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The aim of this thesis was to investigate the causes and consequences of competitive
interactions in stream fish. Two small benthic fish, bullheads Cottus gobio and stone loach
Barbatula barbatula, were used as a model system. The research combined manipulative
field and laboratory experiments with field surveys to examine the biological mechanisms
underlying intraspecific and interspecific interactions.

Growth in body size of adult bullheads was negatively density dependent. Individuals
grew faster when densities of invertebrate prey were experimentally elevated above
ambient levels, indicating that bullheads were food limited. Parallel dietary shifts were
observed in response to manipulation of both bullhead density and resource availability,
suggesting that exploitation competition for preferred prey (Gammarus pulex) was the
primary mechanism responsible for density dependent growth. Evidence was sought, but
not found, for interference competition. Density dependent growth at the adult stage may
potentially regulate bullhead populations if it affects fecundity and survival.

Habitat use of bullheads was strongly influenced by the availability of shelter.
Occupation of shelters was density dependent as a result of both exploitation and
interference competition and individual shelter use was positively correlated with body
size and movement rate. Shelter use did not affect individual growth in body size, but
there was some evidence that unsheltered fish attempted to emigrate. In the field, larger
fish utilised coarser substrates. Laboratory experiments suggested that this microhabitat
partitioning was caused by intraspecific competition between size classes and that the
strength of competition may be modulated by light intensity. Thus, competition for shelter
appears to drive the spatial distribution of fish in the field.

There was little evidence for interspecific competition between bullheads and stone
loach. Habitat and dietary partitioning mediated by behavioural and morphological
differences appeared to moderate any potential competitive interactions, whilst growth of
stone loach was enhanced by bullheads. The mechanism underlying this facilitation is
unclear. Contrasting foraging behaviours resulted in different contributions by each
predator species to top-down effects on community structure. Bullheads and stone loach
generally functioned independently, with combined effects simply the sum of the impacts
of the component species in isolation.

The results are discussed in a broader context with reference to the regulation of
population size, maintenance of species diversity and structure of stream ecosystems.
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Chapter 1: General introduction

-1 -
GENERAL INTRODUCTION

1.1 INTRODUCTION

Attempts to explain the distribution and abundance of species have been, and continue to
be, a central theme in ecology. Competition is a fundamental process shaping ecological
communities (Elton 1927; Nicholson 1933; Hutchinson 1957; Connell 1961; Tilman 1982;
Law & Watkinson 1989). Competitive interactions within and between species for
resources in limited availability can act to regulate population abundance (Murdoch 1994),
limit species diversity (MacArthur & Levins 1967) and modify trophic interactions (Sih et
al. 1998). Since the effects of competition are manifested at the individual level, the exact
consequences for higher levels of ecological organisation will depend upon the mode,
strength and symmetry of competition (Keddy 1989; Sutherland 1996). In stream fish,
competition for food, shelter and foraging space has the potential to influence spatial
distribution of animals (Fraser & Sise 1980), population dynamics (Elliott 1985) and
community structure (Baltz ef al. 1982) via effects on habitat use, growth, fecundity and
survival of individual fish. Scientific understanding of competition in this system is,
however, surprisingly cursory due to a lack of robust empirical evidence from field

experiments (Connell 1983; Schoener 1983; but see Le Cren 1965; Fausch & White 1981;
Resetarits 1997, Jenkins et al. 1999).

The aim of this thesis is to investigate the processes of competition acting to structure
stream fish communities. Two small benthic fish species in chalk streams, bullheads
Cottus gobio and stone loach Barbatula barbatula, were used as a model system to test for
intraspecific and interspecific competition amongst adult fish and elucidate the underlying
biological mechanisms. This chapter begins by reviewing the theoretical background to
intraspecific and interspecific competition, critically evaluating the evidence for
competition in stream fish across multiple scales of organisation, highlighting key research
priorities and describing the shortcomings of descriptive studies and natural experiments. I
then describe the benefits of adopting an experimental approach, introduce the model

system and set out in detail the objectives of this study.



Chapter 1: General introduction

1.2 COMPETITION: THEORETICAL BACKGROUND

1.2.1 Definitions

Competition may be defined as the interaction between individuals in which one organism
has a negative effect on another by consuming, or controlling access to, a resource that is
limited in availability (Keddy 1989). In the strictest sense, competition causes the
population growth of one or all species involved to be adversely affected as a consequence
of reduced individual fitness (number of offspring produced that later reach reproductive
maturity) (Law & Watkinson 1989). In practice, fitness is difficult to measure directly, so
resource use, growth in body size, reproductive output or survival are more often used as
proxy measures indicating individual performance (MacNally 1983). Since the effects of
competition are manifested at the individual level (Keddy 1989; Sutherland 1996), the
exact consequences for population dynamics and community structure will depend upon
the mode (Fretwell & Lucas 1970; Fretwell 1972; Doncaster 1999), strength (Hassell et al.
1976; Roughgarden 1979) and symmetry (Lomnicki 1978; Persson 1985) of competition.

Competition may occur through a variety of mechanisms (Schoener 1983), which can be
broadly grouped into two basic modes, exploitation and interference (Park 1962).
Exploitation competition (also known as scramble competition, Nicholson 1954) is an
indirect process in which individuals affect others by reducing the availability of resources
through consumption. Interference competition (or contest competition, Nicholson 1954)
describes direct, behavioural interactions between individuals that reduce the gain of
resources independently of changes in resource density. The strength, or intensity, of
competition refers to the sum effects of all competitors on the performance of a population
or individual (Keddy 1989). Although competing individuals may have equal effects on
each other, competitive interactions may be asymmetric as a result of size or species-

specific differences in competitive ability.

Competitive interactions are classified as intraspecific or interspecific, according to
whether the competing individuals are conspecifics or heterospecifics. This simple
classification has dominated the study of competition to date and shaped the development

of theoretical models of competition.
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1.2.2 Intraspecific competition

Given unlimited resources, a population can have a constant growth rate per capita,
yielding exponential growth. In nature, however, populations do not grow indefinitely.
Thomas Malthus was one of the first to propose that competition for limited resources is
an important force checking the growth of animal and plant populations (Malthus 1798).
The concept of competition was later developed by Charles Darwin, who identified it as a
crucial process driving evolution through natural selection (Darwin 1859). In ecological
time, intraspecific competition for limiting resources causes individual fitness, per capita
growth rate and hence overall population growth rate, to decline as population density
increases. Negative density dependence in per capita demographic rates thus results in fast
population growth at low densities and slow or negative population growth at high
densities. The outcome is that fluctuations in population abundance are bounded and
population size is stabilised or regulated (Nicholson 1933; Murdoch 1994). For
continuously breeding populations, this negative feedback is modelled deterministically by

the logistic growth equation:
dN K-N
—=rN (—-—-—) (1.1)

where N = population size, ¢ = time, r = intrinsic per capita rate of population growth and
K = maximal value of V. In this model, X is the population size at which the environment
becomes saturated with organisms and population growth is zero. This equilibrium density

about which the population is regulated is known at the carrying capacity.

This simple model of intraspecific competition assumes symmetrical interactions amongst
individuals in a homogeneous population. In practice, competitive ability may be a
function of, for example, age or body size (Connell 1983; Persson 1985), leading to highly
asymmetrical interactions between age- or size-classes (Schoener 1983). Strong
intraspecific competition in size-structured populations may limit recruitment of juveniles
to the adult population. This process is particularly important in organisms which change
markedly size during ontogeny, such as fish (Werner & Gilliam 1984), molluscs

(Boaventura et al. 2003) and other animals with indeterminate growth.
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The extent to which population abundance is determined by intraspecific competition has
been the subject of considerable debate (Andrewartha & Birch 1954; Nicholson 1954;
Turchin 1999). Although competition can strongly influence population size, competition
will be sporadic or absent if population growth is checked by periodic bouts of density
independent mortality (Wiens 1984; DeAngelis & Waterhouse 1987). Competition is
therefore predicted to be more pervasive in stable environments with low stochastic
disturbance events (Wiens 1977), and in K-selected species that have low fecundity and

high survival (MacArthur & Wilson 1967; Pianka 1970).

1.2.3 Interspecific competition

In addition to competition from conspecifics, heterospecifics can also have a negative
effect on individual performance. The effect of interspecific competition on population
growth is commonly represented by the Lotka-Volterra models (Volterra 1926; Lotka
1932), which extend the logistic growth equation to consider the growth of two competing
species (1 and 2) by incorporating competition coefficients (o) that measure the per capita

competitive effect of heterospecifics relative to the per capita effect of conspecifics:

dN Ky =N, —a;,N

1 - 1 1 ~ 2124V (1.2)
dar K,
dN Ky =Ny —ay N

2 =1, - N, 2 2 ~ U1V (1.3)
dt K,

where a;, = per capita impact on growth of species 1 by species 2, relative to impact of 1
on itself, and oy, = per capita impact on growth of species 2 by species 1, relative to

impact of 2 on itself.

The realised growth rate of each species is then determined both by its own population size
and that of the other species. These coupled equations predict that interspecific
competition can result in one species competitively excluding the other. Consequently
interspecific competition is thought to be an important mechanism limiting local (alpha)

species diversity (Keddy 1989). Co-existence is possible, however, when intraspecific
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competition is stronger than interspecific competition (ie: a3, 0y < 1), and when 0y >1 if

K> >> K (or vice versa) (Gause 1934; Doncaster et al. 2003).

