were 

not significantly correlated during any other period (all P 

> 0.10, Table 3.4). In 1991, OG and mean temperature were 

correlated during all periods (all r > 0.37, all P < 0.01, 

Table 3.4). These results indicated that fast-growing 

individuals in 1990 did not always experience the warmest 

thermal regimes, but warm temperatures did promote faster 

growth in 1991. 

Relationship of degree days and growth with swim-up date. 

During both years, total degree-day accumulation was 

negatively correlated with swim-up date (r < -0.71, P < 

0.01) at the time of the first collection (Table 3.5) and at 

the time of the second collection (r < -0.67, P < 0.01). 

Also during both years, TL at the time of collection was 

negatively correlated with swim-up date at the time of the 

first collection (r < -0.43, P < 0.01) and uncorrelated at 

the time of the second collection (all P > 0.05). 

These results indicated several interactions between 

swim-up date and growth rate. Although late spawned 

individuals in both years accumulated more degree- 

days/growth period (Figure 3.1), they generally did not 

overcome the total degree-days accumulated by early spawned 

individuals. In 1990, the degree-days accumulated by early- 

spawned individuals did not guarantee that they would 

maintain the growth advantaged achieved by being spawned 

earlier. Temperature and OG were not closely related that 

year, so the probability of an individual being a large 

juvenile at the end of the summer did not appear to depend 

on the time of spawning or the thermal regime experienced. 
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Table 3.4. Pearson correlation coefficients resulting from 
comparisons between absolute otolith growth with mean 
temperature during each growth period during 1990 and 1991. 
During each year, the sample sizes for the first three 
growth periods were equal (n=54 in 1990, n=76 in 1991), but 
were lower for comparisons during Days 25-50 (n=26 in 1990, 
n=53 in 1991). 

Growth Period (Mean Temperature) 

Year Days 1-6 Days 7-12 Days 13-24 Days 25-50 
  

1990 0.18 0.17 0.44 0.31 

(P>0.10) (P>0.20) (P<0.01) (P>0.10) 

1991 0.37 0.64 0.61 0.45 

(P<0.01) (P<0.01) (P<0.01) (P<0.01) 
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Table 3.5. Results of Pearson's correlation analyses of 
swim-up date with total degree days accumulated, and total 
length (TL) of juveniles at the time of collection. 
Comparisons were made among juveniles collected during each 
sampling period (indicated by month) of 1990 and 1991. 

Swim-up date 

Swim-up date 

    

      

1990 1991 

July (n=38) May (n=38) 
Degree Days TL Degree Days TL 

r=-0.72 r=-0.55 r=-0.94 r=-0.44 

P<0.01 P<0.01 P<0.01 P<0.01 

August (n=16) 

  

Deqree Days TL 

r=-0.68 r=-0.43 

P<0.01 P>0.05 
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June (n=38) 

  Degree Days TL 

r=-0.71 r=0.01 

P<0.01 P>0.20



In 1991, early and late spawned individuals had an equal 

probability of being large at the time of the second 

collection because late spawned individuals consistently 

grew more quickly in warmer thermal regimes. So while 

early-spawned individuals accumulated more degree-days over 

time, individuals spawned later accumulated more 

growth/degree-day in the warmer thermal regimes. 

Juvenile size near the end of the growing season. 

The distribution of TL observed for juveniles in August 

1990 (n=77) did not differ from the distribution observed 

for juveniles in 1991 (n=48, x* = 4.63, P > 0.09). The 

proportion of medium-sized juveniles (55-75 mm TL) in 

samples were nearly identical for both years (Figure 3.4). 

Although the 1990 sample was collected approximately one 

week later in August than the 1991 sample, juveniles in 1990 

were only off the nest 7-8 weeks while juveniles in 1991 

left the nest 11-12 weeks before sampling. Therefore, the 

results indicated that juveniles spawned in 1990 and 1991 

were approximately the same size at the end of their first 

summer, despite the fact that juveniles spawned in 1991 

effectively had a longer growing season. 

Discussion 

Larval smallmouth bass (and larval fish in general) are 

thought to experience lower mortality rates when they grow 

fast (Miller et al. 1988) and are therefore more likely to 

survive through their first growing season. Furthermore, 

age-0 smallmouth bass that grow fast early in life are 

generally assumed to maintain higher rates of growth than 

the rest of their cohort (DeAngelis et al. 1991) and are 

considered more likely to survive their first winter (Oliver 

et al. 1979). Given these premises, individual smallmouth 
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observed between August 7-15, 
Juveniles were grouped in 5-mm categories based on their 
estimated total length. 

100 

Xx? = 4.63 [] 1990 (N=78) 

60- P> 0.09 1991 (N=48) 
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Figure 3.4. Size distributions of juvenile smallmouth bass 
1990, and August 2-4, 

 



bass would benefit from any factor that promotes their 

growth early in life. 

This study was designed to examine each how well those 

premises applied to age-0 smallmouth bass in the North Anna 

River. The results suggested several general conclusions. 

First, fast growing larvae were not more likely to survive 

to the juvenile stage. Next, when temperatures remained 

below 22-23°C, individuals that grew in warmer temperatures 

grew faster during comparable life stages. Above 22-23°C, 

variation in growth was not related to temperature, and was 

also unrelated to previous growth rates. Finally, 

individuals that gained a growth advantage were not insured 

of attaining a size advantage by the middle of the growing 

season. 

In the following sections, I will discuss the evidence 

that supports these conclusions and the consequences they 

allude to. The general idea I will try to communicate is 

that individual age-0 smallmouth bass did not necessarily 

benefit from high growth rates during their early stages of 

life. Instead, timing of spawning, prevailing thermal 

regimes, and individual variation in temperature-independent 

growth rates interacted to give all individuals an equal 

chance of being among the largest or smallest members of the 

cohort by the middle of the growing season. 

Larval growth and survival. 

The results of this study indicated that larger brood 

larvae were not more likely to survive to the juvenile 

stage. The mean OG during days 1-6 differed slightly 

between larvae and juveniles in 1991 (equating to a small 

difference in TL), and the mean radii of otoliths from 

juveniles were smaller than that of larvae in 1990. In both 

years, OG before day 6 varied substantially more among 
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juveniles than among larvae. This suggested that no portion 

of the size-range of brood larvae was excluded from 

surviving to the juvenile stage. 

It is possible that size-dependent mortality occurred 

before day 6 and was therefore not detectable with 

collections of larvae made after day 6. However, in all 

cases larvae were guarded by the male parent between swim-up 

and day 6. Parental defense greatly decreases the 

susceptibility of larvae to predation (Neves 1975, Ridgeway 

1988), so it is more likely that most larval mortality 

occurred after dispersal from the brood site. The results 

of this study indicated that mortality during dispersal was 

probably not dependent on size. 

The relationship between survival and growth rate of 

larval fish is apparently strongest when larval densities 

are high (Elliott 1989a, 1989b, Houde 1989). Nesting 

densities of smallmouth bass during 1990 and 1991 were low 

(approximately 1/150 m of stream length) relative to 

densities reported in other studies (Pflieger 1966, Goff 

1985, Hoff 1991, Reynolds and O'Bara 1991) which suggested 

that larval densities were low, and may explain why growth 

rates were not closely related to larval survival. 

Timing, temperature, and growth rates. 

I examined two years that exhibited very different 

interactions among prevailing environmental conditions and 

growth rates. Therefore, I will discuss the results of 1990 

and 1991 separately. Afterward, I will discuss how such 

different years could produce juvenile cohorts with almost 

identical size distributions at the end of the growing 

season. 
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1990. 

