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ABSTRACT

SPATIAL DYNAMICS, STAGE-STRUCTURE, AND THE PREDATOR-PREY

INTERACTIONS OF LARGEMOUTH BASS (MICROPTERUS SALMOIDES)

TIMOTHY EDWIN ESSINGTON

Under the supervision of Professor James F. Kitchell

At the University of Wisconsin-Madison

Largemouth bass are important predators in lake ecosystems, exerting strong top-down
control on fish communities. Although the effect of bass on fish communities is well known,
there is only marginal understanding of the underlying processes dictating bass predation
rates. For example, the spatial aspects of bass-prey interactions are poorly understood.
Moreover, bass are often components of complex food webs, where bass both prey upon and
compete with other fishes owing to stage-structured population dynamics. Iexplored the
interactions between bass and their prey by considering three distinct questions: 1) How do
predator-prey interactions affect fish spatial distributions and habitat use ? 2) Is satiation an

important constraint on bass predation rates ? 3) Can complex food webs lead to alternate
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stable states in bass and prey abundance? I combined long-term data analysis, whole-lake
manipulations, and modeling analysis to explore how predator-prey interactions dictate fish
distributions, and the consequences of these distributions for bass predation. At high prey
densities, bass do not seek out aggregations of prey, but instead follow a fixed behavior
pattern that creates a non-random distribution of predation risk. This behavior creates a
refuge for prey in the locations uncommonly inhabited by bass. This simple anti-predator
behavior becomes an important constraint on bass predation rates. As a consequence, bass
predation rates are always well below their physiological maximum, even when prey are
abundant. Lastly, I developed a general model of intraguild predation in stage-structured
populations. This model suggests that intraguild predation promotes alternate steady states,
where populations are alternately controlled by predation or competition. However,
likelihood of such steady states depends on the intensity of density-dependent processes.
Collectively, these results highlight the importance of individual behavior in mediating

population-level phenomenon, and the importance of stage-structure in predator-prey
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interactions.
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CHAPTER I

THESIS INTRODUCTION

Predation is a powerful force structuring many ecological communities. Examples of
predators exerting top-down control of community structure are diverse, ranging from insects
in agricultural fields (Croft 1990) to killer whales in kelp forests (Estes et al. 1998).
Although the importance of top-down control continues to be debated by some (McQueen et
al. 1989; Osenberg and Mittelbach 1996), the key issue is not whether top-down control
occurs, but rather identifying the conditions under which top-down control is important
(Hunter and Price 1992). For example, Strong (1992) argued that top-down control is more
common in aquatic than terrestrial ecosystems. Indeed, fish do control prey abundance in
diverse aquatic environments (rivers: Power 1990; oceans: Shiomoto et al. 1997; Verhey and
Richardson 1998; lakes: Hrbdcek et al. 1961; Brooks and Dodson 1965; Carpenter et al.
1987; Northcote 1988; Lyons and Magnuson 1987; Tonn et al. 1992). Further, piscivorous
fishes can induce trophic cascades (Carpenter et al. 1987), where suppression of one trophic

level cascades down food webs, leading to alternatively predation-limited and resource-



limited trophic levels. Apex piscivores can thereby control primary production (Carpenter
and Kitchell 1993) and are often keystone species (sensu Paine 1966; Power et al. 1996).

In freshwater lakes, largemouth bass (Micropterus salmoides) is a keystone predator
owing to its ability to extirpate small-bodied fishes and induce trophic cascades (Carpenter et
al. 1985; He et al. 1993; Mittelbach et al. 1995). By eliminating planktivorous fishes, bass
allow large-bodied cladoceran grazers such as Daphnia spp. to flourish, and thereby reduce
algal productivity (Carpenter et al. 1985, 1987; Carpenter and Kitchell 1993). This
phenomenon has been documented in experimental lakes (Carpenter et al. 1987) and in lakes
following bass winterkill (Hall and Ehlinger 1991; Mittelbach et al. 1995). However, others
have noted only limited effects of bass predation on food webs (Ramcharan et al. 1995), and
DeMelo et al. (1992) argued that such trophic cascades are uncommon. These discrepancies
suggest that bass predation is a variable and complex process. Thus, research focusing on the
mechanisms by which bass are able to control prey populations may provide key insights into
why top-down control varies across lakes.

A diversity of processes may govern top-down control by bass. Schindler et al. (1997)
argued that bass maintain numerical dominance over prey by virtue of their opportunistic
foraging capabilities. This allows bass to maintain high population densities in the absence
of preferred prey, so that bass can rapidly extirpate potential colonists when they become
available (Shindler et al. 1997). This argument implies that bass are able to consume prey at
high rates when available. However, the constraints on bass predation rates and the shape of
the functional response are not known. Thus, the extent that the functional response varies is

not known, nor by extension, is how predation rates vary across lakes.



Bass also have a pronounced ontogenetic response. Bass undergo abrubt diet shifts as
they grow, primarily consuming zooplankton and small benthic invertebrates in early stages,
shifting to larger invertebrates and finally to fish in later stages (Keast and Eadie 1985;
Olson 1996; Johnson and Post 1996). Bass adults consume a wide range of diet items,
including benthic invertebrates, bivalves, terrestrial vertebrates and fish (Keast 1985;
Hodgson and Kitchell 1987; Hodgson et al. 1993; Schindler et al. 1997). However, when
fish are available, they are the preferred prey (Keast 1985; Hodgson and Kitchell 1987).
These ontogenetic niche shifts present the opportunity for complex trophic interactions
between bass and their prey, because juvenile bass often must compete with prey for shared
resources (Olson et al. 1995). The outcome of species interactions in these stage-structured
populations may be considerably more complex than simple predator-prey systems.