Early experimental studies of interspecific competition between congeners confirmed that
competition from one species can drive the other to extinction (Tansley 1917; Gause
1934). It was therefore postulated that two species cannot co-exist in nature without some
difference in resource use between them - the competitive exclusion principle (Gause
1934; Hardin 1960). From this idea arose the theory of limiting similarity, which proposed
that species can co-exist up to some critical level of similarity, beyond which competitive
exclusion occurs as a result of intense interspecific competition (MacArthur & Levins
1967; Abrams 1983). Interspecific competition is intuitively expected to be most severe
between closely related species because of their greater similarity in resource use (Darwin
1859), but despite mathematical attempts to relate ecological similarity (niche overlap) to
intensity of interspecific competition (MacArthur & Levins 1967), there appears to be no
definitive relationship between resource use and competitive strength (Colwell & Futuyma

1971; Sale 1974; Keddy 1989).

On ecological timescales, (i.e. within a single generation), species that engage in
interspecific competition are predicted to diverge in resource use (Lack 1946). Dynamic
resource partitioning in response to bouts of severe competition may facilitate species co-
existence (Schoener 1986). Over evolutionary timescales, interspecific competition may
result in morphological character displacement (Schluter & McPhail 1992), but since the
evolutionary effect of interspecific competition (the ghost of competition past, Connell
1980) cannot be observed directly, its influence in shaping communities cannot be proved

or disproved.
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1.3 COMPETITION IN STREAM FISH

1.3.1 Introduction

Competition has long attracted the attention of fish biologists attempting to explain
observed patterns of population abundance and community composition (Lindroth 1955;
Larkin 1956; Chapman 1966). Density dependent responses are common in aquaculture
studies, and anglers frequently perceive interspecific competition to be a problem (Mann ez
al. 1989). Furthermore, the intensive habitat manipulation and culling operations often
carried out by fishery managers to maximise the production of target species are
underpinned by the notion that competition for resources is limiting local carrying capacity
(Larkin 1956; Riley & Fausch 1995). Despite this, knowledge of the influence of
competition in structuring wild fish communities is limited. This is due in a large part to a

lack of robust empirical evidence from field experiments (Connell 1983; Schoener 1983).

1.3.2 Intraspecific competition

1.3.2.1 Strength and timing of competition

Compared to other animal groups, relatively little is known about the role of intraspecific
competition in fish population dynamics (Sinclair 1989; Shepherd & Cushing 1990). The
majority of empirical studies on intraspecific competition in stream fish have employed
natural or manipulative experiments to investigate individual-level responses to changes in
fish density. A variety of response variables have been used as indicators of performance,
with the most compelling evidence for competition coming from studies that either
measure changes in fitness directly by monitoring fecundity and survival, or parameters
that are closely linked to these, such as growth rates or relative condition (Le Cren 1965,
1975; Fox 1978a; Harvey & Nakamoto 1997; Schlosser 1998; Armstrong ef al. 1999;
Jenkins et al. 1999; Jensen et al. 2000; Grenouillet er al. 2001; Keeley 2001; Matthews et
al. 2001). Intraspecific competition may also affect the spatio-temporal distribution of
individual fish through changes in emigration rate (Keeley 2001), habitat use (Heggenes
1988; Freeman & Stouder 1989; Greenberg ef al. 1997; Mullen & Burton 1998; Bult ef al.
1999) or temporal activity patterns (Alanara ef al. 2001). The significance of these shifts in
behaviour or resource use for population dynamics is, however, uncertain. At the
population level, field studies have attempted to detect density dependence in demographic

rates from repeated population surveys. If individuals are aged, then it is possible to follow
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the fate of a particular cohort through time and to correlate survival or recruitment during a
particular time increment to initial density. This approach has found evidence for
intraspecific competition in a number of stream fish populations (Mortensen 1977a;
Bohlin 1978; Elliott 1984, 1985; Solomon 1985; Crisp 1993; Elliott & Hurley 1998;
Jonsson ef al. 1998; Nordwall et al. 2001; Cattaneo et al. 2002). For example, dome-
shaped stock-recruitment curves indicate strong density dependence in populations of

migratory brown trout Sa/mo trutfa in a Lake District stream (Elliott 1985).

Although intraspecific competition has been demonstrated clearly in some systems,
however, competition is generally not thought to be an important and widespread process
in stream fish populations. Firstly, competitive interactions are predicted to be weak in
animals such as fish that display high fecundity and high mortality during early life stages
(Sinclair 1989; Townsend ef al. 2003). Secondly, the inherent variability and unpredictable
nature of the lotic environment suggests that stochastic factors might have a strong,
possibly overriding, influence on community structure (Starrett 1951; Le Cren 1965).
Many fish species show high inter-annual variation in recruitment success and subsequent
year class strength, which may be caused by relatively minor fluctuations in water
temperature or discharge (Mills & Mann 1985; Coon 1987; Jensen & Johnsen 1999;
Grenouillet ef al. 2001; Nunn er al. 2003). Furthermore, extreme discharge events such as
floods and droughts can have substantial negative impacts on fish. Floods (spates) can
cause high mortality (John 1964; Hoopes 1975; Harrell 1978; Matthews 1986; Chapman &
Kramer 1991), and may also have short-term sub-lethal effects by reducing foraging
success (Hill & Grossman 1993), growth (Jensen & Johnsen 1999) or abundance of food
(Kido 1996). Droughts adversely affect water quality through elevated water temperatures
and reduced levels of dissolved oxygen and both high mortality and reduced growth rates
have been reported in severe drought years (Brooker et al. 1977; Cowx et al. 1984; Elliott
et al. 1997). Under some circumstances, therefore, high density independent mortality may
limit fish populations below the level at which resources become limiting (Horwitz 1978,

Grossman et al. 1982; Moyle & Vondracek 1985).

The stage in the life cycle at which competition occurs has important implications for the
strength and nature of population regulation (Sinclair 1989). Theoretical studies suggest

that if fish populations are regulated, it will be caused primarily by density dependent
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mortality of young fish. For example, individual-based modelling of fish growth predicts
that exploitation competition for prey resources will cause density dependent growth and
mortality at a critical body-mass corresponding to the juvenile life stage (Cowan et al.
2000). It has also been suggested, however, that populations could be regulated at the adult
stage via density dependence in individual growth rate (Shepherd & Cushing 1990). This
mechanism is potentially very powerful because fecundity and survival are strongly
correlated with body size in fish (Mann 1971; Sogard 1997). Sublethal effects of
competition may therefore also influence population dynamics. Empirical studies support
the prediction that intraspecific competition occurs almost exclusively at the early juvenile
stage, with growth and survival of adult fish being density independent (Mortensen 1977b;
Elliott 1985; Jonsson ef al. 1998). The majority of work to date concerns salmonids; it is
therefore difficult to assess the prevalence and timing of intraspecific competition in stream
fish as a whole. This thesis aims to correct this bias by investigating intraspecific

competitive interactions amongst adult fish (Chapters 2 to 4).

1.3.2.2 Mechanisms of intraspecific competition

Foraging space, food, and shelter are commonly cited as potential limiting factors for
freshwater fish (Larkin 1956; Chapman 1966), but knowledge of the exact mechanisms by
which intraspecific competition translates into density dependence in per capita

demographic rates is limited.

Territorial competition for foraging space in drift-feeding species can be observed easily
and directly and is therefore the best studied mechanism of competition in stream fish.
Drift-feeding involves catching invertebrates as they drift downstream in the water column.
Individual fish select optimal drift-feeding microhabitats by trading off prey encounter rate,
foraging efficiency and energetic costs of holding position (Hill & Grossman 1993). This
foraging strategy results in intense competition for the best drift-feeding stations.
Interactions between conspecifics are often size-structured, with dominant fish displacing
smaller individuals from preferred habitats (Greenberg et al. 1997; Johnsson ef al. 1999,
Vehanen ef al. 1999), resulting in spatial segregation between size classes. Under the
influence of this dominance hierarchy, subdominant individuals may suffer reduced foraging
efficiency (Greenberg ef al. 1997) or emigrate to avoid competition (Chapman 1962,

Keeley 2001). Territorial behaviour among juveniles has been suggested to regulate
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salmonid populations via density dependent mortality and emigration (Elliott 1985, 1990;

Grant & Kramer 1990).

Auvailability of food may influence the severity of territorial competition by affecting
territory size (Keeley 2000) and emigration rates (Chapman 1966; Keeley 2001), but there
is limited evidence that stream fish compete for food directly. Density dependent mortality
in juvenile fish is thought to involve an interaction between food supply and predation,
whereby exploitation competition for food at high fish density reduces individual growth
and prolongs the critical period during which fish are vulnerable to gape-limited predators
(Sinclair 1989; Shepherd & Cushing 1990). However, there have been no empirical studies
on stream fish that support this hypothesis. Stream fish can significantly reduce densities
of invertebrate prey through predation (see Wooster 1994; Dahl & Greenberg 1996; Shurin
et al. 2002 for reviews) suggesting that exploitation competition might be an important
mechanism of intraspecific competition. Shadow competition has been shown in drift
feeding salmonids (Elliott 2002) but to date there is little other evidence that stream fish
are food limited (Boss & Richardson 2002) or that consumption of prey is density
dependent (Forrester et al. 1994). The hypothesis that predation by fish results in

exploitation competition for benthic invertebrate prey is tested experimentally in Chapter

2.