In 1990, most successful spawning occurred after 

temperatures exceeded the threshold of 22-23°C. The fastest 

growing individuals during any life stage were not 

necessarily growing in higher temperatures and were not 

necessarily the fastest growers during any previous life 

stage. The probability that an individual would be among 

the largest members of the cohort at the end of any life 

stage was primarily a function of their growth rate during 

that life stage and not previous growth. Therefore, the 

individual that grew slowest as a larvae could potentially 

be the largest member of the cohort by the end of the 

summer. This year represented a scenario where most age-0O 

growth occurred in optimal temperatures, and differences in 

growth rate at each life stage were probably attributable to 

difference in foraging success (Figure 3.5). 

Model simulations of first-year growth and survival of 

smallmouth bass (DeAngelis et al. 1991) predicted that 

individuals that gained an early growth advantage would 

maintain relatively high growth rate, consistently occupy 

the largest portion of the size distribution, and be more 

likely to survive throughout the growing season. However, 

these individuals occurred more frequently in simulations 

that assumed age-0 densities were high (> 300 juveniles/ha). 

In these simulations, larger individuals were assumed to be 

better competitors for resources (Miller et al. 1988, Miller 

et al. 1992) and more likely to survive periods of resource 

scarcity (Elliott 1990). In contrast, I never observed more 

than 30 juveniles/ha in transect counts that covered 80% the 

area in study sites used in Chapter 1, so I would assume 

that juvenile densities in the North Anna River during 1990 

and 1991 were low relative to those examined in the model 

Simulations. Fast growers may not have been consistently 
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Figure 3.5. In 1990, spawning occurred when temperatures 
had stabilized above 25°C. Growth rates were high and 
unrelated to thermal regime. In 1991, bass spawned when 
temperatures were low and increasing. Growth was slow and 
individuals experiencing the warmest thermal regimes grew 
fastest, but early spawned juveniles accumulated slow growth 
over time. Rapid growth in 1990 compensated for the longer 
growing season of 1991. 
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better competitors for resources in these low densities. 

Instead, all individuals had an equal chance of locating 

stores of resources and temporarily benefitting from their 

exploitation. 

I developed this explanation by examining some of the 

evidence presented in Chapter 2. Age-0O smallmouth bass were 

feeding on benthic invertebrates, which vary in density both 

spatially and temporally (Angermeier 1985). Therefore, an 

individual's ability to exploit food resources depended 

heavily on its ability to consistently locate areas with 

high densities of benthic invertebrates. Individuals may 

have improved their chances of finding profitable areas by 

recognizing habitat characteristics associated with 

profitability, or their chances may have depended upon their 

location in the river at a point in time and the 

availability of profitable areas around them. Neither 

mechanism is size-dependent, so all individuals in the 

cohort had the potential of finding and exploiting 

profitable resources. 

1991. 

In 1991, all successful spawning occurred in 

temperatures below the threshold of 22-23°C. During each 

life stage, early spawned individuals consistently grew in 

colder temperatures than those spawned later. Consequently, 

individuals growing in cold temperatures consistently grew 

more slowly during each life stage. By the middle of the 

growing season (the time of the second collection), early 

and late spawned individuals had an equal chance of being 

among the largest members of the cohort. Those spawned 

early had accumulated more days of growth, and those spawned 

later grew at higher rates for shorter periods of time. 

This year represented a scenario where temperature regimes 
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maintained consistent differences in relative growth rates 

among individuals, but timing of spawning and size- 

independent mortality allowed slow-growers to attain the 

same size as fast-growers by accumulating growth over a 

longer period of time (Figure 3.5). 

Previous investigators concluded that temperature does 

significantly affect the growth of juvenile smallmouth bass. 

The growth rate of a juvenile smallmouth bass increases 

asymptotically with increases in water temperature until 

achieving a maximum potential growth rate at approximately 

26°C (Horning and Pearson 1973) and maintaining high, though 

variable growth rates until reaching 33°C (DeAngelis and 

Coutant 1979, Wrenn 1980). This would explain why growth 

rates increased with increasing mean temperature in 1991 but 

not in 1990. 

The initiation of spawning for smallmouth bass spawn is 

triggered by changes in both photoperiod and temperature 

(Cantin and Bromage 1991), but they generally begin to spawn 

in the North Anna River soon after temperatures exceed 15°C 

(Lukas 1993). It seems strange that smallmouth bass should 

begin spawning that early because their offspring would grow 

Slowly in such low temperatures. Among other species that 

spawn in thermally dynamic habitats, individuals that spawn 

early are less likely to successfully reproduce because 

their offspring grow slowly and experience higher mortality 

rates (Rice et al. 1987). The difference in the North Anna 

River was that fast growth was not associated with higher 

survival. Therefore, all individuals had an equal 

opportunity to survive and continue to grow over time. 

Results of these scenarios and a conceptual model of growth. 

The size distributions of juvenile smallmouth bass in 

August generally did not differ between the two years. I 
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observed proportionally more large individuals (> 80 mm TL) 

in 1991 than in 1990, but the majority of juveniles observed 

during both years were medium sized (55-75 mm TL). Because 

the time of spawning differed between the two years but 

temperature regimes were fairly similar, this result 

suggests that most of the early growth accumulated by age-0 

smallmouth bass in 1991 was relatively insignificant. 

Individuals in 1990 were able to attain as much growth ina 

shorter (though consistently warmer) growing season. 

This result suggests that timing of spawning, thermal 

regime, and mortality interact to determine the 

characteristics of the age-0 smallmouth bass that survive to 

the end of their first growing season. In streams and lakes 

where mortality is not size based, the individuals surviving 

to the end of the growing season could have been spawned 

early and grown slowly for a long period of time, or spawned 

later and grown relatively fast for a shorter time (Figure 

3.6). In systems where mortality was strongly dependent on 

size, the characteristics of juveniles at the end of the 

growing season would depend on when spawning occurred. If 

spawning occurred while temperatures were below 22-23°C and 

increasing, early spawned individuals would suffer higher 

mortality, and most juveniles surviving to the end of the 

growing season would probably have been spawned relatively 

late and grown in warmer temperatures. If spawning occurred 

after temperatures exceeded 22-23°C, then the juveniles that 

survived to the end of the summer were probably better 

foragers or were initially placed in more profitable areas, 

but did not necessarily grow in higher temperatures. 

This conceptual model imparts some important 

management implications for smallmouth bass in the southern 

portion of their range. The results of this study indicate 

that in the southern portion of their range, age-0 
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Figure 3.6. Conceptual model of how the mechanism of 
mortality, time of spawning, and temperature regime interact 
to affect the probability that individuals will survive to 
the end of their first growing season. In systems where 
larval mortality depends on size, larvae that grow fast 
should experience less mortality. If spawning occurs while 
temperatures are less than 22-23°C, individuals that grow in 
the coldest temperatures (typically spawned earliest) should 
grow slowest and experience the highest mortality. If 
spawning occurs in temperatures higher than 22-23°C, then 
growth does not depend on temperature, and either early or 
late spawned individuals may grow fast and survive. In 
systems where mortality does not depend on size, all 
individuals have an equal chance of surviving to the end of 
the growing season regardless of when they were spawned or 
how fast they grew. 
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smallmouth bass can achieve good growth even in a year when 

spawning is delayed. Additionally, in the North Anna River, 

it was unusual for any individual to attain a growth 

advantage that extended through time. Therefore, in 

southern rivers with low density populations of smallmouth 

bass, management efforts designed to encourage spawning 

early in the season (e.g. stabilizing flows in regulated 

rivers, special harvest regulations in early spring) may not 

improve recruitment success. However, smallmouth bass are 

distributed widely throughout North America, and their 

natural range extends into Quebec. In these northern areas, 

where the growing season is short and water temperatures 

rarely reach the optimal range for growth of smallmouth 

bass, a delay in initiation of spawning can result in poor 

recruitment because juveniles do not reach the minimum size 

needed to survive their first winter (Oliver et al. 1979, 

Shuter 1980). 
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CHAPTER 4 

Effect of Foraging Success and Hunger on Foraging Behavior 

of Juvenile Smallmouth Bass 

Introduction 

The premises of optimal foraging theory suggest that 

animals can improve their foraging success by increasing the 

profitability of items in their diet (Werner and Hall 1974), 

selecting the most profitable patches to forage in (Smith 

and Dawkins 1971), abandoning searches in unprofitable 

patches sooner than in profitable patches (Krebs et al. 