Finally, prey fish exhibit strong behavioral responses to bass by inhabiting refuges
(Werner et al. 1983; Mittelbach 1986; Werner and Hall 1988; He and Kitchell 199C; He et al.
1993). Structurally complex habitats, such as macrophytes and coarse woody debris are
important refuges for prey. Although these refuges reduce predation risk (Savino and Stein
1982; Anderson 1984), intra- and interspecific competition is typically intense in these
habitats (Werner et al. 1983; Mittelbach 1984,1986; Persson and Eklov 1995). These
behavioral responses have important indirect effects, which can feed back to affect
competitive interactions between prey fishes (Mittelbach 1984; Mittelbach and Chesson
1987; Persson 1988; He and Wright 1992; Turner and Mittelbach 1992). Variation in fish
responses to bass predation likely is mediated by the abundance and types of refuges

available for prey.



These numerical, functional, ontogenetic, and behavioral responses pose a myriad of
means by which top-down control by bass may vary among lakes. Further complexity is
added by considering that many of these processes interact with each other. For example,
the functional and behavioral responses are linked because prey behavioral responses should
reduce predation rates. These two phenomena, in turn, feed back to alter the numerical
response. Nowhere are these interactions more apparent than in the spatial dynamics of
predator-prey interactions. The functional and numerical responses of predators and prey are
profoundly affected by the spatial distributions of predators and prey (Hassell and Pacala
1990; Ives 1992; Murdoch et al. 1992; McCauley et al. 1996). The spatial distribution of
predators and prey, in turn, are strongly influenced by predator-prey interactions, both due to
numerical (Renshaw 1982) and behavioral responses (Sih 1984; van Baalis and Sabelis 1993;
Hugie and Dill 1994). Hence, analyses of the spatial aspects of predator-prey interactions
should provide important insights into the processes mediating top-down control by bass.

My thesis is divided into four main chapters, each of which addresses a separate aspect
of bass predator-prey interactions. Although each chapter can stand alone, there are
important links between the chapters. Chapter II and Chapter III evaluate how predator-prey
interactions, habitat, and individual movement patterns dictate the spatial distribution of bass
and their prey. Chapter IV places this work in a broader context by exploring the range of
predation rates by bass in an attempt to identify the important constraints on those rates.
Chapter V takes an even broader view of predator-prey interactions by evaluating how
complex food webs may affect community structure. Chapter VI then provides a synopsis of

these chapters and explores the links between the findings of each chapter.
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In Chapter II, I evaluate the roles of structural habitat and predator-prey interactions in

the spatial distribution of bass and their prey. Predicting how predators and prey distribute
within a lake is difficult, because any attempt on the part of predators to aggregate in regions
of high prey abundance should be matched by behavioral responses of prey to minimize
encounters with predators. Thus, the joint spatial distribution of predators and their prey
have been likened to a 'behavioral response race' (Sih 1984). Further, the correlation
between predator‘and prey distributions is highly scale dependent (Rose and Leggett 1990),
necessitating a multi-scale approach.

I performed a whole-iake experiment designed to test the hypothesis that prey fish
abundance is greatest in areas of high structural complexity, whereas bass abundance is
greatest in areas adjacent to highly complex habitats. I expected negative correlations
between predator and prey abundances at spatial scales coinciding with structurally complex
habitat, and positive correlations in bass and prey fish abundance at larger spatial scales.
Finally, I expected that transfocation of structurally complex habitat would result in large
shifts in the distribution of bass and their prey, but little change in the relationship between
local bass and prey abundance.

In Chapter III, I develop and test a model to evaluate the extent that individual
movement can predict the spatial distribution of bass in Long Lake, MI. This model is based
on approaches developed from the study of terrestrial insects (Karieva and Shigesada 1983;
Cain 1985). The key feature of this approach is that it considers how neutral and non-neutral
movement of individuals within landscapes produces spatial patterns in animal abundance. I

develop a movement model and parameterize it using data on bass movements derived from
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radiotelemetry. I then evaluate how well the model predicts the observed distribution of bass

in Long Lake.

In Chapter IV, I evaluate the functional response of bass in four Northern Wisconsin
lakes to determine the extent that satiation constrains bass predation rates. The numerical
response of predators and prey strongly depend on the shape of the functional response,
which is typically an asymptotic function of prey abundance. The asymptote is thought to
reflect constraints on handling time and satiation when predation rates become high.
However, handling time is not an important constraint for piscivores because they eat few,
large prey (Breck 1993).

Evaluating the functional response of fish in natural settings is difficult, and
experimental studies may suffer from unknown experimental artifacts. I develop an
approach to asses the importance of satiation from field data that uses integrated measures of
predation rates and estimates of the variability in daily predation rates. Ithen use
bioenergetic models to estimate predation rates of nearly 500 individual bass, and use data on
individual diet composition tc evaluate variability in daily predation rates. I combine these
analyses with an analytic functional response model to determine importance of satiation on
bass predation rates.

Finally, in Chapter V, I consider whether complex food webs can lead to multiple
steady states in stage-structured populations. Because bass undergo pronounced niche shifts
during ontogeny, bass juveniles commonly compete with their prey for food. Thus, bass both
prey upon and compete with prey, a phenomenon termed intraguild predation (Polis et al.
1989). For example, bass are important predators on juvenile bluegill (Swingle and Smith

1940), but juvenile bass directly compete with bluegill (Olson et al. 1996). This raises the
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possibility that these communities can exist in multiple steady states, alternatively dominated
by competition with prey juveniles or predation by adult bass. Although Holt and Polis
(1997) present a model of intraguild predation that predicts multiple steady states, their
model does not incorporate stage-structure, and therefore may not apply to the many
instances of intraguild predation in stage-structured populations.