Shelter is important for many fish as a refuge from predation (Gregory & Griffith 1996b;
MacKenzie & Greenberg 1998; Allouche 2002). Shelter use is commonplace amongst
benthic species, but other species, such as Atlantic salmon, also utilise shelter (Cunjak
1988; Fraser ef al. 1995). Supplementing shelter can increase individual growth and
population density of fish in the field, suggesting that availability is limiting (Saunders &
Smith 1962; Eklov & Greenberg 1998), but knowledge of how intraspecific competition
affects shelter use and how competition for shelter affects population level processes and
spatial distribution of fish, is limited. Shelter use may be density dependent (Armstrong &
Griffiths 2001) as a result of fish defending shelters against intruders (Gregory & Griffith
1996a; Mullen & Burton 1998). Interference competition for shelter could also occur as a
result of aggressive or avoidance behaviours, but has not been examined to date.
Individual fish that fail to find a shelter are likely to be more vulnerable to predation and

may suffer reduced somatic growth as a result of increased stress (Fischer 2000). Chapter



Chapter 1: General introduction

dynamics of bullheads and considers the individual and population-level consequences of
density dependent shelter use. Chapter 4 goes on to examine the consequences of

intraspecific competition for habitat use of fish in the field.

1.3.3 Interspecific competition

1.3.3.1 Individual level effects

The effects of interspecific competition at the individual level are highly variable. In some
cases, fish have been reported to alter habitat use (Fausch & White 1981; Finger 1982;
Fausch & White 1986; Kennedy & Strange 1986b; Rodriguez 1995; Taylor 1996), shelter
use (Baltz et al. 1982; Greenberg 1988; Harwood er al. 2002) and foraging behaviour
(Katano et al. 2000) in the presence of heterospecifics. These short-term behavioural
changes may translate into reduced prey consumption (Dewald & Wilzbach 1992), growth
(Dewald & Wilzbach 1992; Harvey & Nakamoto 1996) or survival (Le Cren 1965;
Kennedy & Strange 1986a; Resetarits 1997). In contrast, other workers have found little or
no evidence for interspecific competition (Schlosser & Toth 1984; Grossman & Boule
1991; Kocik & Taylor 1995; Grossman et al. 1998; Rincon & Grossman 1998; Glova
1999). The true prevalence of interspecific competition cannot be assessed because a bias
towards the study of species that are likely to compete, and under-reporting of null results,
mean that the frequency of competition is likely to be exaggerated to an unknown extent

(Keddy 1989; Townsend et al. 2003).

Inconsistent effects of interspecific competition have been explained by variation in
ecological similarity and evolutionary history. Firstly, interspecific competition is thought
to be more common between closely related and morphologically similar species because
of greater similarity in resource use (MacArthur & Levins 1967; Abrams 1983). Niche
overlap is generally higher between congeneric or confamilial species pairs of fish (Ross
1986) and strong competition is frequently reported amongst ecologically similar species
(Le Cren 1965; Fausch & White 1986; Kennedy & Strange 1986a). However, phylogenetic
relatedness does not necessarily indicate strong competitive interactions (Schlosser & Toth
1984) and species with contrasting morphologies and distinct phylogenies may also show
strong interspecific competition (Baltz et al. 1982; Resetarits 1995; Hesthagen &
Heggenes 2003). The hypothesis that species with similar resource use engage in

interspecific competition is tested in Chapter 5. Secondly, competition has been predicted
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to be more intense among species that have evolved in allopatry than those with a long
history of sympatry (Hairston 1980). Fine scale resource partitioning within guilds (Ross
1986; Winemiller 1991) has prompted the suggestion that co-existence of closely related
species is the result of evolutionary divergence in response to past interspecific
competition (but see Connell 1980 for a cautionary tale). In contrast, where species have
been introduced recently to new environments, and have no history of co-evolution with
the native fauna, strong competition is frequently the outcome (Ross 1991). For example,
the introduction of brown trout has resulted in competitive displacement of native species

in New Zealand (Mclntosh et al. 1992), Australia (Ault & White 1994) and North America
(Dewald & Wilzbach 1992).

1.3.3.2 Population and community level effects

Despite an abundance of experimental studies demonstrating effects of interspecific
competition on individual fish, evidence that interspecific competition influences
population dynamics and community structure is more equivocal. Negative covariation in
the abundance or occurrence of pairs of species has been found in some studies
(Andreasson 1969b; Baltz et al. 1982; Ault & White 1994; Fausch et al. 1994; Mclntosh e?
al. 1994; Taylor 1996) but not others (Degerman & Sers 1993; Oberdorff et al. 1998,
Jorgensen ef al. 1999). Drawing conclusions from such studies is made difficult by
potentially confounding effects of abiotic environmental variables on spatial variation in
abundance (Underwood 1986) and low power of such techniques to detect subtle
competitive interactions acting at a local scale (Fausch ef al. 1994). Negative associations
between species appear more likely to be detected using quantitative data from small
sampling units (Baltz et al. 1982; Fausch et al. 1994; Taylor 1996), suggesting that the

sensitivity of these tests may be dependent upon the spatial resolution of investigation.

Community structure may be influenced by diffuse competition as well as by pair-wise
species interactions (Keddy 1989). Evidence for diffuse competition has been sought by
regressing population abundance against local (alpha) species diversity, testing for a
decoupling of total fish number or biomass from species diversity (density compensation
sensu MacArthur et al. 1972), and seeking evidence for saturation in local-regional species
richness relationships. Community and guild scale analyses such as these allow direct

evaluation of the role of competition in community structuring which is difficult to
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achieve using more conventional approaches (Naslund ef al. 1998). They have, however,
found little evidence for competitive structuring (Degerman & Sers 1993; Angermeier &
Winston 1995; Hugueny & Paugy 1995; Taylor 1996; Oberdorff ef al. 1998) which may be
because there is none, because the approach lacks sufficient resolution, or because positive
and negative interactions cancel each other out (Schluter 1984). Thus, although
interspecific competition may influence performance of individual fish, there is limited
evidence to suggest that interspecific competition is important at higher levels of

ecological organisation.

Interspecific competition may affect not only the population dynamics of the competing
species, but also have consequences for lower trophic levels. Predation by stream fish is
important in structuring communities of benthic invertebrates and algae (Power 1992;
Dahl & Greenberg 1996). Changes in habitat use, foraging behaviour or prey selection
caused by heterospecifics may result in quantitative or qualitative changes in prey
consumption and lead to non-additive multiple predator effects on lower trophic levels
(Sih et al. 1998). The influence of interspecific competition on predation impacts of

bullheads and stone loach is investigated in Chapter 6.

1.3.3.3 Mechanisms of interspecific competition

Interspecific competition proceeds by the same fundamental mechanisms as intraspecific
competition. Drift-feeding species show a high similarity in microhabitat use (Heggenes et
al. 1999) and interspecific competition for the best drift-feeding stations can be intense
(Kalleberg 1958). Highly aggressive species such as brown trout displace subdominant
species such as Atlantic salmon Salmo salar, grayling Thymallus thymallus and brook
trout Salvelinus fontinalis from preferred foraging microhabitats (Kalleberg 1958; Jones
1975; Fausch & White 1981; Egglishaw & Shackley 1982; Kennedy & Strange 1982,
1986b; Rodriguez 1995; Greenberg 1999). Territorial competition for foraging space may
reduce foraging efficiency. For example Dewald & Wilzbach (1992) showed that prey
capture rates of both brook trout and brown trout were higher when kept alone than when
together. Similarly, fish compete with heterospecifics for shelter, with the competitively
superior species displacing the other from shelter (Baltz e al. 1982; Greenberg 1988;
Harwood et al. 2002). Evidence for interspecific competition for food is less clear. High

interspecific dietary overlap among stream fishes has lead to speculation that species
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compete for food (Hartley 1948; Maitland 1965; Mann & Orr 1969; Gray et al. 1997). No
definitive relationship exists, however, between niche overlap and competitive strength
(Colwell & Futuyma 1971; Sale 1974) and consequently, without some assessment of
resource availability (or evidence for limitation), high niche overlaps do no more than
indicate potential for competition (Prejs & Prejs 1987). Thus, although predation by
stream fish is known to exert strong top-down effects on densities of benthic invertebrate
prey (Wooster 1994; Dahl & Greenberg 1996), there is no experimental evidence that one

species can affect the prey intake and performance of a sympatric predator species through

exploitation competition.

Clearly, habitat and shelter use and foraging behaviour of fish can be affected by
heterospecifics, but the consequences for individual growth, and in turn population
dynamics, are frequently not known. Species may diverge in dietary composition during
seasonal periods of food depression by shifting to under-utilised food sources or switching
foraging tactics (Zaret & Rand 1971; Magalhies 1993; Gray et al. 1997; Nakano et al.
1999). These niche shifts have been suggested to moderate interspecific competition, at
least in the short term, by partitioning resources between species, and could be an
important mechanism of co-existence in stream fish (Nakano ef al. 1999). The extent to
which flexible behaviour is able to ameliorate interspecific competition remains largely
unknown. Chapter 4 of this thesis explores the capacity for habitat partitioning to spatially
segregate potential competitors whilst Chapter 5 describes exploitation competition for

food amongst two benthic fish species and provides an experimental demonstration of

resource partitioning.