1974), and increasing their encounter rate with profitable 

patches and profitable items in a patch (Beukema 1968, 

Thomas 1974). Individuals that successfully accomplish any 

or all of these should improve their ability to exploit 

scarce resources and increase their fitness within the 

population. However, if the relative profitability of 

specific actions varies in space and time, then foraging 

success may depend on an individual's ability to react to 

environmental cues that signal a change in the relative 

profitability of an action (Krebs and Inman 1992). 

These tenants of optimal foraging theory provide a 

conceptual framework for understanding the consequences of 

habitat use. Indeed, much of the application of this theory 

to fish has involved trying to predict their habitat use and 

determining the long-term consequences of habitat selection 

(Fraser and Sise 1980, Werner et al. 1983a, 1983b, Persson 

and Greenberg 1990). For example, drift-feeding salmonids 

typically try to occupy the habitats in a stream where they 

can maximize the difference between their intake rate and 

the energy they expend to maintain position (Fausch 1984, 

Hughes and Dill 1990). If only a limited number of these 

profitable positions are available, salmonids establish 
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social hierarchies that prohibit subordinate individuals 

from entering areas where they would gain their maximum 

energetic profit (Abbot et al. 1985, Grant 1990, McNicol and 

Noakes 1981). Dominant individuals change positions as 

points of maximum food delivery change within streams 

(Gotceitas and Godin 1992) but subordinates remain in 

unprofitable locations. Therefore, the carrying capacity of 

salmonids in a stream is thought to be at least partially 

determined by the availability of microhabitats where they 

can forage most optimally (Chapman 1966, Horwitz 1978, 

Bachman 1984, Morhardt and Mesick 1988). 

This hierarchy is established among salmonids very 

early in their development (Wankowski and Thorpe 1979, Grant 

and Noakes 1988, Gotceitas and Godin 1992), and because very 

few individuals move more that 50 m during their first 

growing season (Heggenes et al. 1991) the first individuals 

to establish dominance may gain an advantage that 

subordinates cannot compensate for. Therefore, the keys to 

foraging success in juvenile salmonids are the ability to 

recognize the characteristics of profitable positions ina 

local area and the ability to maximize the time they spend 

in these positions by excluding competitors. Individuals 

that succeed in these actions establish and maintain a 

growth advantage over other individuals in their population. 

Some of the same principles that apply to juvenile 

salmonids may also apply to age-0 smallmouth bass feeding on 

benthic invertebrates. In Chapter 2, I determined that 

juvenile smallmouth bass feeding on benthos could improve 

their foraging success by occupying shallow microhabitats (< 

60 cm) with moderate to fast current velocities (> 10 cm/s). 

This result suggested that individuals would benefit if they 

recognized the characteristics of profitable microhabitats. 

The results of Chapter 3 indicated that when age-0 
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smallmouth bass gained a growth advantage early in life they 

did not necessarily maintain that advantage through time. 

This suggested that the juveniles that occupied profitable 

areas at one point in time could occupy relatively 

unprofitable areas at a later time, either because the 

profitability of the area they were in decreased or because 

they were forced to abandon their profitable area. 

Therefore, juvenile smallmouth bass would also benefit from 

search behaviors that minimized the amount of time they 

spent in unprofitable patches and increased their encounter 

rate with profitable patches. 

Because food resources vary both spatially and 

temporally in streams, the behaviors that juvenile 

smallmouth bass employ while searching for profitable 

patches may determine which individuals will find food most 

frequently. Specifically, the ability to recognize 

profitable habitats may be the most significant aspect of a 

profitable search. However, it is likely that this ability 

varies among individuals (Ringler 1983) because individuals 

vary in their age and experience (Godin 1978), internal 

factors that motivate foraging (e.g. hunger, Bryan 1974, 

Milinski 1985), and in inherited traits that affect foraging 

ability (Trexler 1990). It is also possible that the 

availability of their food resource is so inherently 

variable that the profitability of decisions made by 

juvenile smallmouth bass is essentially a matter of chance. 

By examining the results of Chapters 1, 2, and 3, I 

formed some hypotheses about the foraging behavior of age-0O 

smallmouth bass in the North Anna River. The assumption 

underlaying these hypotheses was that growth rate depended 

on foraging success. The empirical evidence indicated that 

foraging success was a function of microhabitat use (Chapter 

2), not all juveniles were occupying profitable habitats 
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(Chapter 1), and the same individuals were not always 

occupying profitable habitats (Chapter 3). While a number 

of factors could force individuals into a profitable area 

(e.g. competition with conspecifics, presence of predators), 

I hypothesized that juvenile smallmouth bass have inherent 

characteristics of their foraging behavior that cause them 

to move out of profitable patches. I also thought it 

possible that hungry individuals might forage differently 

from satiated juveniles and thereby increase their chances 

of foraging successfully. In this way, all juveniles would 

experience periods of successful and unsuccessful foraging, 

and rapid and slow growth, and the cause would lie within 

the inherent behavior of the individual. 

The primary objective of this study was to determine 

the effect of foraging success on foraging behavior of 

juvenile smallmouth bass. I was particularly interested in 

how foragers searched for food in a patchy environment and 

the effect of success on foraging behavior. I attempted to 

reproduce the consequences of the habitat shift I observed 

in the river by restricting age-O smallmouth bass to 

habitats with relatively uniform depths and low velocities 

for an extended period and then forcing them to enter a 

habitat with variable depths and higher velocities in order 

to find food. With this experimental design, I hoped to 

determine if juveniles could learn to identify a new habitat 

aS a more profitable foraging site and how likely they were 

to occupy that habitat when they no longer obtained food 

there. If juveniles did not necessarily associate habitat 

variables with increased foraging success, then they would 

not be able to recognize certain microhabitats as inherently 

more profitable and therefore would occupy unprofitable 

areas on occasion. 
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A secondary objective was to test the effect of hunger 

on foraging strategies. If hungry individuals were more 

likely to search an area in a manner that increased their 

chances of encountering a profitable patch, then short-term 

foraging success might well be a function of hunger. In 

such a case, individuals that had foraged poorly most 

recently might be more likely to inhabit the most profitable 

areas of the stream in a short time. 

Methods 

Fish Collection and Maintenance | 

Larval smallmouth bass (12-18 mm) were collected with 

dip nets from three broods in the North Anna River on 19 and 

28 May, 1992, and transferred to the laboratory where they 

were placed in 38-L aquaria that were individually aerated. 

Temperatures in the aquaria were allowed to vary with 

ambient air temperature but always ranged between 19-25°C, 

which should have supported intermediate or good growth 

rates for juvenile smallmouth bass (Horning and Pearson 

1973). Each smallmouth bass was fed 10 live tubifex worms 

twice each day, and all were raised in aquaria for at least 

34 days before I used them in experiments. Total lengths of 

juveniles used in experiments ranged between 25-48 mm. 

The bottoms of all aquaria were covered with gravel 

(0.5-2 cm in diameter) to a depth of 2-3 cm. Each aquarium 

was divided in half with a piece of opaque, perforated 

plexiglass, and one juvenile was placed in each half. 

Visual contact among juveniles provoked agonistic behaviors, 

SO aquaria were surrounded with black plastic to visually 

isolate juveniles from each other and from activity outside 

of the aquaria. Light entered aquaria through the top only, 

and all aquaria received 14 hours of light each day. 
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Experimental Stream 

Behavioral experiments were conducted in a circular 

laboratory stream (Figure 4.1) that was divided into 12 

habitat patches. Patches were smaller than natural 

habitats, but previous studies revealed that fish placed in 

this artificial stream exhibited similar behaviors to fish 

observed in natural streams (Angermeier 1992). Temperature 

in the stream was allowed to fluctuate with ambient air 

temperature (range 19-25°C) and overhead fluorescent lights 

provided illumination. I attempted to create an environment 

where habitat patches were visually isolated from each 

other, so that when juveniles decided to abandon a patch 

they had to enter another patch in order to inspect it. 