In Chapter VI, I summarize and integrate the major findings of this dissertation. I
contend that spatial dynamics, prey-behavior, structural habitat, and the functional response
are tightly linked. The importance of structural habitat depends on the motivational state of
predators, which in turn, is dictated by the functional response. When bass predation rates
are low, bass should seek out prey aggregations, inducing refuge-seeking behavior by the
prey. When predation rates are high, bass no longer seek out aggregations of prey, thereby
creating a refuge in regions of the lake not commonly inhabited by bass. Finally, I contend
that stage-structured dynamics between bass and their prey potentially leads to complex
population dynamics, which could have important implications for management of bass

fisheries.
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CHAPTERII
HABITAT COMPLEXITY, PREDATOR-PREY INTERACTIONS AND THE SPATIAL

DISTRIBUTION OF LARGEMOUTH BASS AND ITS PREY

ABSTRACT

Fish distributions are dictated by predator-avoidance and prey-seeking behaviors, which in
turn, are mediated by prey refuges. I performed a large-scale manipulation of littoral habitat
in Long Lake, M1, to evaluate how the spatial distribution of largemouth bass (Micropterus
salmoides) and its prey are dictated by predator-prey interactions and structurally complex
habitats. I manipulated littoral habitat by translocating all structure (primarily leatherleaf
(Chamaedaphne calyculata) and coarse woody debris (CWD)) from 20% of the littoral zone
(removal zone) and placing it in a distant region of the lake (addition zone). I evaluated
habitat use and the correlation between adult bass, stickleback (Culea inconstans), bass YOY
and yellow perch (Perca flavescens) YOY distributions for six 24-hour periods before and
after habitat manipulation. Adult bass distributions were assessed by radiotelemetry and all
other fish distributions were assessed by fish traps positioned along the perimeter of the lake.
Bass were significantly aggregated at all scales prior to manipulation, but were weakly
aggregated after the habitat manipulation. However, this shift did not coincide with the

timing of habitat manipulation, and bass preferentially inhabited the removal zone before and
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after manipulation. Neither stickleback, bass YOY nor perch YOY preferentially inhabited

patches of leatherleaf, and only stickleback showed a positive correlation with CWD.
Predation risk was important in dictating prey fish distributions, as stickleback and bass YOY
distributions were negatively correlated with adult bass across a wide range of spatial scales.
In contrast, perch YOY, which were not an important prey item, were either not correlated
(pre-manipulation) or were positively correlated (post-manipulation) with adult bass. I
conclude that predator-prey interactions were important in dictating the spatial distribution of
prey and speculate that the high prey abundance in Long Lake made it unnecessary for bass
to associate in regions of high prey density. This behavior, in turn, created a refuge for prey
in the areas in which bass did not commonly inhabit, thereby diminishing the importance of

structurally complex habitat.

INTRODUCTION

The importance of predation risk for fish spatial distributions is well known. In the
presence of piscivorous fish, prey commonly inhabit refuges where predation risk is reduced
(Savino and Stein 1982; Anderson 1984), but intraspecific (Werner et al. 1983) and
interspecific (Mittelbach 1984,1986; Persson and EkI6v 1995) competition is increased. Prey
foraging success is often reduced in these habitats (Crowder and Cooper 1982; Diehl 1988,
1993), and fish may be more vulnerable to other forms of mortality, such as avian predation
or starvation (He et al. 1993). Consequently, behavioral responses to predation risk affect fish

growth (Diehl 1993), species interactions (Mittelbach 1934,1986; Persson 1991,1993;
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Turner and Mittelbach 1990; Persson and Eklov 1995), and recruitment (Walters and Juanes

1993).

Although the response of prey has been well documented, the response of piscivores to
predator-avoidance behaviors has received little attention. It is commonly assumed that
predators should aggregate in areas in which capture rates are greatest (e.g., Stephens and
Krebs 1986). However, predicting where these areas may be is difficult, because any attempt
on the part of predators to increase prey encounter rate should be matched by behavioral
responses of prey to minimize such encounters. Thus, the joint spatial distribution of
predators and their prey have been likened to a 'behavioral response race' (Sih 1984). Most
analyses of fish distributions consider the spatial distribution of prey or predators as fixed,
thereby ignoring the importance of this dynamic process.

van Baalan and Sabelis (1993) and Hugie and Dill (1994) developed game theory
models to predict how the behavioral 'game’ between predators and prey affects their joint
spatial distribution. When habitat types vary in terms of prey profitability, van Baalen and
Sabelis (1993) predict aggregated distributions of predators and prey, with predators
aggregating in regions of high prey abundance. When habitats vary in terms of predation
risk, Hugie and Dill (1994) predict negative associations between predators and prey, with
prey preferentially inhabiting safe habitats and predators preferentially inhabiting risky
habitats. However, neither of these theoretical analyses considered the complex array of
habitat types that may constitute refuges for prey fish (Walters and Juanes 1993).
Consequently, it is difficult to use these models to predict how fish are distributed in natural

settings.
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Theoretical and experimental treatments of predator-prey interactions have been
criticized because they rarely account for patterns of aggregation at scales larger than small
experimental units (Rose and Leggett 1990). Ecological patterns and processes are
inherently scale dependent (Weins 1989; Levin 1992), and correlations between predator and
prey abundance vary depending on the organizational (Ives et al. 1993), spatial (Schneider
1989; Rose and Leggett 1990; Logerwell et al. 1998) and temporal (Logerwell et al. 1998)
scale at which correlations are assessed. Consequently, small scale analyses of predator and
prey distributions may not capture important processes occurring at larger scales.