A final point to note is that interspecific actions are not always negative (Connell 1983;
Bertness & Callaway 1994; Bruno et al. 2003). Facilitation can occur, for example, when
predator mediated changes in behaviour or microhabitat use of prey enhance the foraging
efficiency of a second predator species by increasing prey availability (Matsuda er al.
1993; Sih et al. 1998). Enhanced growth or survival (Soluk & Collins 1988; Soluk 1993;
Losey & Denno 1998; Eklov & van Kooten 2001) as a result of indirect trophic
interactions can cancel out the effects of competition, or occur sequentially at different
stages of a life cycle giving rise to complex size-structured interspecific interactions

(Bruno et al. 2003).
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1.4 EXPERIMENTAL APPROACH

The majority of studies of competitive interactions to date have attempted to infer
competition from observed patterns of resource use in the field (MacArthur & Levins
1967) or exploited natural changes in the density of competitors in space or time to
compare fitness under different competitive scenarios (natural experiments sexnsu Diamond
1986). Descriptive studies of resource partitioning and niche overlap are, at best, only
partial tests of competition however because they cannot indicate whether shared resources
are limiting nor assess the consequences for demographic parameters (Schoener 1986;
Prejs & Prejs 1987). Natural experiments have also been criticised because they often lack
controls for environmental variation and therefore cannot determine with certainty whether
a niche shift or ecological release by a species is due to the absence of its competitor or

simply an artefact of differences between streams or sites (Underwood 1986).

A lack of robust, empirical evidence from well designed field experiments has contributed
to the prolonged debate about the importance of competition in structuring ecological
communities (Schoener 1982; Underwood 1986). The shortcomings of descriptive
approaches and natural experiments highlight the need for carefully designed experiments
to provide more rigorous tests of competition and to elucidate the mechanisms involved
(Colwell & Fuentes 1975; Bender ef al. 1984; Gurevitch ef al. 1992). This study therefore
takes a largely experimental approach to the study of competitive interactions in stream
fish, using cage enclosures to manipulate fish density, species composition and resource

availability in situ.

Manipulative field experiments of competition involve directly removing or adding
individuals, species or resources under natural or semi-natural conditions and determining
the consequent changes in density, behaviour and performance of focal individuals (see
Tansley 1917; Connell 1961; Abramsky et al. 1998 for examples). Manipulative
experiments overcome the drawbacks of natural experiments by holding constant all
extraneous variables except the factor of interest, and are therefore an efficient method of

distinguishing cause and effect in complex ecological systems (Connell 1983; Gurevitch ez
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al. 1992). Experimentsyrepresent a shift from pattern- to process-orientated research, and
focus on developing mechanistic models of competitive interactions. The fact that
competition occurs between individuals and not populations suggests that research should
concentrate on understanding small-scale processes before attempting to explain large-
scale patterns and phenomena (Sutherland 1996). Indeed, knowing how competition
occurs provides a better understanding of the factors affecting spatial and temporal
variation in the strength of competition, and aids the development of predictive models.
Manipulative experiments are generally considered to be the best way of testing suspected
mechanistic interactions since they allow observations to be made at the individual level

and can be used to identify both the critical limiting resource and the mode of competition

(Schoener 1983).

Whilst competition may be demonstrated clearly under simplified laboratory conditions,
experiments conducted in the field test whether competition operates in the presence of
possibly overriding extrinsic factors (Schoener 1983). An experimental approach has been
widely used in a variety of systems such as rocky shores (Connell 1961; Underwood
1978), terrestrial plants (Tansley 1917; Tilman 1982) and desert rodents (Mitchell ez al.
1990; Abramsky ef al. 1998) but less so in streams due to the practical difficulties
involved (see reviews in Connell 1983; Schoener 1983). Field enclosures have been used
widely in freshwater ecology to manipulate components of the stream environment in situ
and are therefore ideally suited to investigate competitive interactions amongst small

benthic fish.

1.5 MODEL SYSTEM

Many aspects of ecology are similar across species and environments, but certain
organisms are much easier to study than others. For this reason scientists frequently test
hypotheses using simple, idealized systems that are easily manipulated (Keddy 1989).
Model systems can provide valuable insights into biological processes which may then be
applied to a wide range of other systems (Rosenblueth & Wiener 1945). This study focuses

on two small, benthic fish species, bullheads Corrus gobio and stone loach Barbatula
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barbatula, in a southern English chalk stream to investigate the role of competition in

structuring stream fish communities.

1.5.1 Species

1.5.1.1 Bullheads

The bullhead or Miller’s thumb, Cottus gobio Linnaeus 1758 (Plate 1a), is a small benthic-
dwelling sculpin widely distributed across Europe from Greenland and Arctic areas of
Scandinavia in the north to northern Italy in the south and eastwards to the Black Sea and
Russia (Mills & Mann 1983; Greenhalgh 1999). Bullheads are widespread and common
across England and Wales, but rare in Scotland, and absent from Ireland (Maitland 1972).
They prefer swift-flowing, well-oxygenated water and can attain high densities in shallow
riffles (Mills & Mann 1983; Roussel & Bardonnet 1997). The bullhead exhibits marked
life history variation across its range, with reduced growth rates accompanied by increased
longevity at higher latitudes. In the productive chalk streams of southern England,
individuals grow rapidly (reaching 50 - 60 mm after one year), are short-lived (3 - 4 years),
mature early and spawn several batches of eggs each year during a protracted spawning
season February-June (Fox 1978a; Mills & Mann 1983). Bullheads are solitary, displaying
aggressive behaviour towards conspecifics (Smyly 1957; Ladich 1989) and nocturnal,
seeking the shelter of stones during the day and emerging to feed at night (Smyly 1957;
Andreasson 1969a). Bullheads are visual, ambush predators and show a preference for
large, active benthic macroinvertebrates such as Gammarus pulex (Smyly 1957; Welton et
al. 1983). Studies have revealed high spatial and temporal variation in diet (Hartley 1948;
Morris 1965; Mann & Orr 1969; Andreasson 1971; Abel 1973; Hyslop 1982; Welton e al.
1983; Copp et al. 1994), suggesting that the bullhead is a generalist predator that adopts a

flexible, opportunistic foraging strategy in response to fluxes of key invertebrate groups.

1.5.1.2 Stone loach

The stone loach, Barbatula barbatula (Linnaeus 1758) (formerly Noemacheilus barbatula,
Wheeler 1992) is a slender, bottom-dwelling fish, that inhabits a range of freshwater
environments (Smyly 1955; Plate 1b). Stone loach occur sympatrically with bullheads
across much of Europe from the Pyrenees to the Balkans and Russia, although they appear

to be absent from northern areas, including much of Scandinavia and northern Scotland
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Plate 1 Study organisms

(a) The bullhead Cottus gobio

Photo: J. Peat

L
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(Maitland 1972; Greenhalgh 1999). In streams, loach seek cover that provides visual
isolation from predators (MacKenzie & Greenberg 1998), sheltering beneath stones,
amongst vegetation, or even burying themselves in silt (Hyslop 1982). Stone loach
generally inhabit deeper, depositional habitats (Prenda er al. 1997, MacKenzie &
Greenberg 1998), and often show a preference for macrophytes where available (Hyslop
1982; Welton et al. 1983; Roussel et al. 1998). In the chalk streams of southern England,
the loach is a fractional spawning species, laying several batches of eggs between late
April and early August (Mills er al. 1983). Fish mature after one year and reach a
maximum length of 120-150 mm after 4 years (Smyly 1955). Growth is concentrated in
the period May-October (Mills ef al. 1983). Stone loach are nocturnal or crepuscular
(Welton ef al. 1983; MacKenzie & Greenberg 1998; Fischer 2000) and are not territorial
(Smyly 1955). In contrast to the bullhead, stone loach are active, tactile foragers that seek
out prey using their barbels and are restricted to taking small prey species with low
mobility (Smyly 1955; Welton et al. 1983). The diet is typically dominated by dipteran
larvae such as chironomids (Hartley 1948; Smyly 1955; Maitland 1965; Welton et al.
1983; Rundle & Hildrew 1992), with caddisfly larvae and mayfly nymphs also common in
spring and summer and crustaceans and amphipods becoming increasingly important

during autumn and winter (Copp et al. 1994; Michel & Oberdorff 1995).

1.5.2 Chalk streams

Chalk streams are so-named because approximately 80 % of total annual discharge is
derived from groundwater from Cretaceous chalk aquifers (Mann et al. 1989). The low
contribution from runoff means that chalk streams have a stable hydrological regime
relative to other river types and are rarely subject to floods or droughts that are common in
many upland streams (Berrie 1992). Groundwater rises at a constant temperature of around
10°C throughout the year which confers high thermal stability, especially in the
headwaters. Due to the underlying geology, chalk streams have low gradients and do not
show the marked longitudinal gradient in physical conditions typical of most European
rivers (Westlake et al. 1972). This combination of limited physiographic relief and
hydrological stability produces a low energy environment and consequently pool-riffle
development is limited. The stream bed is composed of flint gravels and cobbles, with

areas of silt in the margins and where macrophytes promote sedimentation. Water quality
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and clarity are generally good and concentrations of nitrates and phosphates are high

(Westlake et al. 1972; Berrie 1992).

High concentrations of dissolved inorganic nutrients and good light penetration, allied to
the stable flows and warm temperatures, result in high autochthonous (indigenous)
primary production, up to 500 g/m* dry wt. (Westlake ef al. 1972). This organic
production is characterised by a summer bloom of emergent vegetation, in particular water
crowfoot (Ranunculus penicillatus). In addition, chalk streams receive a high input of
allochthonous (acquired) organic material from bankside trees, chiefly alder (Al/nus
glutinosa) and willow (Salix spp.) (Dawson 1976). The abundance of plants and detritus
supports high secondary production of benthic macroinvertebrates (Westlake et al. 1972).
Consequently, density, biomass and production of fish are also high (Mann 1971; Mann ef
al. 1989). Chalk streams support a relatively diverse fish fauna, including populations of
brown trout and Atlantic salmon that are of great sporting value to anglers. Relative
abundance varies spatially and temporally but in smaller chalk streams, the fish

community is commonly dominated by bullheads and stone loach (Mann 1971).