There were three categories of habitat patches available in 

the stream: pools, mazes, and riffle-pool complexes. 

The bottoms of all habitat patches were covered with 2- 

3 cm of gravel. There were four pools in the tank; one was 

located at each bend in the stream. Each pool was 1.2 m 

a and wide, 40 cm deep, covered approximately 2.0 m 

contained mean water column velocities that ranged between 

0-4 cm/s (mean of 12 measurements = 0.1 cm/s). The longest 

(2-m) straight sections of the tank were converted into two 

riffle-pool complexes that covered approximately 1.7 m*. 

The upper halves of these sections were constricted to a 

channel 0.6 m wide and 12 cm deep, and the lower halves were 

1.2 m wide and 40 cm deep. Water drawn from outflow vents 

on the bottom of two pool sections was injected through six 

jets into the upper half of each riffle/pool complex. This 

process increased the range of mean water-column velocities 

in the upper halves of the complexes to 4-31 cm/s (mean of 

16 points = 13 cm/s). Mean velocities in the lower halves 

of the complexes ranged between 0-13 cm/s (mean of eight 

points = 3 cm/s). To provide cover in these patches, I 
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Figure 4.1. Experimental arena for testing the effects of 
foraging success on search strategy of juvenile smallmouth 
bass. Pools approximated the low-velocity conditions of the 
tanks in which juveniles were held before being placed in 
the arena. The large black boxes represent obstructions I 
placed in the arena to reduce the width and depth of the 
adjacent section of the stream channel. Velocities were 
raised in these constricted sections of the riffle-pool 
complexes by spraying water from the jets. 
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placed a concrete block (19 cm X 19 cm X 40 cm) in each pool 

and in the lower halves of the riffle-pool complexes. 

Mazes were located at each end of all pools and riffle- 

pool complexes. The entrances to mazes were 15 cm wide and 

adjoined the inside wall of the tank, and the maze channel 

(20 cm wide) passed through one 180° turn between entrances. 

The entrances to each maze could be blocked with a screen 

that allowed water to flow through but prevented juveniles 

from moving among patches. Water depth in all mazes was 34 

cm, and mean velocities ranged between 0-13 cm/s (mean of 16 

points = 6 cm/s). Mazes visually isolated each patch from 

all others, but I also considered them a separate habitat 

type because their shaded channels and unique hydrologic 

characteristics could have attracted juvenile smallmouth 

bass (Sechnick et al. 1986). 

Clear plexiglass panels lined the inside wall of the 

stream and provided a full view of the water column. An 

opaque blind was suspended within the inner wall of the 

stream, extending from 0.5 m above the tank downward to the 

floor. I only observed fish in the stream when I was within 

this blind. I could observe fish in pool and maze sections 

by peering over the blind, but observed fish in riffle 

sections by looking at the plexiglass panels through slits 

in the blind. 

1. Effect of foraging success on foraging behavior. 

Experimental trials. I randomly assigned 20 juveniles to 

either control or treatment groups (n=10 for each group) for 

the first experiment. Only one fish occupied the artificial 

stream each day during this experiment. Each fish was put 

through two trials of the experiment in one day. 

The night before an experimental trial, one juvenile 

was transferred from an aquarium to a pool in the artificial 
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stream. Transfer at night was less stressful for the fish 

than transfer during the daytime because juveniles were 

generally lethargic at night. I transferred juveniles in 

plastic bags filled with water from their aquaria, and 

allowed bags to float in the stream for ten minutes to 

acclimate juveniles to the stream temperature before 

releasing them. Fish experience physiological stress from 

handling of this type (Mazeaud et al. 1977) but they can 

usually recover from the perturbation of homeostasis within 

five hours if handling is minimized (Wedemeyer 1972). 

Screens at the maze entrances prevented the juvenile 

from leaving the pool until trials began on the morning 

after a transfer. At the start of a trial, screens were 

removed from the mazes adjoining the pools, and the juvenile 

was allowed free access to two pools, three mazes, and one 

riffle-pool complex (i.e. half the stream) for two hours. I 

recorded the time juveniles spent in each patch and what 

patch they entered each time they exited a patch. After two 

hours, I used a dip net to guide the juvenile into a pool in 

the other half of the stream, and blocked the maze entrances 

so that the juvenile could not leave that pool. Another 

two-hour trial was conducted 2-3 hours later. After the 

second trial the juvenile was netted and returned to the 

aquarium. 

Juveniles in the control group did not receive food in 

any patch during either the morning or afternoon trial. 

During the morning trials, juveniles in the treatment group 

received food immediately upon entering a riffle-pool 

complex and at five-minute intervals as long as they 

remained in the riffle-pool complex. The ration size was 

five live tubifex worms released from overhead and 

approximately 0.1m upstream of the juvenile. Treatment 
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group fish did not receive food in any patch during the 

afternoon trial. . 

Food was added to only the riffle-pool complex for 

several reasons. The juveniles used in this study had only 

occupied environments (in both the river and the laboratory) 

that contained relatively uniform depths and low velocities. 

Therefore, they had only foraged in environments with those 

characteristics. In order to find food in this experiment 

they would have to enter a habitat with variable depths and 

higher velocities (i.e. a novel habitat). With this 

experimental design, I hoped to determine if juveniles could 

learn to identify a new habitat as a foraging site and how 

likely they were to occupy that habitat when they no longer 

obtained food there. By comparing how juveniles in 

treatment and control groups used riffle-pool complexes I 

also hoped to determine if juveniles innately preferred or 

avoided these novel habitats. | 

Foraging indices and statistical analyses. I assessed the 

effect of foraging success on three aspects of foraging 

behavior: the number of patches juveniles used, the number 

of times they changed their patch use, and the percent of 

time they occupied riffle-pool complexes. The number of 

patches used provided insight into how widely juveniles 

ranged when searching for food, and the number of switches 

between patches indicated how long juveniles occupied 

patches. Because riffle-pool complexes were the only 

patches that I released food into, the percent of time 

juveniles spent in those patches indicated how foraging 

success affected patch use. 

I compared the observed trends in all three variables 

between the first and second hour of each trial for 

juveniles in the control and treatment groups. The purpose 
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of this analysis was to determine if characteristics of 

foraging behavior changed as juveniles became familiar with 

their environment. While all foraging behaviors would prove 

equally unsuccessful for trials with control group fish, 

individuals in the treatment group would profit by gradually 

narrowing their search during the morning trial to only the 

riffle-pool complex. During the afternoon trial, all 

foraging behaviors would prove equally unsuccessful for 

treatment group fish but only one patch contained the 

habitat variables they most recently associated with 

foraging success. I used two-tailed, paired t-tests (alpha 

level = 0.05 for all tests) to detect if individuals in the 

control or treatment groups demonstrated consistent 

increases or decreases between hours in the number of 

patches searched, frequency of patch switching, and percent 

use of riffles. 

I also compared the foraging behavior (in terms of the 

three variables mentioned above) of control and treatment 

fish during the second hour of each trial. If juveniles in 

control and treatment groups foraged differently during the 

second hour of the morning trial, it would indicate that 

spatial variability of the food resource affected foraging 

strategies. Differences between the behavior of control and 

treatment groups during the second hour of the afternoon 

trial would suggest that juveniles can associate habitat 

variables with foraging success. I used two-sample t-tests 

to compare the mean values of the variables and two-sample 

F-tests to compare variances of the three variables between 

control and treatment groups. 