In this study, I performed a large-scale manipulation of littoral habitat to determine how
the spatial distribution of structural habitat influences the distribution of a piscivore,
largemouth bass (Micropterus salmoides), and its prey. Largemouth bass are important
predators in many lake ecosystems, exerting strong top-down control on prey fish population
and community dynamics (Tonn and Magnuson 1982; Carpenter and Kitchell 1993).
Moreover, prey exhibit pronounced behavioral responses to bass (Werner et al. 1983; Werner
and Hall 1988; He et al. 1993;), commonly seeking refuge in areas with high macrophyte
cover or other forms of structurally complex habitat (Werner et al. 1983; Mittelbach 1984,
1986). However, the effect of structural complexity on bass distributions is not clear
(Chapter IT). Consequently, the manner by which predator-prey interactions govern the
spatial distributions of bass and their prey, and how this processes is mediated by structurally
complex habitat is not known.

I manipulated the littoral habitat of a small lake by translocating all structurally complex
habitat along 20% of the shoreline to a distant portion of the lake. Iexpected that prey fish

abundance would be greatest in areas of high structural complexity, whereas bass abundance
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would be greatest in areas adjacent to highly complex habitats. This would lead to negative

correlations in predator and prey abundance at spatial scales coinciding with those of
structurally complex habitat, but positive correlations in bass and prey fish abundance at
larger spatial scales. Finally, I expected that translocation of structurally complex habitat
would result in large shifts in the distribution of bass and their prey, but little change in the

relationship between local bass and prey abundance.

METHODS
Study Siie

West Long Lake (hereafter referred to as Long Lake) is a 5.8 ha kettle lake located at
the University of Notre Dame Environmental Research Station, near Land O'Lakes, WL
Long Lake has a mean depth of 3.14 m, a maximum depth of 17.7 m, and thermociine depti
between 1.5 and 3 m. The western half of the basin is relatively deep and steeply sloped,
whereas the eastern half ('Central Long Lake'") is shallower (maximum depth 6 m) and
contains more extensive littoral area (Figure II-1). Structural cover exists primarily in the
form of emergent woody macrophytes (leatherleaf, Chamaedaphne calyculata) and coarse
woody debris (CWD). Other macrophytes are uncommon in Long Lake. The spatial
distributions of leatherleaf and CWD werc previously mapped (Chapter IT). Previous studies
on bass habitat use in Long Lake indicated that bass preferentially inhabitat shallow regions
and regions containing leatherleaf, but do not preferentially inhabitat cells with abundant
CWD (Chapter III).

The fish community consisted of abundant young-of-year (YOY) yellow perch (Perca

flavescens; estimated abundance=1,329, August 1998). Brook stickleback (Culea
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inconstans; no population estimate), largemouth bass, and smallmouth bass (Micropterus

dolomieu). YOY largemouth bass were very abundant (population estimate =12,703, August
1998). Long Lake experienced a partial fish winterkill in the winter of 1998, so 44
largemouth bass and 12 ,smallmouth bass were introduced from nearby lakes (East Long
Lake and Bay Lake) in late May 1998. Although bass densities were considerably lower than

those in neigboring lakes, largemouth bass were the numerically dominant piscivores.

Summary of sampling design.

I simultaneously assessed the distributions of bass and their prey over several 24 h
periods before and after manipulation of littoral habitat. Adult bass distributions were
determined by radiotelemetry, and prey distributions were determined by minnow traps
positioned along the shoreline at approximately 30 m intervals (Figure II-1). Pre-
manipulation data were collected during six 24 h periods from 23 June to July 14 1998,
approximately every 3 days. On 19-21 July, I manipulated the shoreline habitat by removing
all leatherleaf in the NE region of the lake (removal zone), and placing it in the SE region of
the lake (addition zone) (Figure II-1). Additionally, all CWD that could be moved was taken
from the removal zone and placed in the addition zone. The removal zone was selected
because of the high density of leatherleaf (70% of all leatherleaf in Long Lase was located
in this area), and previous telemetry studies (Chapter IIT) indicated that bass preferentiaily
inhabited this area. In contrast, the addition zone contained little leatherleaf and was rarely
visited by bass (Chapter II). Post-manipulation data were then collected for an additional six

24 h periods between 23 July and 13 Aug 1998.
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Description of Diet Data

Bass diet contents were sampled to identify which fish species were important prey
items. Bass were sampled approximately every three weeks via electroshocking or angling,
and stomach contents were collected using the procedure detailed in Hodgson et al. (1993).
Briefly, bass stomachs were flushed with a hand-held, pressurized sprayer. Stomach contents
were then passed through a 0.29-mm Nitex mesh concentrator, stored in individual vials, and
preserved in 95% ethanol. Stomach contents were identified, enumerated, and grouped into

19 prey categories previously described in Hodgson et al. (1993).

Description of telemetry data

I surgically implanted miniature (3 g) transmitters (Advanced Telemetry Systems
Model 202) into ten bass (mass 176-732 g) on 22 May 1998. Each transmitter had a unique
frequency, thereby allowing me to track the movement of individual fish. Fish were held for
three days following surgery to allow recovery and were then released into Long Lake on 25
May. Fish were allowed to acclimate for 29 days before I began collecting telemetry data.
Two bass died in mid summer, so I did not use data from these two fish for any analyses.

On each sample date, fish were located every 2 hours for 24 hours except between
00:00 and 06:00 hours, when bass are inactive (Essington, unpublished data). I chose 2 hr
sampling intervals because previous data on Long Lake bass movement (Chapter II)
suggested that this interval would adequately describe fish distributions while minimizing
tcmporal autocorrelation. Telemetry samples began at either 09:00 or 11:00, at least two
hours after setting fish traps (see below). To locate fish, I used a hand-help loop antenna and

a Fieldmaster receiver (Advanced Telemetry Systems) while patrolling the lake in a john
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boat equipped with a small electric motor. When I found a strong signal, I carefully

approached the fish, and when within approximately 20 m, triangulated to determine its
precise position. After locating a bass, the location was assigned to a pre-determined 10 x 10
m grid cell. [ marked the intersection between grid cells and the shoreline by surveying, and
fish were assigned to cells using these markers and approximating the distance offshore.
This procedure was repeated for each fish, and I could typically locate all fish within 30

minutes.