In the UK, chalk streams are restricted to areas of southern and eastern England. The
principle systems are found in Hampshire and Dorset and include the Rivers Itchen, Test,
Meon, Frome and Avon (Mann et al. 1989). This project was conducted on the Brandy
Stream, a side channel of the River Itchen in southern England (51°03°N; 1°19°W; altitude
30 m). The Itchen is fed by groundwater from the South Downs east of Winchester and
flows 17 km before discharging into Southampton Water. At the study site, the stream
flows across a wide floodplain of rough pasture and is bordered on one side by a mature
hedgerow of bramble (Rubus allegheniensis), hawthorn (Crataegus monogyna), laurel
(Laurus nobilis), sycamore (Acer pseudoplatanus) and ash (Fraxinus excelsior). The
stream averages approximately 5 m in width and is generally shallow (< 0.40 m) and swift-
flowing (> 0.15 m/s). Bullheads and stone loach are the numerically dominant fish species,
with brown trout, Atlantic salmon, minnows (Phoxinus phoxinus) eels (Anguilla anguilla),
brook lamprey (Lampetra planeri), three-spined stickleback (Gasterosteus aculeatus),
grayling (Thymallus thymallus) and pike (Esox lucius) also present at low densities (A.

Davey, personal observation; CEFAS, unpublished data).
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1.5.3 Advantages of this model system

This model system is well suited to studies of competitive interactions in stream fish.
Firstly, fish communities of small chalk streams are numerically dominated by just two
benthic fish species, thus representing a comparatively simple system within which to
explore competitive interactions. Bullheads and stone loach show a high degree of
ecological similarity (both are small, benthic nocturnal predators of macroinvertebrates),
and have long been considered as potential competitors (Welton et al. 1983). Secondly,
both bullheads and stone loach attain high densities, providing an abundant source of
experimental animals. Thirdly, the system is experimentally tractable. Both species are
small-bodied, are thought to show high site fidelity and prey almost exclusively on benthic
macroinvertebrates (Welton et al. 1983), which means that they are unlikely to be affected
by confinement in enclosures. /n situ experimental manipulations are further aided by the
high hydrological stability and water clarity of chalk streams. Fourthly, chalk streams are
characterised by low hydraulic disturbance and high productivity compared to other
temperate river types. This suggests a priori that deterministic biotic factors such as
competition should be relatively important in structuring these assemblages (Horwitz

1978; Schlosser 1982; Menge & Sutherland 1987).
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AIMS AND OBJECTIVES

Intraspecific and interspecific competitive interactions can regulate population abundance,

limit species diversity and modify trophic interactions. Understanding the importance of

competition in contemporary fish assemblages has been constrained by a lack of robust

empirical evidence concerning the underlying mechanisms. The aim of this thesis is to

investigate the role of competition in structuring stream fish communities, using two small

benthic fish species, bullheads Cottus gobio and stone loach Barbatula barbatula, in chalk

streams as a model system.

Specifically, the objectives of this thesis are:

(1)

@)

To investigate the mechanisms and consequences of intraspecific competition
among bullheads. Adult fish density was experimentally manipulated in the field to
test for intraspecific competition and assess its potential to regulate bullhead
populations (Chapter 2). Subsequent experiments were performed to determine
whether competition occurs for food or shelter and to partition the effects of
exploitation and interference competition (Chapters 2 and 3). The influence of
intraspecific competition on the spatial distribution of fish was also examined by
combining a field survey of microhabitat use with laboratory experiments (Chapter
4).

To investigate the mechanisms and consequences of interspecific competition
between adult bullheads and stone loach. Microhabitat use of both species was
compared in the field to assess the potential for habitat partitioning to moderate
competitive interactions (Chapter 4). Presence and absence of bullheads and stone
loach were then manipulated under field conditions to test for interspecific
competition, determine the influence of flexible niche partitioning on individual
performance (Chapter 5) and to examine the independent and interactive effects of

multiple predators on lower trophic levels (Chapter 6).
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2.
MECHANISMS OF DENSITY DEPENDENCE IN
BULLHEADS

21 ABSTRACT

The long-term persistence of populations without extinction suggests that population
regulation should be ubiquitous in nature. Yet determining the underlying biological
mechanisms, particularly the processes that produce density dependence in demographic
rates and the stage in the life cycle at which they occur, has proved difficult in many
systems. Density dependent mortality of larvae and juveniles is considered to be the main
regulating factor in fish populations. Regulation could also occur at the adult stage via
density dependent growth and fecundity, yet few studies have explicitly tested this
hypothesis. In this study, bullheads Cottus gobio were used as a model species to examine
density dependence in adult stream fish. Fish density, food availability and spatial
connectivity were experimentally manipulated under semi-natural field conditions using
cage enclosures to test for density dependent growth and to distinguish between
exploitation and interference competition as the causative mechanism. Growth of adult
bullheads declined with increasing fish density. Individuals grew faster when densities of
invertebrate prey were experimentally elevated above ambient levels, indicating that
bullheads were food limited. Parallel dietary shifts were observed in response to
manipulation of both bullhead density and resource availability, suggesting that
exploitation competition for Gammarus pulex was the primary mechanism responsible for
density dependent growth. Evidence was sought, but not found, for interference
competition. Thus, density dependent growth at the adult stage may potentially regulate
bullhead populations via effects on fecundity and survival. The exact consequences for
population dynamics will depend upon the action of stochastic events and deterministic
processes at other stages of the life cycle. However, the high density of bullheads in chalk
streams suggests that population regulation at the adult stage is an important and

widespread process in this species.
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2.2 INTRODUCTION

Determining the extent to which animal populations are regulated has long been a core
theme in ecology (Nicholson 1933; Andrewartha & Birch 1954; Turchin 1999; Hixon ef
al. 2002). Regulation occurs when stabilizing density dependent processes act to bound
fluctuations in population size by altering key demographic rates of individuals (Murdoch
1994). The long-term persistence of populations without extinction suggests that
population regulation should be ubiquitous in nature, yet robust empirical evidence for
density dependence is limited (Murdoch 1994). Searching for density dependence in time
series of estimated population densities has proved to be unreliable, both failing to detect
density dependence when it is present and finding spurious density dependence when it is
not (Gaston & Lawton 1987; Pollard ef al. 1987; Wolda & Dennis 1993; but see Lande ef
al. 2002). Field manipulations of population density represent a more direct approach to
examining density dependence in demographic rates, but often pose substantial practical
difficulties and consequently are seldom performed in many systems (Harrison &

Cappuccino 1995).

Attempts to draw generalizations about regulation have been constrained by a lack of
knowledge concerning the underlying biological mechanisms, in particular the processes
that produce density dependence and the stage in the life cycle at which they occur
(Sinclair 1989; Murdoch 1994; Forrester & Steele 2000). Mechanistic understanding is
critical as it provides the basis for predicting spatio-temporal variation in population
regulation by linking individual behaviour to population dynamics (Wiens et al. 1993,
Murdoch 1994; Sutherland 1996). Whilst a general process has been identified in some
studies, the exact way in which it operates to produce density dependence has often not
been determined. For example, intraspecific competition is commonly described as an
important potential regulating factor (Hixon er al. 2002) but the mode of competition and
the limiting resource are often not known. Whilst the latter may be identified by direct
observation, distinguishing between exploitation and interference has proved less
tractable, relying on detailed study of behaviour or resource availability (Griffith &
Poulson 1993; Goss-Custard et al. 2001) or fitting models of resource use incorporating
competition parameters (Doncaster & Gustafsson 1999). Manipulation of resource

availability (Boss & Richardson 2002) and direct interaction with conspecifics (Imre ef al.
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2002) holds much potential to distinguish alternative competitive mechanisms, but to date

such experiments have not been performed simultaneously.

Compared to other animal groups, relatively little is known about the mechanisms that
regulate freshwater fish populations (see Sinclair 1989; Shepherd & Cushing 1990 for
reviews). Theoretical and empirical studies suggest that fish populations are regulated
primarily by density dependent mortality during early life. Individual-based modelling of
fish growth predicts that exploitation competition for prey resources will cause density
dependent growth and mortality at a critical body-mass corresponding to the juvenile life
stage (Cowan et al. 2000). Although evidence is sparse, the majority of field studies
confirm that density dependent mortality occurs almost exclusively at the larval or early
juvenile stage (Elliott 1985; Charnov 1986; Shepherd & Cushing 1990; Jonsson et al.
1998). It has been suggested, however, that populations could also be regulated at the adult
stage via density dependence in individual growth rate (Shepherd & Cushing 1990). This
mechanism is potentially very powerful because fecundity and survival are strongly
correlated with body size in fish (Mann 1971; Sogard 1997). Nevertheless, empirical
evidence for density dependence among adult fish is extremely limited (Le Cren 1987,

Elliott & Hurley 1998).

Food, foraging space and shelter are commonly cited as potential limiting factors for
freshwater fish, yet knowledge of how intraspecific competition generates density
dependence in per capita demographic rates remains cursory. Density dependent mortality
in juvenile fish is thought to involve an interaction between food supply and predation,
whereby exploitation for food at high densities results in slower growth and prolongs the
critical period during which fish are vulnerable to gape-limited predators (Sinclair 1989;
Shepherd & Cushing 1990). In salmonids, interference competition for territories among
juveniles has been shown to regulate populations via density dependent mortality and
emigration (Elliott 1985, 1990; Grant & Kramer 1990) but strong compensatory growth
responses at low population densities suggest that exploitation competition may also be

important (Jenkins et al. 1999), possibly due to shadow competition (Elliott 2002).