2. Effect of hunger on foraging behavior. 

Experimental Trials. The primary hypothesis that was tested 

in this experiment was that hunger level could affect search 
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behavior and use of profitable and unprofitable patches ina 

heterogeneous environment. I randomly assigned 28 juveniles 

(from the same group used in the previous experiment) into 

two treatment groups (n=14 in each group) representing two 

different hunger levels. Each fish was held in the aquaria 

for at least 14 days between experiments, so I considered 

that when juveniles were placed in the arena for either 

experiment they were being placed in an unfamiliar habitat. 

For two days before they were placed in the stream for 

a trial, juveniles in one group (the satiated group) were 

fed twice their normal ration (40 tubifex worms/day). 

Juveniles in the other group (the hungry group) were fed 

half their normal ration (10 tubifex worms/day) two days 

before they were placed in the stream, and 10% of their 

normal ration (2 worms/day) the day before their transfer. 

In this experiment, two fish (one from each treatment 

group) occupied the stream during each trial, and one trial 

was conducted for each treatment group in one day. 

Juveniles were kept separate from each others at all times 

while in the stream. On the night before trials, I 

transferred juveniles from the aquaria into separate pools 

in the stream. I used the same transfer procedures that 

were described earlier. Entrances to the mazes adjoining 

the pools were blocked so that juveniles could not leave the 

pools. 

The next morning I randomly selected which juvenile 

would be tested first. Screens were removed from the pool 

containing that juvenile and it was allowed to move among 

all patches except the pool containing the other juvenile. 

I released five tubifex worms into the riffle immediately 

after a juvenile entered the riffle-pool complex and every 

five minutes thereafter as long as they remained in the 
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complex. I recorded the amount of time juveniles spent in 

each patch and where they moved when they abandoned a patch. 

After one hour, the first juvenile was guided back into 

the pool it was originally placed in and the entrances to 

that pool were blocked. Screens were removed from the pool 

containing the second juvenile and the trial was repeated. 

Both fish were removed from the stream at the end of the 

trials. 

If differences in search pattern or riffle use existed 

between treatment groups they should have been easiest to 

detect during the first hour of searching. Therefore, I 

only examined the first hour of patch use by each juvenile. 

I did not repeat trials for the juveniles in the afternoon 

because their feeding in the morning affected the difference 

in hunger levels between groups. 

Foraging indices and statistical analysis. I used the same 

variables that were used in the previous analysis to 

determine the effect of hunger on foraging behavior. I 

tested for differences between satiated and hungry juveniles 

by comparing the means (two-sample t-test) and variances 

(two sample F-test) observed for each variable by the two 

groups. Differences would indicate if hunger level affected 

the range of patches juveniles searched, and their duration 

in patches while searching for food. The comparisons would 

also indicate if hunger level affected how quickly juveniles 

could locate and exploit food resources that were only 

available for a limited time. 

I also examined how long it took juveniles to abandon 

the patch where they began a trial. This comparison 

indicated if either group was more likely to abandon a 

familiar habitat and move to unseen habitats. I used a two- 

sample t-test to test for differences between the mean time 
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it took juveniles in each treatment group to abandon the 

first patch. 

Results 

General description of foraging behavior. 

Juveniles varied in the way they searched the arena and 

used the available patches (Table 4.1). During the first 

experiment, juveniles occupied 1-6 patches/hour (median = 

3), switched their patch use 0-31 times each hour (median = 

6), and spent 0-100% of their time each hour in riffle-pool 

complexes (median = 28%). 

More patches were available during the second 

experiment (although in the same proportion), so the ranges 

for each of the statistics mentioned differed from what was 

observed during the first experiment (Table 4.2). Juveniles 

occupied 1-11 patches/hour (median = 4), enacted 0-16 

switches/hour (median = 6), and spent 0-78% of their time in 

riffle pool complexes (median = 9%). Time to first movement 

between patches varied from 1-60 minutes (median = 9). 

Some foraging characteristics remained constant during 

both experiments. Juveniles were always able to detect 

tubifex worms when I released worms into the riffle-pool 

complex, and always ate at least one of the worms when they 

were released. Juveniles spent much of their time in pools 

and mazes inspecting the walls of the arena, and in riffle- 

pool complexes they primarily inspected the substratum or 

maintained position at a focal point. Most individuals used 

cover objects infrequently and rarely hid in shaded maze 

habitats. However, some juveniles did spend a significant 

portion of their time searching the walls of mazes. 
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Table 4.1. Mean number of patches used each hour, switches 
made each hour, and percent time spent in riffle-pool 
complexes during each hour of each trial for juveniles in 
control and treatment groups of Experiment 1. Variances 
associated with means are presented in parentheses. 

    

  

Trial 1° Trial 2° 
Group Variable Hour 1 Hour 2 Hour 1 Hour 2 

Control Patches 3.0 3.1 4.1 3.9 

(n=10) (3.11) (3.66) (3.66) (2.77) 

Switches 7.4 8.8 7.8 10.2 

(59.82) (99.51) (33.29) (56.18) 

% Riffle 19.5 33.1 22.2 24.5 

(564.63) (1180.13) (491.38) (270.57) 

Treatment Patches 3.3 2.7 3.2 4.0 

(n=10) (1.79) (1.79) (3.50) (2.43) 

Switches 6.7 3.8 7.2 10.4 
(17.34) (9.96) (63.96) (76.27) 

% Riffle 29.5 62.3 24.2 38.7 

(694.64) (1426.50) (743.11) (887.03) 
  

“Trial 1 - juveniles in treatment group were fed in riffle- 
pool complex during both hours. 

Trail 2 - juveniles in both groups received no food in any 
patches during either hour. 
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Table 4.2. Mean number of patches used each hour, switches 
made each hour, percent time in riffle-pool complexes, and 
time to first switch observed for satiated and hungry 
juveniles in Experiment 2. 
are presented in parentheses. 

Variances associated with means 

  

Variable 

Patches 

Switches 

% Riffle 

First Move 

(min) 

Treatment Group 

Satiated 

(n=14) 

4.9 
(7.15) 

7.3 
(29.30) 

16.8 
(448.80) 

16.6 
(354.87) 

Hungry 

(n=14) 

3.6 
(1.63) 

7.0 
(15.38) 

25.6 
(1095.10) 

14.6 
(280.56) 
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1. Effect of foraging success on foraging strategy. 

Number of patches used. Fish in the control group did not 

change the number of patches they used between the first and 

second hours during either the morning (t = -0.20, P > 0.84) 

or afternoon trials (t = 0.80, P > 0.44). Juveniles used 

between 1-6 patches during each hour of the control trials 

(Figure 4.2), and medians ranged between 2.5-4 during all 

hours. Similarly, during the morning trial, treatment-group 

fish did not use a different number of patches during the 

first hour than they used during the second hour (t = 1.33, 

P > 0.20) although juveniles occupied a smaller range of 

patches during the second hour (Figure 4.2). During the 

afternoon trial, juveniles in the treatment group increased 

their patch use during the second hour of the experiment (by 

0.7 patches on average, t = -2.45, P < 0.04), although 

juveniles used between 1-6 patches in both hours. 

Juveniles in the control and treatment groups used the 

same number of patches (on average) during the second hour 

of both the morning (t = -0.54, P > 0.59) and afternoon 

trials (t = 0.14, P > 0.89). Additionally, variation in the 

number of patches used did not differ between groups during 

the morning (F = 2.04, P > 0.15) or afternoon trials (F = 

1.13, P > 0.43). These results implied that juveniles did 

not change the number of patches they used when all patches 

became unprofitable. Juveniles in the treatment group did 

not alter the number of patches they used when food was 

released into the riffle-pool complex, but after all patches 

became unprofitable again they increased the number of 

patches used to a number similar to that exhibited by the 

control group. 