Description of Trap Data

Fish traps (height, 42 cm; diameter, 22.5 cm; mesh, 6 mm) were set at pre-determined
stations (Figure II-1) 2 h prior to collecting telemetry data. Traps were placed either on the
lake bottom or suspended from structure so that each trap was approximately 0.5 m below the
water surface, and at least 3 m from shore. Traps were retrieved immediately after the last
telemetry data were collected. All fish captured in traps were identified to species, counted,

and returned to the lake. Fish lengths were collected haphazardly throughout the summer.

Data Analysis

Statistical analyses of spatial distributions are more complex than conventional
statistics. For that reason, I present a detailed explanation of all statistical analyses in
Appendix I and briefly describe these analyses here. My general approach was to quantify
the intensity of aggregation of adult largemouth bass and prey fish on a daily (24 h) temporal
scale, and on longer (3-4 wk) temporal scales. These longer temporal scales were assessed

by pooling data from several consecutive sampling periods, chosen to represent periods
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during which individual prey species were abundant or periods coinciding with habitat

manipulation.

I used Ripley’s K statistic (Cressie 1993) to quantify aggregation (non-randomness) of
the observed spatial distributions. I denote this parameter K to distinguish it from the
bivariate form (K>) described below. Briefly, K; measures the number of neighbors for each
observation, where neighbor is defined as any other observation located within a circle of a
pre-defined radius (k). Because scale is explicitly defined (as #), aggregation can be
quantified at arbitrary scales. For my data, [ quantified aggregation at spatial scales ranging
from 10 m to 250 m. inference is drawn by comparing the observed K(k) to Monte-Carlo
simulations of Possion distributions, and calculating a standardized aggregation statistic,

K\(h)', where K (h)' = 1 indicates statistically significant aggregation at that scale, and K (4)'

<-1 indicates significant dispersion (see Appendix I).

For adult bass distributions, I calculated K(k) for telemetry data on each sample date,
and for the integrated distributions during the pre- and post-manipulation periods. My null
model accounted for the preference for littoral and pelagic habitats (see Appendix I), so
significant results indicate that the observed aggregation was greater than expected if bass
distributed themselves solely on the basis of these preferences. For each prey fish species, I
calculated K (%) for each sample date and for the integrated distribution for the period during
which each species was caught. For brook stickleback, this was the first six sample dates
(i.e., the entire pre-manipulation period), and for largemouth bass YOY, this was the last 8
sample dates (the entire post-manipulation period, plus two dates prior to habitat
manipulation). Yellow perch YOY were caught throughout the summer, so I arbitrarily

divided the catches into pre-manipulation and post-manipulation periods. Because the
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locations of the traps were fixed, I generated the null distribution of K(#)' by randomizing

the observed minnow trap catches instead of simulating a Poisson distribution.

To describe the correlations between adult bass and prey fish spatial distributions, I
calculated bivariate aggregation, K>(k), between telemetry and trap data. For this analysis, I
only considered bass locations that were within the littoral zone because my trap locations
precluded analyses of prey fish abundance outside of this region. I standardized K>(h) in the
same way that I standardized K(h), so that Kx(h)' less than -1 indicates significant negative
correlation between bass and prey distributions, and K,(h)' greater than 1 indicates significant
positive correlation between bass and prey distributions. I calculated K>(h)' for each sample
date, and for integrated distributions over the periods during which each prey species was

captured in the traps (see above).

RESULTS

Adult Bass Diet Composition

Diets were collected from 138 bass. Adult bass primarily ate fish (79% of diet, by
mass), terrestrial vertebrates (14%), and odonate larvae (2%). Brook stickleback and bass
YOY were the dominant fish consumed; 66 brook stickleback and 79 bass YOY were
collected in diet samples, compared to only 1 yellow perch YOY. This likely reflects size-
mediated differences in predation risk. On 2 July 1998, bass YOY total length averaged 38
mm, stickleback averaged 44 mm, whereas perch YOY averaged 62 mm; on 1 Aug bass

YOY averaged 70 mm, stickleback averaged 45 mm, whereas yellow perch averaged 94 mm.

Adult Bass Distribution
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Adult bass primarily resided in the littoral zone; 85% of all bass locations were within

the 2 m isocline. Each bass widely dispersed throughout the lake, indicating that bass did not
restrict their movements to small home ranges. On average, consecutive telemetry fixes of
individual fish were 80 m apart, ranging from O to 500 m. However, successive fixes of
individuals were less than 20 m apart 35% of the time.

Integrated bass distributions differed markedly between the pre- and post-manipulation
periods. Prior to manipulation, bass preferentially inhabited the eastern half of the lake; 65%
of the observations were located in this half of the lake, which comprised only 40% of the
total lake area and 55% of the littoral area (Figure II-1). Statistical analysis indicated that
this distribution was significantly aggregated at all spatial scales, with peaks at small (20 m)
and large (190 m) scales (Figure II-2). After habitat manipulation, only 50% of the
observations were in the eastern portion of the lake, and the pooled distribution was
aggregated only at small (<60 m) scales (Figure II-2). Thus, the overall trend was greater
dispersion of bass during the post-manipulation period.

The temporal pattern of daily aggregation did not suggest that the change in bass
distribution coincided with the manipulation of littoral habitat (Figure I-3). Bass were highly
aggregated (K;(h)'>5) at some scales on four of the six dates prior to habitat manipulations,
and only slightly aggregated on the remaining two dates. After the manipulation, bass were
highly aggregated on the two sample dates immediately following the habitat manipulation
(July 23 and July 27) and also on the second to last sample date (Aug 6.). Strong aggregation
(K(h)'>5) was only observed on two dates. On one date (Aug. 13) bass were not significantly

aggregated at any scale. In summary, the manipulation of shoreline habitat did not create a
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signal in daily aggregation that was greater than the variability in aggregation within the pre-

and post- manipulation periods.