The aim of this study was to examine the occurrence and mechanisms of density

dependence in adult stream fish using bullheads Cottus gobio as a model system. Cottus
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species are small, benthic fish that have small home ranges (Brown & Downhower 1982;
Hill & Grossman 1987) and can attain high densities in shallow stony streams. These
characteristics make them ideal for investigating population-level processes by
experimental manipulation. Bullheads are abundant in the chalk streams of southern
England (Mann 1971). Early life-stages (eggs and fry) suffer high mortality due to
invertebrate predation and fungal infection (Green 1975; Fox 1978b), but less attention has
focused on later life-stages. Adult bullheads are solitary and behave aggressively towards
conspecifics (Smyly 1957; Ladich 1989). They are also visual, ambush predators that show
a preference for large, active benthic macroinvertebrates such as Gammarus pulex L.
(Smyly 1957; Welton ef al. 1983). Predation by bullheads has been shown to significantly
reduce benthic prey densities (Englund & Olsson 1996; Dahl 1998a), suggesting that food
may be a limiting resource. Both exploitation and interference competition could therefore
potentially regulate populations at the adult stage via density dependent individual growth.
This hypothesis was tested by conducting two field experiments. The first tested for
density dependence by examining the effect of fish density on individual growth in body
size. The second experiment partitioned the effects of exploitation and interference
competition by testing the following predictions: (i) growth of bullheads will be enhanced
by increased food availability if there is exploitation competition, and (ii) growth of
bullheads will be enhanced by reduced spatial connectivity (and hence reduced encounters
with conspecifics) if there is interference competition. Fish density, food availability and
spatial connectivity were manipulated in sifu using cage enclosures. Prey consumption of

bullheads was measured to provide further insight into the underlying mechanisms.

23 METHODS

2.3.1 Study site

The study was conducted on the Brandy Stream (see section 1.5.2 for description). An
electrofishing survey during August 2002 estimated the density of adult (>50 mm)
bullheads at 3.4 fish/m? in the stream as a whole, and up to 7.6 fish/m* in preferred riffle
habitats (see Chapter 4). Mean water temperature during experiments 1 and 2 was 15.5°C
(minimum 13.7°C; maximum 17.6°C) and 12.2°C (minimum 10.8°C; maximum 14.1°C)

respectively (Seamon mini temperature recorder, Hugran, Reykjavik, Iceland).
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2.3.2 Experimental enclosures

The experimental manipulations were performed using cage enclosures, each 1.4 m long,
0.8 m wide (enclosed area = 1.12 m?) and 0.3 m high. Enclosures had solid metal sides and
base and 6 mm wire-mesh on the up- and down-stream ends to permit water to flow
through the structure (Plate 2a). Enclosures were established in water 0.17-0.27 m deep
with velocities ranging from 0.17 to 0.39 m/s. The base of each enclosure was covered
with 10-20 mm gravel, creating a substrate 25 mm deep, and bricks and cobbles were then
introduced to provide shelter. Plastic netting was placed over the open top of each
enclosure to deter avian predators. Although this has the potential to affect their behaviour,
it was necessary to ensure that the treatments were maintained. Enclosures were positioned
approximately 4 m apart and staggered to reduce the effects of upstream enclosures (Plate
2b). The up- and down-stream wire meshes were removed for several weeks prior to the
start of each experiment to allow invertebrate prey to colonize the enclosures. Once
replaced to enclose fish, the wire meshes were cleaned every 12 hours to remove

accumulated plant debris and maintain water flow through the enclosures.

2.3.3 Experimental design and protocol

2.3.3.1 Experiment 1: Testing for density dependence

Twelve replicate enclosures were established on 7 June 2000 as described above. All fish
used in the experiment were collected locally from the Brandy Stream by electrofishing
between 20-22 July and held in stock enclosures. On 23 July, 56 adult bullheads were
weighed to 0.01 g, measured to 0.1 mm (total length, TL) and randomly allocated to three
density treatments: two, four and eight fish per enclosure. These densities of 1.8, 3.6 and
7.1 fish/m® corresponded to approximately half, ambient and double the mean density of
adult bullheads in the Brandy Stream. The experimental animals ranged in initial mass
from 2.05 g to 7.38 g (mean 3.56 g) and in initial TL from 55.7 mm to 82.3 mm (mean

65.5 mm). Treatments were replicated four times and randomly assigned to enclosures.
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Plate 2 Cage enclosures on the Brandy Stream

A

Phbto.;.' A. Davey
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Figure 2.1 Experimental design to separate the effects of exploitation and interference
competition. Bullheads were held in replicate stream enclosures under two levels of prey density
(ambient and elevated, indicated by dots) crossed with two levels of spatial connectivity (normal
and reduced). Longitudinal barriers (dotted lines) were used to manipulate spatial connectivity
and, hence, the amount of direct interaction between conspecifics. Three bullheads were stocked

into each enclosure.

The fish were held in the enclosures for 14 days. Three bullheads that died during the

experiment were replaced with fish of similar size to maintain the treatments.

2.3.3.2 Experiment 2: Distinguishing between exploitation and interference competition
The second experiment used an array of 20 enclosures, each half the length of those used
in experiment 1, which were established on 14 August 2002. A factorial experimental
design was used, crossing two levels of food availability with two levels of spatial
connectivity (Figure 2.1). By simultaneously manipulating both resource availability and
the amount of direct interaction between conspecifics, it was possible to determine

whether density dependent rates of prey consumption by bullheads, and hence individual
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growth, were a function of prey density alone (exploitation competition) and/or bullhead

density per se (interference competition).

Food availability was supplemented in half the enclosures by periodically adding benthic
macroinvertebrates during the experiment to elevate prey densities (see below). Prey
densities in the control treatment were left at ambient levels. The degree of spatial
connectivity was manipulated by erecting two barriers in each enclosure parallel to the
water flow, so partitioning the space into three sections of equal area. The barriers were
constructed from 6 mm wire mesh that was permeable to invertebrate prey. To restrict
interaction between bullheads, half the enclosures were fitted with complete barriers that
prevented fish moving between sections, and fish stocked individually into each section.
Using barriers to hold fish separately provided a measure of the performance of bullheads
in the absence of direct interactions between conspecifics and therefore allowed the effect
of interference competition to be evaluated. Control enclosures were fitted with partial
barriers containing a 0.3 m gap that allowed fish to move between sections and interact
normally. Each of the four treatments was replicated five times and treatments were

randomly assigned to enclosures.

All experimental fish were sourced from the Brandy Stream by electrofishing on 27
September 2002 and held in stock enclosures. On 29 September, 60 adult bullheads were
weighed to 0.01 g, measured to 0.1 mm (TL) and randomly assigned to treatments. Fish
ranged in initial mass from 1.47 gto 4.52 g (mean 2.56 g) and in initial TL from 52.0 mm
to 72.1 mm (mean 60.0 mm). Bullheads were marked with subcutaneous elastomer tags
(Northwest Marine Technology Inc., WA, USA) to allow individual recognition. Three
fish were released into each enclosure, one in the center of each section, representing a

density of 5.4 fish/m?. The experiment was run for 12 days.

Macroinvertebrates were added to food addition treatments on 2, 6 and 9 October. All
animals were collected locally by carefully disturbing the stream bed and catching
downstream-drifting individuals in a pond net (500 um mesh). To control the number of
animals added, replicate 30 ml samples of macroinvertebrates were measured out using a
measuring cylinder. On each date, a total of 90 ml of macroinvertebrates were released

into each food addition enclosure (30 ml per section). Analysis of samples (n = 5) showed
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that Gammarus pulex accounted for 90 % of all animals, with a mean of 1645 (£ 298 S.D.)
individuals per 90 ml. This was equivalent to elevating benthic densities of Gammarus
pulex by 8812 (+ 1598) individuals/m* during the course of the experiment, approximately
doubling ambient density. To reduce the immediate downstream drift of animals, a board
was temporarily positioned across the upstream mouth of recipient enclosures to stop
water flow, and macroinvertebrates then released as close to the substrate as possible. As a
procedural control, the remaining 10 cages were also temporarily screened off and 90 ml

of gravel added to each to simulate the disturbance caused by adding invertebrates.

2.3.4 Data collection

At the end of each experiment, enclosures were searched and bullheads removed with a
dip net. Fish were then killed by an overdose of anesthetic, identified, re-weighed, re-
measured and preserved in 70 % ethanol solution. This work was conducted between 0700
and 1000 h to minimize digestion of consumed prey. In the laboratory, stomachs of
experimental fish were dissected out and their contents examined under x40 magnification
using a dissecting microscope. Prey items were identified to the lowest possible taxonomic
level, counted, and measured to 0.01 mm using a graticule. Dimensions of prey items were
converted to dry weight biomass using published mass-length relationships (Ladle et al.
1972; Bass 1976; Mackey 1977; Mason 1977; Welton 1979; Meyer 1989). Stomach
contents were observed in various degrees of digestion. Incomplete prey items were
assumed to be whole for the purpose of biomass determination. Where no body dimension
could be recorded, a biomass was attributed based upon the average of other specimens
within the sample. Occasionally prey could not be identified and these were excluded from
analysis. Several authors warn of the effect of different methodologies and against
transferring mass-length relationships between stream types (Meyer 1989; Johnston &
Cunjak 1999). Therefore attempts were made to match the preservation method and stream

type in published equations to those of this study.