Number of switches between patches. Individuals in the 

control group maintained (on average) the same rate of 
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switching between patches during both hours of the morning 

(t = -0.65, P > 0.53) and afternoon trials (t = -1.98, P > 

0.07). The narrowest range of switches made during any hour 

by juveniles in the control group was 0-16, and the maximum 

range was 0-30 (Figure 4.3). During the morning trial, 

juveniles in the treatment group decreased the number of 

switches they enacted (mean decrease = 2.9) between the 

first and second hours (t = 3.06, P < 0.02). Treatment 

group juveniles increased the number of patch switches they 

made (mean = 3.2) between the first and second hour of the 

afternoon trial (t = -3.64, P < 0.006). 

Treatment and control groups enacted the same number of 

switches (on average) during the second hour of both the 

morning (t = -1.51, P > 0.05) and afternoon trials (t = 

0.10, P > 0.95). The rate of patch switching was 

significantly more variable within the control group than 

within the treatment group during the second hour of the 

10.00, P < 0.001). During the afternoon morning trial (F 

trial, variances did not significantly differ between 

control and treatment groups (F = 1.36, P > 0.33). These 

results indicated that successful foraging caused juveniles 

to reduce their rate of patch switching. When all patches 

became unprofitable, the rate and variation of patch 

switching among treatment group juveniles increased to 

levels similar to the control group. 

Use of riffle-pool complexes. Juveniles in the control 

group spent the same percentage of time in riffle-pool 

complexes during the first and second hours of both the 

morning (t = -1.33, P > 0.21) and afternoon trial (t = - 

0.37, P > 0.71). The range of times that control-group 

juveniles occupied riffles generally decreased throughout 

the day (Figure 4.4), from a maximum of 0-90% during the 
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second hour of the morning trial to a minimum range of 0-40% 

during the second hour of the afternoon trial. Treatment- 

group fish increased their use of riffle-pool complexes by 

an average of 32.9% (t = -3.25, P < 0.01) during the morning 

trial. During the afternoon trial, juveniles in the 

treatment group did not change the amount of time they spent 

in riffles between the first and second hours (t = -1.35, P 

> 0.21), and individuals displayed wide variation (0-65% in 

first hour, 0-83% in second hour) in their use of riffles. 

While treatment-group individuals increased their use 

of riffles during the morning trial, their use of riffles 

during the second hour of that trial was not significantly 

different (t = 1.81, P > 0.08) or more variable (F = 1.21, P 

> 0.39) than the use of riffles by juveniles in the control 

group. Mean use of riffles did not significantly differ 

between treatment and control groups during the afternoon 

trial, but the treatment group did exhibit more variable use 

of riffles than the control group (F = 3.28, P < 0.05). 

Therefore, foraging success in riffle-pool complexes caused 

juveniles to increase their use of riffle-pool complexes 

over time. When riffles became unprofitable, juveniles 

varied in their use of riffles. Some individuals exhibited 

an initial preference for riffles even when riffles were not 

profitable, but all individuals generally decreased their 

use of riffles if they remained unprofitable. 

2. Effect of hunger on foraging behavior. 

Satiated juveniles did not differ from hungry juveniles 

in the mean number of patches used (t = -1.62, P > 0.10), 

mean number of switches (t = -0.84, P > 0.40) or mean 

percent of time in riffles (t = -0.16, P > 0.87). Hungry 

individuals displayed a smaller range than satiated 

individuals did in the number of patch switches made (Figure 

131



4.5). However, only the variance in the number of patches 

used differed between hungry and satiated groups (F = 4.38, 

P < 0.006) and not variance in the number of switches (F = 

2.44, P > 0.06) or percent time in riffles (F = 1.90, P > 

0.12). Other than a tendency for satiated fish to vary more 

in the amount of area they searched, there was little 

evidence that differences in hunger level promoted 

differences in foraging strategy in the tank. 

On average, individuals in the satiated group took 

longer to abandon their original patch than individuals in 

the hungry group did (Table 4.2) but the difference was not 

statistically significant (t = 0.36, P > 0.76; equal s*, P > 

0.34). The minimum time to patch abandonment was one minute 

in both treatment groups, and both groups had individuals 

that did not abandon the original patch after 60 minutes 

(Figure 4.5). Other than their slightly lower time to 

abandonment, fish in the hungry group did not exhibit a 

greater disposition towards patch abandonment than satiated 

fish did. 

Discussion 

These experiments were designed to determine if 

characteristics of foraging behavior could explain some of 

the temporal variation in growth observed among age-0 

smallmouth bass (Chapter 3). I hypothesized that aspects of 

microhabitat selection could account for some of the 

observed variation because both microhabitat use and 

energetic profitability of microhabitats varied in the North 

Anna River (Chapters 1 and 2). This hypothesis depended on 

the assumption that smallmouth bass would occasionally 

abandon the most profitable microhabitats, enter 

unprofitable areas, and consequently suffer a period of poor 

growth. The results of this experiment indicated that 
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variation in food availability coupled with individual 

variation in foraging behavior could cause smallmouth bass 

to abandon profitable habitats. This finding does not imply 

that juveniles only move among microhabitats in response to 

foraging success, only that inherent characteristics of 

their foraging behavior make if difficult for individuals to 

consistently forage in the most profitable areas when 

availability of their food resource varies. 

Optimal policies have the property that "whatever the 

initial state and initial decision are, the remaining 

decisions must constitute an optimal policy with regard to 

the state resulting from the first decision" (Bellman 1957). 

Given this context, the inherent characteristics of foraging 

employed by juvenile smallmouth bass frequently cause 

individuals to deviate from optimality over the long tern. 

The erroneous decisions that juveniles make appear to result 

from spatial and temporal variation in food availability in 

their environment and individual differences in foraging 

behavior. Over time, the cumulative effect of poor foraging 

decisions could lead to short periods of slow growth that 

commonly occurred among smallmouth bass in the North Anna 

River. 

Spatial and temporal variation in food availability. 

In Experiment 1, juveniles were allowed to access six 

patches in the morning but only received food when they 

entered one patch. In the afternoon, juveniles did not 

receive food in any patch. When juveniles located the 

profitable patch in Experiment 1, they usually stayed in it, 

which indicated most juveniles were trying to use habitats 

that promoted faster growth. When all patches became 

unprofitable, juveniles did not consistently occupy a patch 

with the same habitat characteristics as the patch that had 
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been profitable earlier. They did generally revert to the 

same search pattern they used earlier in the day. These 

results indicated that when food resources varied spatially 

and temporally, juveniles may sometimes have foraged in 

areas that are consistently unprofitable because they did 

not associate habitat characteristics with profitability 

(McNamara and Houston 1985, Green and Nunez 1986). 

Fish can be conditioned to recognize certain 

environmental cues as rewarding (Gleitman and Rozin 1971), 

so why did the juvenile smallmouth bass in this experiment 

not associate variable depths and high velocities with food? 

A possible explanation is that while some species of fish 

respond to conditioning training quickly, smallmouth bass do 

not. In one negative-reenforcement conditioning experiment, 

adult smallmouth bass exhibited the correct response at most 

only 44% of the time (Coble et al. 1985). Additionally, in 

the experiment I conducted, juvenile smallmouth bass were 

not presented with a simple choice between positive-negative 

reenforcement. Instead their choice was complicated by 

maintaining no reward in two types of patches, and making 

the reward inconsistent in the third type. 

In the North Anna River, the choice becomes even more 

complex, as juveniles must decide between a number of 

microhabitats that support different probabilities of 

foraging success. While an individual may benefit most by 

concentrating its efforts in only one type of microhabitat, 

there will be times when that microhabitat yields no reward. 

In such circumstances, fish do not concentrate their efforts 

in a profitable area to the exclusion of all others, but 

instead respond to the most recent positive or negative 

reenforcement (Bitterman et al. 1958, Behrend and Bitterman 

1961, 1966). Therefore, in an environment where food 

resources vary both spatially and temporally, juvenile 
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smallmouth bass could be expected to occasionally abandon 

consistently profitable areas. Depending on the 

juxtapositioning of microhabitats in the river and their 

preferred search pattern (see next section), it may take a 

significant amount of time for a juvenile to encounter 

another high profit area. 