I compared the number of observations of bass in the removal and addition zones
before and after habitat manipulation and compared this to that expected if bass observations
were randomly distributed within the littoral zone. Prior to manipulation, bass preferentially
inhabited the removal zone; 26% of all littoral observations were located in this region,
which comprised only 11% of the littoral area (Figure [I-4). The addition zone was
infrequently visited (<1 % of observations). The distribution of bass among the removal
zone, addition zone, and the remainder of the littoral zone was significantly different than
expected if bass were randomly distributed (chi-square goodness-of-fit test; x’=47.98; 2 d.f;
P<0.001). After habitat manipulation, bass remained in fhe removal zone, but the difference
between observed and expected observations was not as great (Figure II-4). More fish
inhabited the addition zone after manipulation, but the number of observations was very
similar to the expected number (Figure II-4). Thus, the pattern of habitat use before and after
habitat manipulation paralleled the temporal pattern of aggregation described above, with the
observed distribution of fish in the removal and addition zones becoming more similar to the

expected (random) distribution. However, even after the manipulation, the number of bass in

the remcval zone was significantly greater than expected (x*=6.01; 2 d.f.; P=0.05)

Description of Trap Data

I captured a total of 1,106 brook stickleback, 839 bass YOY and 2,073 perch YOY
during the twelve sample dates. The species composition of trap catches changed throughout

the summer (Figure II-5). At the beginning of the sampling period, brook stickleback and
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perch YOY were the most common species. Brook stickleback declined throughout the

summer, and by 30 July, they were rare (Figure II-5). The decline in stickleback coincided
with an increase in largemouth bass YOY, which became large enough to be caught in traps
beginning July 6 (Figure II-5). Perch YOY abundance was variable, yet comprised a large
portion of the trap catches throughout the summer. The decline in perch catches likely
reflects the reduced efficiency of this gear for larger fish, as mean perch length exceeded 90
mm by 1 August.

The integrated distribution of brook stickleback was highly aggregated; 72% of the
stickleback were captured in the western half of the lake, and 31% were captured in 5 traps in
the extreme southwest corner (Figure II-1). This distribution was significantly aggregated at
all scales, especially at small (50-100 m) scales (Figure II-6). Bass YOY were also more
abundant in the western half of the lake; 60% of bass YOY were captured in this region.
However, 17% were also captured in the removal zone. This distribution was significantly
aggregated at small (<70 m) and large (>150 m) scales (Figure II-6). Perch YOY were
captured throughout the summer, so I arbitrarily split the data into pre-manipulation and post-
manipulation periods. Perch YOY were evenly dispersed between the two halves of Long
Lake during the pre-manipulation period. In contrast, perch YOY were more abundant in the
eastern half of Long Lake during the post-manipulation period. The pre-manipulation
distribution was weakly aggregated at small (<50 m) scales (Figure II-6), whereas the post-
manipulation distribution was aggregated at moderate to large (120-200 m) scales (Figure II-
6).

In general, K (k) calculated from the daily trap catches was less than K (h)' calculated

from the integrated distributions (Figure II-7). This partly reflects the low statistical power
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associated with the reduced sample size and randomization procedure when calculating
aggregation on the daily trap catches (see Appendix). Brook stickleback were aggregated
for some scales on five of the six sample dates (Figure II-7), but K(4)' never exceeded 2.
Similarly, bass YOY were significantly aggregated on five of the eight sample days (Figure
[I-7). However, for each date, bass YOY were significantly aggregated for only a few spatial
scales, and the intensity of aggregation was not high. Perch YOY distributions were
significantly aggregated on five of the 12 sample dates. For two of these dates (July 9 and
July 30), perch were highly aggregated (July 9 and July 30), but were only weakly
aggregated on the other three dates.

The change in prey fish composition coincided with the timing of habitat manipulation,
so [ was unable to compare trap catches in the removal and addition zone before and after
manipulation. However, I performed simple correlation analyses to determine whether trap
catches were correlated with leatherleaf or CWD abundance. These analyses provide a
simple descriptive method to investigate which physical attributes may have contributed to
the distribution of prey fish. However, P values are underestimated because the standard
error estimates do not account for spatial autocorrelation in the data (Thomson et al. 1996).
Stickleback abundance was not correlated with the presence of leatherleaf (P=0.25), but was
slightly positively correlated with CWD abundance (P=0.02; R?=0.15). Bass YOY were not
correlated with either leatherleaf (P=0.23) or CWD abundance (P=0.63). Yellow perch
were not associated with CWD or leatherleaf during the pre- (CWD: P=0.98; Leatherleaf:
P=0.43 ) or post (CWD: P=0.30; Leatherleaf: P=0.07) manipulation periods. For all species,

the sign of the leatherleaf coefficient was negative.
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Correlation between bass and prey distributions

I focused on the similarity in the spatial distributions of adult bass and their major prey,
brook stickleback and bass YOY. Perch YOY provide an important control, because they
were captured in the same gear yet were not an important prey species (see Adult Bass Diet
Composition). 1 first examined the correlation between the integrated distributions of adult
bass and their prey, and then examined correlation between the daily distributions.

Integrated distributions of brook stickleback and adult bass were negatively correlated
at all spatial scales (Figure II-8). The strength of the correlation was striking; for some scales
(60-100 m) K»(h)' was less than -5, and K»(h)' was always less than -2. Similarly, the
integrated distributions of bass YOY and adult bass were negatively correlated at all scales.
However, correlations were only significant for scales between 40-130 m and >200 m
(Figure II-8). In contrast, perch YOY were either positively correlated with (post-
manipulation) or not correlated (pre-manipulation) with adult bass (Figure II-8).