2.3.5 Statistical analysis

The performance of bullheads was assessed by prey consumption and growth in body size.
Prey consumption was calculated as the number of individuals of each invertebrate taxon

per fish stomach. Total food consumption was also measured as the total dry weight
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biomass of all prey consumed, divided by fish mass to the power of 0.75 to take account of
allometric relationship between body size and food consumption (Steingrimsson & Grant
1999). Growth was expressed as the change over time in body mass and TL. Calculations
were performed for all surviving fish, with the exception of four fish that moved across the

barriers in experiment 2, and the four neighbours that they invaded, which were omitted

from the analysis.

Analyses were performed on the means for each enclosure (7 = 12 data points for
experiment 1 and » = 20 for experiment 2). Response variables were tested with Cochran’s
C-test for homogeneity of variances and log-transformed where necessary to normalise
distributions and stabilise variances. To test for density dependence, response variables
from experiment 1 were regressed against initial fish density. Spearman’s rank correlation
was used when transformation failed to correct heterogeneous variances. To distinguish
between exploitation and interference competition, response variables from experiment 2
were tested by two-way ANOVA with food availability, spatial connectivity and their
interaction as fixed factors. Post-hoc power analysis was performed for non-significant
results where necessary (Zar 1999). SPSS v.10.0 (SPSS Inc., Chicago) was used for all

statistical procedures and significance evaluated using o = 0.05.

24 RESULTS

2.41 Experiment 1: Testing for density dependence

Fish density strongly affected bullhead performance. Both growth in mass (regression:
Fi10=5.108, P =0.047) and growth in TL (regression: F jo = 8.733, P = 0.014) were
negatively density dependent (Figure 2.2). Mean growth in the highest-density treatment
(0.12 g and 0.5 mm) was 83 % lower than in the low-density control (0.73 g and 2.8 mm).
As a result of strong density dependent growth, total biomass production per enclosure
was unrelated to stocking density (regression: /190 = 0.582, P = 0.463) indicating exact

density compensation in production.

The diet of bullheads was dominated numerically by Gammarus pulex (67 %), followed by
Baetis nymphs (14 %), Simuliidae larvae (11 %) and chironomid larvae (4 %) (Table 2.1).
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Figure 2.2 The relationship between stocking density of bullheads and their subsequent
performance during experiment 1, as measured by growth in (a) mass and (b) TL. Crosses
indicate enclosure means based on 2, 4 or 8 fish per enclosure; dots indicate treatment means
based on four replicate enclosures per treatment. Some points are offset horizontally for clarity.
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Regression lines show significant relationships (P < 0.05).

Consumption of chironomid larvae (Spearman’s rs = 0.701, » =12, P = 0.011) and Baetis

nymphs (regression: F 1o = 5.535, P = 0.040) increased with bullhead density. In contrast,

consumption of Gammarus pulex and Simuliidae larvae was unrelated to stocking density

(regression: F 10 =1.760, P = 0.214 and F} 1o = 1.274, P = 0.285 respectively). Other prey
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Table 2.1 Prey consumption of bullheads in experiment 1, expressed as mean number and dry
weight biomass of prey consumed per fish. Fish were held in enclosures at three densities (2,
4 or 8 fish per enclosure). Prey consumption was recorded at the end of the experiment by
examining storach contents.

Number Biomass (mg)

Fish per enclosure 2 4 8 2 4 8

Gammarus pulex 5.50 5.50 4.17 30.45 25.63 21.31
Baetis spp. 0.38 0.71 1.27 0.06 0.28 0.36
Chironomidae 0.00 0.00 0.43 0.00 0.00 0.02
Simuliidae 2.38 0.36 0.53 0.60 0.11 0.14
Other prey 0.25 0.43 0.40 0.20 1.19 0.29
TOTAL 8.51 7.00 6.80 31.31 27.21 22.12

Table 2.2 Prey consumption of bullheads in experiment 2, expressed as mean number and dry
weight biomass of prey consumed per fish. Fish were held in enclosures at two levels of food
availability (ambient, elevated) crossed with two levels spatial connectivity (with and without a
complete barrier). Three fish were stocked into each enclosure and prey consumption
recorded at the end of the experiment by examining stomach contents.

Number Bidmass (mg)

Treatment [ 3 £ 3TE B 3 - -
reatmen = c £ = = =
5 & a £a 5 h 8 Lo

(& + + + + O + + + +

Gammarus pulex 047 133 060 140 1.55 4.26 2.75 3.93
Baetis spp. 113 0.63 093 0.20 0.97 040 0.74 0.06
Chironomidae 580 340 347 060 0.56 033 0.25 0.03
Simuliidae 1.07 073 083 0.00 0.23 024 0.24 0.00
Other prey 0.34 021 074 048 049 0.38 1.18 0.57
TOTAL 8.81 6.30 6.67 268 3.80 5.61 5.16 4.59

taxa were consumed too infrequently for analysis. Gammarus pulex was the most
important prey species, accounting for over 94% of total prey biomass in all three
treatments (Table 2.1). Mean prey biomass per fish was 24.90 mg (dry weight). There was
no relationship between fish density and total prey biomass consumed per fish (regression:

FUO = 0660, P= 0436)

2.4.2 Experiment 2: Distinguishing between exploitation and interference

competition

Mean growth in mass of bullheads was 97 % higher in food addition treatments than in the

controls (ANOVA: F 16 =4.959, P = 0.041; Figure 2.3a) and a similar pattern was
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Figure 2.3 Mean (+ 1 S.E.) growth in (2) mass and (b) TL of bullheads during experiment 2.
Fish were held in enclosures at two levels of food availability (ambient, elevated) crossed
with two levels of spatial connectivity (a barrier effect). Three fish were stocked into each
enclosure. Means are based on five replicate enclosures per treatment.

observed for growth in TL, although the effect was marginally non-significant (ANOVA:
Fy16=4.203, P =0.057; Figure 2.3b). In contrast, spatial connectivity had no effect on
growth in mass (ANOVA: F} 16 = 0.333, P =0.572) or growth in TL (ANOVA: Fi 16 =
0.061, P = 0.808). Although the power of tests for a barrier effect were low (< 0.20), food
availability explained over 10 times more variation in growth than spatial connectivity,
indicating that even if there was interference competition, its effect was minor relative to
that of exploitation competition. The effect of food addition on growth did not depend

upon the level of spatial connectivity (ANOVA interaction: mass: F) 15 = 0.823, P = 0.378;
TL: F1,16=0.885, P =0.361).
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Figure 2.4 Prey consumption of bullheads in
experiment 2, expressed as numbers of (a)
Gammarus pulex, (b) Chironomidae, (c) Simuliidae
and (d) Baetis nymphs per fish, and (e) total dry
weight biomass of prey. Bullheads were held in
enclosures at two levels of food availability (ambient,
elevated) crossed with two levels of spatial
connectivity (a barrier effect). Three fish were
stocked into each enclosure and their prey
consumption estimated by examining stomach
contents at the end of the experiment. Means (£ 1
S.E.) are based on five replicate enclosures per
treatment.
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As in experiment 1, the diet of bullheads was dominated by Gammarus pulex, chironomid
larvae, Baetis nymphs and Simuliidae larvae (Table 2.2). Bullheads displayed a strong
dietary shift in response to prey density, consuming more Gammarus pulex (ANOVA:
F116=9.532, P=0.007; Figure 2.4a), fewer chironomid larvae (ANOVA: F 16 =5.570, P
= 0.031; Figure 2.4b) and fewer Simuliidae larvae (ANOVA: F) 1 = 8.480, P = 0.010;
Figure 2.4c) at elevated prey densities. There was also a suggestion that consumption of
Baetis nymphs was lower in food addition treatments (ANOVA: F 16 =3.782, P = 0.070;
Figure 2.4d). Predation upon chironomid larvae was further reduced when fish were
isolated by barriers (ANOVA: F 16 = 5.320, P = 0.035; Figure 2.4b), and there was a
suggestion that the same was occurring for Simuliidae larvae (ANOVA: F) 16 =4.008, P =
0.063; Figure 2.4c). Consumption of Gammarus pulex and Baetis nymphs was unaffected
by the degree of spatial connectivity (ANOVA: Fy 14 = 0.160, p = 0.695 and F) ;6 = 0.977,
P =0.338 respectively; Figures 2.4a and 2.4d). Interaction between food availability and
spatial connectivity had no significant effect on consumption of any prey taxa (ANOVA
interaction: all P > 0.20). Bullheads contained a mean of 4.70 mg (dry weight) of
invertebrate prey, or 1.9 mg/g of fish wet weight, with Gammarus pulex accounting for 64
% of total prey biomass (Table 2.2). Total prey consumption was unaffected by food
availability (ANOVA: F 16 =0.732, P = 0.405), spatial connectivity (ANOVA: F} ¢ =
0.009, P = 0.925) or their interaction (ANOVA interaction: F 16 = 1.025, P = 0.326)

(Figure 2.4¢).

2.5 DISCUSSION

The aim of this study was to test for density dependent growth among adult bullheads and
to elucidate the mechanisms responsible. To overcome the problems of detection inherent
in statistical analyses of census data, an experimental approach was adopted to infer
density dependence in demographic rates from direct measurements of individual growth
(Murdoch 1994; Harrison & Cappuccino 1995). Using field enclosures to manipulate
animal densities in situ risks affecting the behaviour of the focal species or modifying its
habitat. However, bullheads were not thought to be stressed by confinement within
enclosures because Cottus species are known to have small home ranges and low

movement rates (Brown & Downhower 1982; Hill & Grossman 1987) and the growth
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rates and dietary composition of bullheads during the experiments were comparable to
those recorded for wild fish (Mann & Orr 1969; Mann 1971; Green 1975). Furthermore,
the enclosures closely approximated natural conditions and supported an assemblage of
invertebrate species similar to that in the surrounding stream (A. Davey, personal
observation). It seems unlikely, therefore, that the observed responses of bullheads were
artefacts caused by the use of field enclosures. Instead, this study provides new insight into

the timing and processes of density dependence in fish populations.