Fish may cause their food resources to vary both 

spatially and temporally in streams by depleting local prey 

densities (Angermeier 1985). Because the juveniles I 

observed in the river primarily fed on benthos (Chapter 2), 

it is possible that they temporarily eradicated food 

resources in areas where they had been foraging, thereby 

creating frequent variation in availability. Similar 

changes in availability also result when prey organisms 

alter their behavior in the presence of a predator (Stein 

1979, Persson and Diehl 1990). Because these sources of 

short-term variation occur in stream systems, juvenile 

smallmouth bass may have difficulty associating habitat 

characteristics with energetic profitability in natural 

environments. Ringler (1979) proposed that similarly 

frequent, short-term changes in food availability caused 

brown trout to occasionally deviate from a profitable diet. 

The effects of food availability on habitat selection 

can also be affected by an environment's spatial 

organization. Modelling analyses have demonstrated that if 

the area within a predator's daily home range varies only 

Slightly in profitability, but varies widely over a larger 

scale, the predator cannot always assess what area it should 

occupy to optimize their energy intake (Bernstein et al. 

1991). While I did not examine this principle in the 

laboratory study (juveniles could easily enter and assess 

all available habitats within the experimental time limit) 
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it could apply in the North Anna River, where pool habitats 

100 m long are not uncommon. 

In the river, juvenile smallmouth bass searched for 

food in one area for a short time and then moved to a new 

foraging location (Chapter 2). This strategy of saltatory 

searching has been documented for many predators (O'Brien et 

al. 1990, O'Brien and Evans 1991, Browman and O'Brien 1992) 

and results in sampling of microhabitats within a larger 

habitat block. Because of the limited availability of 

riffle and run habitats (the most profitable habitat) in the 

river, juveniles would only sample them infrequently, 

perhaps only once every few days. When they did enter 

riffles and runs, juveniles might remain there longer 

because of their higher profitability (Thomas 1974, Brown 

1982, Turchin 1991), but a short-term decline in 

profitability could cause them to reenter the pool habitats 

they previously abandoned. 

This scenario could explain both the observed habitat 

distribution of juveniles and their occasional periods of 

poor growth. During early life stages, age-0 smallmouth 

bass were not familiar with large sections of the river, and 

once they abandoned a riffle or run they may have taken 

several days to locate a similar habitat (assuming random 

movement). Therefore, while juveniles were most frequently 

observed in riffles and runs because they were less likely 

to abandon those profitable habitats, they could remain in 

pools several days (and grow slowly as a consequence) while 

they searched for more profitable habitats. 

Individual variation in foraging strategy. 

During Experiment 1, searching behavior varied more 

among individuals when they did not receive food in any 

patch than when they received food in one patch, and this 
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variation provided insight into how individuals searched for 

food in unprofitable areas. There were always some 

juveniles in the control group that used all available 

patches and some that never exited the original patch. 

Likewise, in all trials there were some individuals that 

approached one patch switch per minute and some that never 

moved between patches. This suggested that some individuals 

waited for conditions in a patch to change, while others 

made cursory searches for food in all available patches, and 

the rest adopted an intermediate strategy. 

Consider how these various search strategies might 

affect an individual's foraging success in the North Anna 

River. As I mentioned earlier, most of the available 

microhabitats in the river were relatively unprofitable. An 

individual that thoroughly searched each area would probably 

have a long residence time in profitable microhabitats and 

consequently would enjoy a long period of good growth. 

However, if it abandoned the profitable area, it could take 

a relatively long time to locate another profitable site, 

and its growth rate would decline in the interim. An 

individual that searched microhabitats more cursorily might 

encounter profitable areas more frequently but would 

probably also abandon them more rapidly. Either case would 

cause an individual to exhibit alternating periods of 

relatively fast and slow growth. 

Juveniles in the control group of Experiment 1 

initially varied in their use of riffle sections, but usage 

became more similar among individuals over time. Even 

during control trials there were always some individuals 

that remained in the riffle for a higher proportion of time 

than suggested by its availability (approximately 33% of the 

tank area), and some individuals that did not enter the 

complex. Therefore, some individuals may have innately 
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preferred habitat variables in the riffle-pool complex, 

while others avoided those variables if no food was present. 

Individuals that previously fed in riffles were more likely 

to remain in the riffle than those that never fed in that 

patch (personal observation). 

When food was added to the riffle-pool complex, the 

variation among individuals declined because most moved into 

the complex and remained there. However, even during these 

trials there were some individuals that would occasionally 

abandon the riffle complex and search adjoining patches for 

brief periods. Additionally, some individuals never entered 

the riffle-pool complex and, therefore, could not discover 

that food was present. 

Differences in age and experience may explain some of 

the variation in the search strategies employed by juveniles 

in this study and in the river (Godin 1978, Colgan et al. 

1986). However, all individuals used in these experiments 

were approximately the same age and fed on the same diet 

within similar habitat conditions for a minimum of four 

weeks prior to the trials. Therefore, I attribute the 

observed variation in foraging in this study and in the 

river to heritable traits that predispose how individuals 

will forage (Trexler 1990) or to what Thomas (1977) 

characterized as "internal state and motivational factors". 

The latter could include hunger (see discussion below), but 

also include differences in experience (Brown 1982, Thomas 

1974) or positions in social hierarchies (Grant and Noakes 

1987, Nielsen 1992). Because juveniles did not interact 

with each other in holding tanks or the experimental arena, 

it is unlikely that they established hierarchical systems in 

this study. However, behavioral characteristics that 

contribute to the establishment of hierarchies may 
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predispose individuals to exhibit particular foraging 

behaviors. 

In some circumstances, hunger may affect the 

physiological performance of fish (Dabrowski 1986, Mikheev 

et al. 1992) or otherwise motivate individual fish to employ 

different search patterns (Bryan 1974, Laurence 1972, 

Milinski 1985), but the results of Experiment 2 did not 

indicate that hungry and satiated juveniles foraged 

differently. While hungry juveniles varied less in terms of 

number of patches used, they did not show a greater 

propensity towards abandoning unprofitable patches or 

remaining in profitable ones. However, this experiment only 

examined differences in foraging behavior that occurred over 

a relatively short time and at a small spatial scale. 

Experimentation on the long term effects of hunger on 

foraging strategy may detect relationships that my 

experimental design could not discern. But at the spatial 

and temporal scale I examined, it appeared that hunger did 

not significantly affect foraging behavior. 

Individual specialization on prey or foraging 

strategies have been documented for a variety of stream 

fishes and this specialization might cause some individuals 

to forage less efficiently than others. Individual brook 

trout (Salvelinus fontinalis) specialize on specific food 

items and are reluctant to feed on other prey even when the 

relative availability of their preferred food declines 

(Bryan and Larkin 1972, Allan 1981). Some juvenile 

smallmouth bass also exhibit narrow diet breadth (Easton 

1992). Additionally, cyprinids occasionally abandon 

profitable feeding positions to enter unprofitable areas 

without being influenced by the density or aggression of 

conspecifics (Fraser and Sise 1980, Freeman and Grossman 

1992). 
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If food resources vary in space and time, a behavior 

that appears profitable at one point in time may prove 

unprofitable at other times. Therefore, stream fish may 

frequently deviate from a behavior considered "optimal", 

when foraging in heterogeneous environments (Ringler 1979, 

1983). Changing foraging tactics may not substantially 

improve foraging success unless individuals can quickly 

assess food availability and rapidly modify their behavior. 