On a daily time scale, brook stickleback and adult bass distributions were negatively
correlated across a wide range of spatial scales (Figure II-9). However, Kz(h)' varied
considerably between sample dates (Figure I1-9). For example, at small (< 50 m) scales,
K>(h)' ranged from -2.9 to 3.2 (Figure II-9). Similarly, correlation between adult and YOY
bass tended to be negative but was variable (Figure II-9). Consistent with the integrated
aggregation results, daily correlation between perch YOY and adult bass tended towards zero
(Figure II-9). Perch YOY were positively correlated on one date (July 23), and negatively

correlated on only two dates (June 30 and July 13).
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DI1SCUSSION

[ expected that prey would preferentially inhabit leatherleaf patches and that bass would
inhabit regions adjacent to these habitats. This, in turn, would lead to negative correlations
between predator and prey abundance at spatial scales coinciding with the spatial extent of
leatherleaf patches (€30 m) and positive correlations at larger scales. Contrary to these
expectations, prey fish were least abundant in traps located in leatherleaf patches, and neither
prey nor predators responded to manipulation of shoreline habitat. Further, local bass and
prey fish abundance were negatively correlated across all spatial scales. These findings
challenge widely held ideas about the importance of structurally complex habitat for prey
refuges and bass distributions (Savino and Stein 1982; Werner et al. 1983; Diehl 1993;
Bettoli et al. 1993; Persson and Eklov 1995).

The negative correlation between predator and prey abundance most likely retlects a
behavioral response to predation risk. It is unlikely that predation by adult bass could cause
local depletion of prey, especially given the high prey abundance in Long Lake. Also, the
observed correlations are not a spurious result owing to spatial variation in trap efficiency.
Only those species that were important prey items for bass (stickleback and bass YOY) were
negatively correlated with adult bass abundance. Perch YOY, which were not an important
prey item for bass, were either not correlated or positively correlated with adult bass
distributions. Thus, my data indicate that with respect to the ‘behavioral response race'
analogy (Sih 1984), the prey's anti-predator response overwhelmed the predator's prey-
searching response.

Structurally-complex habitat was not an important factor dictating the spatial

distribution of bass and their prey. Translecated leatherleaf in the addition zone may not
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have resembled intact leatherleaf patches and therefore may not have been attractive to bass.

Leatherleaf removal produced a strong pre- and post-manipulation contrast in the removal
zone, yet bass continued to preferentially inhabited the removal zone after this manipulation.
Similarly, CWD was a poor predictor of fish abundance. Adult bass do not associate with
CWD in Long Lake (Chapter III), and only stickleback preferentially inhabited areas with
high CWD density. However, even this relationship was weak and explained little of the
variance in stickleback abundance. Further, all fish species were least abundant in traps
associated with leatherleaf.

These results are in stark contrast to numerous studies documenting the importance of
structural complex habitats as prey refuges for littoral fishes (Savino and Stein 1982; Werner
et al. 1983; Diehl 1993; Bettoli et al. 1993; Persson and Eklov 1995). While it is true that
structurally complex habitat provides refuge by reducing the foraging ability of predators
(Savino and Stein 1982; Anderson 1984), it is not true these habitats are the only refuge
available for fish. In the most general sense, a refuge is any area where predation risk is
reduced. Habitats that meet this criteria are varied (Walters and Juanes 1993), and in Long
Lake refuge was afforded to prey fish on account of the non-random distribution of bass. By
inhabiting regions of the lake rarely visited by bass, prey inhabited a refuge that provided low
encounter rates with predators, without the disadvantage of low foraging capabilities
associated with structurally complex habitats (Crowder and Cooper 1982; Diehl 1988, 1993).
This raises the obvious question: why didn't bass aggregate in areas with high prey density?.
Optimization models predict that predators should aggregate in regions of high prey
abundance and high capture efficiency (Stephens and Krebs 1986). Tyler and Hargrove

(1997) suggest that when prey are aggregated at scales larger than predator movement rates,
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predators cannot disperse sufficiently to maximize predation rates. This explanation seems

unlikely for Long Lake bass, as most bass moved extensively throughout the entire lake.
Instead, the fact that bass did not aggregate with their prey suggests that the assumptions
common in optimality reasoning did not hold for Long Lake bass. An important
consideration is that prey abundance in Long Lake was exceptionally high; bass YOY
numbered 12,700 (Peterson Mark-Recapture estimate, August 1998), compared to 50 adult
bass. Predation rates were similarly high; bioenergetics-based predation estimates were
among the largest rates observed for largemouth bass in Northern Wisconsin lakes (Chapter
IV). When prey abundance is very high, predators often fail to aggregate with their prey
(e.g., Horne and Schneider 1994; Pulido and Diaz 1997), presumably because predators are
not motivated to seek out areas with very dense aggregations of prey. For example, the
fitness benefits of increased predation rates may asymptote at high predation rates, or
predation rates may become independent of local prey abundance owing to anti-predator
behaviors occurring at small spatio-temporal scales.

There s considerable variation in published accounts of predator-prey associations.
Negative correlations (Sih 1984; He and Kitchell 1990; Rose and Legget 1990), positive
correlations (Hildrew and Townsend 1982; Malmqvist and Sjorstrom 1984; Schneider
1989;Veit et al. 1993; Logerwell et al. 1998 ) and no correlations (Peckarsky 1988; Horne
and Schneider 1994) between local predator and prey abundances have been documented.
Rose and Legget (1990) argued that this variation is due to differences in the scales at which
investigators assessed predator-prey interactions. To a certain extent, this is true. But even
studies that have considered correlations across multiple scales have shown similar

variability (e.g., Schneider et ai. 1989; Rose and Legget 1990; Muotka and Penttinen 1994;
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Horne and Schneider 1994; Loggerwell et al. 1998). I suggest that variation in the

correlation between predator and prey abundance is partly attributable to variation in prey
availability and concomitant variation in the predator's motivation to seek out prey
aggregations.