Recent studies of coho salmon suggest that few individuals 

in a population are capable of this kind of behavioral 

plasticity (Nielsen 1992). Additionally, occasional 

inspection of patches that are normally unprofitable can 

increase foraging success when the result is exploitation of 

resources that would not be available unless they abandoned 

consistently profitable areas (Fraser and Sise 1980, Krebs 

and Inman 1992). 

Conclusions. 

The clearest implication of this study was that 

juvenile smallmouth bass exhibited a variety of search 

patterns while searching for food in patches of varying 

profitability. Individuals varied in their ability to 

associate certain habitat characteristics with profitability 

but generally did not prefer patches with those 

characteristics after they no longer received food there. 

Starved and satiated juveniles exhibited few differences in 

their foraging behavior, suggesting that the use of 

particular search patterns are affected more by innate 

differences in behavioral predispositions among individuals. 

An individual's foraging success may depend upon an 

interaction of the variability of food resources in their 

environment and the foraging behavior they employ. In 

extremely variable environments, all search patterns could 
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prove unprofitable at some times and profitable at others. 

In such a case, the availability of consistently profitable 

habitats in a lotic environment may significantly affect the 

growth rates of juvenile smallmouth bass. 

The results of this study suggest that conclusions 

generated from studies of drift-feeding salmonids (e.g. 

Fausch 1984, Hughes and Dill 1990) may not be applicable to 

other species of fish. Juvenile smallmouth bass in the 

North Anna River relied on benthic food resources, and the 

densities of benthic invertebrates in streams were affected 

by discharge in a way that is different from the effect of 

discharge on densities of drifting invertebrates (Gore and 

Judy 1981, Orth and Maughan 1983, Ward 1992). While the 

location of profitable drift-feeding stations changes almost 

instantaneously as discharge changes, the densities of 

benthic invertebrates in microhabitats occurs over a longer 

time scale and may relate back to biological or 

environmental factors that were present weeks or even months 

earlier. Therefore, at a given discharge, juvenile 

smallmouth bass cannot depend on a single microhabitat as 

always being profitable but must search areas and rely on 

their ability to appraise the profitability of microhabitats 

at a given moment. 
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SUMMARY AND MANAGEMENT IMPLICATIONS 

The results of this study established that the growth 

of age-0 smallmouth bass in the North Anna River was 

directly affected by their microhabitat use. Age-0 

smallmouth bass used shallower habitats and occupied higher 

velocities more frequently as the summer progressed, and 

these were the most energetically profitable microhabitats 

in the river. Because there were always some individuals 

using less profitable areas, it was possible that there was 

only a limited amount of profitable microhabitat available. 

If so, only a fraction of age-0 cohort could occupy the most 

profitable areas. These individuals could achieve and 

maintain a growth advantage over all other members of the 

cohort, and they would be more likely to survive through the 

rest of the growing season and over winter. In this way, 

the carrying capacity of the population could conceivably 

have depended on the profitable microhabitat available to 

the age-O cohort. 

However, the growth rate of age-O smallmouth bass 

during any life stage was typically not related to growth 

during a previous life stage. The exception to this rule 

was that below a threshold of 22-23°C, individuals that grew 

in warmer thermal regimes grew fastest. This growth 

advantage did not continue after temperatures stabilized 

above the threshold. The data suggested that most 

individuals grew relatively fast at some stage in their 

development but did not necessarily maintain that growth 

advantage through all subsequent life stages. Assuming that 

a period of fast growth was associated with high foraging 

success and foraging success depended on microhabitat use, 

then it would appear that most individuals used profitable 

microhabitats at some point in their life but that few 

consistently occupied profitable areas. 

143



Characteristics of their foraging behavior and food 

resource may explain the tendency of age-0 smallmouth bass 

to abandon profitable microhabitats and experience a period 

of poor growth. In the North Anna River, age-0 smallmouth 

bass were feeding on benthic invertebrates. Environmental 

stochasticity coupled with losses to predation could cause 

densities of benthic invertebrates to vary in even the most 

profitable microhabitats. In laboratory microhabitats, age- 

O smallmouth bass tended to assess the potential 

profitability of an area by the foraging rate they achieved 

there. They did not linger in an area unless they foraged 

well at the time they searched it and did not appear to 

identify sites as potentially profitable based on their 

physical characteristics. In the river, most of the 

microhabitats available were relatively unprofitable, so an 

individual that abandoned a profitable area might (depending 

on its foraging strategy) spend a significant time in 

unprofitable microhabitats and consequently reduce its 

growth rate. 

Based on these results, I drew several conclusions 

about how growth of age-0 smallmouth bass in the North Anna 

River and similar systems could be enhanced through 

regulation of discharge. Because age-0O smallmouth bass 

occupy a variety of microhabitats through their first 

growing season, they might benefit from flows that 

maintained a variety of microhabitats. However, managers 

should consider that age-0O smallmouth bass attained their 

best foraging success in only a subset of usable 

microhabitats. First-year growth rates might be increased 

by making the most profitable microhabitats more available. 

In this way, age-0 smallmouth bass would encounter 

profitable microhabitats more frequently regardless of the 

search strategy they employed. 
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However, the physical characteristics of a river may 

limit the effectiveness of this strategy. For example, in 

the North Anna River, the shallow, high-velocity 

microhabitats that are the most profitable foraging 

locations can only occur (no matter what the flow is) within 

short sections where the gradients change rapidly. 

Therefore, the amount of profitable microhabitat changes 

only slightly over a wide range of discharges. 

Manipulating flows to increase the overall productivity 

of benthic invertebrates may improve the growth rates of 

age-O smallmouth bass in warmwater streams. Flow regimes 

can directly affect densities of benthic invertebrates in 

streams (Gore and Judy 1981, Orth and Maughan 1983), so 

Managers could develop strategies of flow manipulation that 

increase the food resource (rather than living space) 

available to age-O smallmouth bass. In the North Anna 

River, most of the change in benthic densities that would 

result from flow manipulation would probably occur in 

shallow, high-velocity areas (i.e. the most profitable 

microhabitats). This strategy would probably not increase 

the availability of profitable microhabitats or the 

probability that age-0 smallmouth bass would encounter a 

profitable microhabitat. Instead, this strategy would 

attempt to increase the amount of successful foraging and 

residence time of age-0 smallmouth bass in profitable 

microhabitats. This would increase the growth rates they 

attained while they occupied profitable areas and increase 

the duration of time they achieved high growth rates. 

I would not predict that improving growth rates of age- 

0 smallmouth bass would necessarily improve their 

recruitment in the North Anna River or in any other system 

supporting low densities of smallmouth bass. Based on my 

observations, most of the mortality appeared to occur soon 
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after larvae dispersed from the nest, so the causes of 

mortality at that time must be studied in more detail before 

a strategy can be developed to increase the number of 

juvenile smallmouth bass in the river. However, individuals 

that grow well in their first year will retain more stored 

energy over winter and begin consuming more profitable prey 

(e.g. fish, crayfish) sooner that individuals that grow more 

slowly. Therefore, enhancing the growth of age-0O smallmouth 

bass could still improve the recreational value of 

smallmouth bass fisheries by improving growth rates early in 

life. 
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Appendix 1. 

APPENDICES 

microhabitat descriptions. 

Substrate Category 

Silt/Clay 
Sand 

Small Gravel 
Gravel 

Pebble 

Cobble 

Boulder 
Flat bedrock 

Fractured bedrock 
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Size ranges of substrate categories used in 

Size Range 

64-150 mm 
150-1000 mm 
Flat plane 
Extending into 

Water Column



  

Points in Interquartile Points in 

  

  

      

        

1.5*IQR Range 1.5*IQR 

, | 

Median Outlier 

0 2 4 6 8 10 

Appendix 2. Format for box plots. The box represents the 
interquartile range (IQR) and the vertical line designates the 
median. The horizontal lines cover all data points within the 
range of 1.5 times the IQR added to the upper and lower 
boundaries of the IQR. Dots designate points outside this 
range. 
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