The processes governing the spatial distribution of bass remain unclear. It is commonly
thought that bass associate with structurally complex habitat, yet data concerning bass habitat
preferences are varied. Radiotelemetry studies have indicated preferences for structure
(Schiagenhaft and Murphy 1985; Mesing and Wicker 1986; Betsill et al. 1986; Wildhaber
and Neill 1993; Lyons 1993 ), others have shown edges between open water and structure to
be important (Fish and Savitz 1983; Savitz et al. 1983), and still others have noted no change
in bass distribution following macrophyte removal (Bain and Boltz 1992). In Chapter III, I
suggest that bass distributions can be explained primarily by interactions between individual
movement and lake morphometry. [ hypothesize that these differences reflect lake-specific
predator-prey interactions mediated by prey refuge-seeking behavior. When the ratio of
prey: predator is lower, bass may seek out aggregations of prey, eliciting refuge-seeking
behavior on behalf of prey fish. This, in turn, should make structurally complex habitat more
profitable for bass.

While the integrated distributions of bass YOY and stickleback were strongly negatively
correlated with adult bass distributions, the correlations assessed from daily samples showed
considerable variability in both the magnitude and the direction of correlation. Differences in
magnitude of correlation are not surprising, because the aggregation parameter increases with
increasing statistical power. The direction of the correlation is not affected by statistical

power, yet the direction of the correlations were highly variable. For example, small scale
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(30 m) correlation between brock stickleback and adult bass ranged from -2.25 to 3.18. This

was mostly due to daily variation in adult bass distributions, as prey distributions were very
similar between sample days. This variation may reflect the limited number of adult bass
that [ radio-tagged; the distribution of these bass may adequately describe the long-term
distribution of adult bass, but may be insufficient to describe the distribution of the entire
population on any given day. However, individual bass behaved very similarly on each
sample day (as was indicated by the highly aggregated daily bass distributions), suggesting
that bass that were not radio-tagged were similarly distributed. An alternative explanation is
that at the spatial scales measured here (>30 m), prey fish do not respond to daily variation in
predation risk. It is commonly accepted that prey make decisions with imperfect knowledge
of predation risk (Sih 1992; Bouskila and Blumstein 1992; Abrams 19.94). This requires that
prey make assessments of predation risk based on their past experiences. Thus, prey can
base decisions on very recent past experiences and risk responding to a false cue, or base
decisions on information acquired over longer periods and risk failing to respond to a change
in predation risk. If the telemetry data accurately reflect short term distributions of predators,
then my results suggest that stickleback and bass YOY use information gathered over periods
of time longer than 24 hours to assess the spatial distribution of predation risk (at these
spatial scales).

The emerging view of the joint distribution of bass and their prey is that at high prey
densities, bass do not aggregate in regions of high prey density, but instead follow a fixed
behavior pattern that generates a non-random distribution of predation risk (Chapter III). As
a consequence, a refuge is afforded to prey in the areas that are not commonly inhabited by

bass, making structurally complex habitat an unimportant refuge. I hypothesize that when
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prey abundance and predation rates decline, bass will become motivated to seek out prey
aggregations, and thereby make the joint distribution of predators and their prey the product
of 2 dynamic 'game’ described by Sih (1984). I expect that under these conditions,
structurally complex habitats are important refuge areas for prey seeking to avoid actively

Y SR R
L

searching predaiors, and re become important in governing the spatial distribution of

bass.
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FIGURE LEGENDS

Figure II-1. Map of Long Lake. X denotes location of fish trap. ‘Removal zone’ and
‘Addition zone’ refer to areas where littoral habitat was removed or added during littoral

habitat manipulation.

Figure II-2. Aggregation (K (h)’) of the integrated distributions of adult bass before (filled
circles) and after (empty cirlces) habitat manipulation . Any point outside of the dashed
lines indicate significant aggregation (above) or dispersion (below) at that scale. Bass
distributions were determined using radiotelemetry for six 24 hour periods before and

after habitat manipulation.

Figure I1-3. Aggregation (K (h)’) of the daily distributions of adult bass A) prior to and B)
after habitat manipulation. Bass were located every two hours for 24 hours, except for

00:00-06:00. Dashed lines are same as Figure 2.

Figure II-4. Comparison of the number of observations of adult bass in the removal and
addition region before and after habitat manipulation. Filled bars indicate the number

expected if bass were randomly distribuicd within the littoral zone.

Figure II-5. Temporal pattern of trap catches for each species. Each data point represents
the mean of 40 traps fished for 24 hours. The arrow denotes time of habitat

manipulation.
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Figure I1-6. Aggregation (K;(h)’) of the integrated distributions of prey fish captured in

traps. Traps were fished for twelve 24-hour periods, and data were pooled for periods
during which individual species were present, or periods coinciding with habitat

manipulation (see text for details) Dashed lines are the same as in Figure 2.

Figure II-7. Aggregation (K(h)’) of the daily distributions of prey fish A) prior to and B)
after habitat manipulation. Solid lines depict perch YOY aggregation, circles denote
stickleback aggregation, and triangles denote bass YOY aggregation. Dashed lines are the

same as in Figure 2.

Figure II-8. Correlation (K»(h)’) between integrated prey fish and adult bass distributions.
Data were pooled for periods during which each prey species were common, or periods
coinciding with habitat manipulation (see text for details). Points outside of the dashed
lines indicate positive (above) or negative (below) correlation between adult bass and

prey distribution.

Figure II-9. Correlation (K»(h)’) between daily prey fish and adult bass distributions A)
prior to and B) after habitat manipulation. Solid line depicts perch YOY aggregation,
circles denote stickleback aggregation, and triangles denote bass YOY aggregation.

Dashed lines are the same as in Figure 8.
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