2.5.1 Timing of density dependence in the life cycle

Individual growth rate of adult bullheads showed strong negative density dependence. This
result contrasts with the prevailing view that density dependence in fish occurs almost
exclusively at the larval or early juvenile stage (Charnov 1986; Sinclair 1989; Shepherd &
Cushing 1990). This discrepancy may be accounted for by the bias in the literature towards
commercially important salmonid species, which frequently display strong territorial
competition amongst juveniles (Elliott 1985; Grant & Kramer 1990; Jenkins et al. 1999;
Keeley 2001), and the emphasis of fisheries biologists towards the study of mortality rates
rather than sub-lethal density dependent responses. This study adds to a small but growing
body of evidence that fish populations can potentially be regulated at the adult stage via
density dependent growth and fecundity. For example, Le Cren (1987) observed density
dependent fecundity in perch, Perca fluviatilis L., in Lake Windermere, and key-factor
analysis of resident brown trout in a Lake District stream has revealed population
regulation at the adult stage, although the exact mechanism remains uncertain (Elliott &
Hurley 1998). Density dependence in adult freshwater fish is likely to be more prevalent
than currently believed for two reasons. Firstly, the marked quantitative and qualitative
changes in resource requirements that characterize the ontogeny of many fish species
provide the necessary conditions for the development of demographic bottlenecks after
sexual maturity (Werner 1986; Beck 1995). Secondly, in temperate environments, seasonal
variation in prey abundance and water temperature can lead to annual bouts of
intraspecific competition when food abundance is low relative to the metabolic demands

of the population (Persson & Johansson 1992).

37



Chapter 2: Mechanisms of density dependence

2.5.2 Mechanisms of density dependence

Attempts to assess the prevalence of population regulation in natural systems have been
constrained by a lack of knowledge concerning the mechanisms giving rise to density
dependence in demographic rates (Sinclair 1989; Murdoch 1994; Forrester & Steele 2000).
Competition has been implicated as the underlying process for density dependence in most
studies of freshwater fish (for example Elliott 1990; Tonn ef al. 1994; Jenkins et al. 1999),
but separating the effects of exploitation and interference competition has proved
challenging. In this study, bullheads grew faster at reduced density and displayed a dietary
shift, switching from alternative prey such as Baetis nymphs and Chironomid larvae to
preferred Gammarus pulex. Similar responses were observed when densities of
invertebrate prey were elevated above ambient levels. These parallel responses to
manipulation of both focal species density and resource availability indicate that bullheads
were food limited and provide strong evidence that exploitation competition for
Gammarus pulex was the primary mechanism responsible for density dependent growth. In

contrast, no evidence was found for interference competition.

Although this study could not directly attribute resource limitation to predator impacts on
prey, bullheads have previously been shown to reduce local prey availability both directly
though consumption (Englund & Olsson 1996; Dahl 1998a) and indirectly by eliciting
anti-predator responses in prey (Andersson et al. 1986). Strong effects of freshwater fish
on prey are well documented (Wooster 1994; Wooster & Sih 1995; Dahl & Greenberg
1996; Shurin et al. 2002), but further food addition experiments are required to determine
the generality of food limitation (for example Boss & Richardson 2002). Prey availability
is also reduced when heterogeneous substrates provide a refuge from predation
(Holomuzki & Stevenson 1992; Power 1992). Indeed, if only a small fraction of the total
prey population is accessible to predators, then resource limitation may occur without a
significant reduction in total prey density. This may explain the occurrence of exploitation

competition despite high ambient prey densities in the present study.

Bouts of strong exploitation competition are predicted to occur periodically in temperate
freshwater fish populations (Persson & Johansson 1992). However, behavioural plasticity
is a common trait of animals in temporally variable environments (Dill 1983) and flexible

foraging behaviour may ameliorate competitive interactions (Nakano ef al. 1999). In the
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foraging behaviour may ameliorate competitive interactions (Nakano ef al. 1999). In the
present study, growth of bullheads was density dependent despite a dietary shift that
maintained total prey biomass consumption, implying that the alternative foraging strategy

was less efficient either because of higher energetic costs or lower nutritional quality of

prey.

The absence of interference competition in this study was surprising because bullheads are
known to behave aggressively towards conspecifics when active at night (Smyly 1957;
Ladich 1989). Since spatial connectivity was confounded with total area available for
movement, it is possible that negative effects of competition on growth were obscured by a
positive response of fish to reduced confinement. However, this is unlikely given that the
bullheads did not appear to be stressed by enclosure, as argued above. Instead, the
complex substrate probably minimized any interference interactions by visually isolating

conspecifics (Kalleberg 1958; Imre et al. 2002).

2.5.3 Implications for population dynamics

Density dependence in individual growth rate of adults is likely to have important
consequences for population dynamics of bullheads via effects on demographic parameters
such as fecundity and survival. Female fecundity is positively correlated with size (Mann
1971; Green 1975; Fox 1978a; Marconato & Bisazza 1988) and in chalk streams, where
the bullhead is a fractional spawning species, larger individuals tend to commence
spawning earlier in the year, laying more batches of eggs (Fox 1978a). Females prefer
larger males (Marconato & Rasotto 1983) and consequently male reproductive success, as
measured by the number of matings and number of eggs fertilized, increases with fish size
(Marconato & Bisazza 1988). Density dependent adult growth is also likely to translate
into density dependent survival since larger fish are generally less vulnerable to predators,
have higher tolerance to environmental extremes and are more resistant to starvation
during stressful periods such as winter than smaller individuals (Cushing 1981; Sogard
1997). Therefore density dependent adult growth is expected to influence both current

population size and subsequent reproductive output.

Detecting density dependence only identifies exploitation competition among adults as a

potential regulating factor. Its importance for population regulation will depend upon the
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action of other density independent and density dependent processes. Firstly, heavy density
independent mortality during early life-stages may hold populations below catrying
capacity and preclude the occurrence of intraspecific competition amongst adults.
Bullhead eggs are susceptible to fungal infection (Fox 1978a) and predation by
invertebrate predators (Fox 1978b). Larvae also suffer predation from other small fish
species such as three-spined stickleback Gasterosteus aculeatus (Fox 1978a). Despite this,
local densities of adult bullheads in chalk streams often exceed 2 fish/m? (Mann 1971;
Green 1975; Fox 1978a), suggesting that exploitation competition among adult fish is a
widespread phenomenon. Secondly, density dependence may occur at more than one life-
stage as a consequence of ontogenetic changes in limiting resources (Werner & Gilliam
1984; Werner 1986). Previous studies have suggested that mortality of bullhead fry is
density dependent (Green 1975; Fox 1978a) and that nest sites may be limiting for Cottus
species (Natsumeda 2001). Sequential density dependencies may act in an additive or
compensatory manner to produce complex and unpredictable population dynamics
(Astrom et al. 1996; Hellriegel 2000). Consequently, further data on the prevalence,
strength and consequences of competition for resources at each stage of the life cycle will

be required to evaluate the relative importance of these alternative regulating mechanisms

in stabilizing population fluctuations.

2.5.4 Conclusions

Revealing the mechanisms that translate variation in density into variation in per capita
demographic rates is vital to understanding how animal populations are regulated. Whilst
heavy mortality of young fish can be important in determining population size, this study
has demonstrated a significant limiting effect of food for adult fish. Exploitation
competition for preferred prey may therefore potentially regulate freshwater fish
populations at the adult stage via density dependence in growth in body size and,
ultimately, fecundity. However, further research is required to establish the generality of

this mechanism and to assess its relevance for population regulation.
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-3-

MODELLING DYNAMICS OF SHELTER USE IN

BULLHEADS: THE EFFECT OF INTRASPECIFIC
COMPETITION

3.1 ABSTRACT

Shelter is important for mobile animals living in hostile environments as a refuge from
predation and harmful physical conditions. Shelter may influence both the spatial
distribution of individuals and population abundance via effects on rates of growth,
mortality and emigration. Understanding the functional significance of shelter requires
knowledge of the behavioural mechanisms that govern dynamics of shelter use and the
individual-level responses to shelter occupation. The aim of this study was to investigate
the influence of intraspecific competition on shelter use and to examine the consequences
of individual behaviour for population-level processes, using bullheads Cottus gobio as a
model system. Fish density and shelter density were manipulated in a replicated field
experiment using cage enclosures. Shelter use and movement of individually marked
bullheads were recorded twice daily for ten days and growth in body size used as a
measure of performance. The strength of exploitation and interference competition was
estimated from the observed dynamics of shelter use by fitting a first order Markov chain
model incorporating competition coefficients. Bullheads seldom shared shelters with
conspecifics, indicating exploitation competition, and also engaged in interference
competition, which limited the ability of unsheltered fish to colonise vacant shelters at
high fish density. As a result, the proportion of fish in shelter was negatively density
dependent. Large fish had a higher probability of shelter use than small fish, particularly
when shelter availability was low, indicating asymmetrical intraspecific competition
between size classes. Unsheltered fish attempted to emigrate from enclosures, suggesting
that competition for shelter can determine local density and that shelter availability sets the
carrying capacity. There was no evidence that survival and somatic growth of bullheads
was affected by shelter use, although shelter availability may influence population size if

unsheltered individuals displaced to sub-optimal habitats suffer reduced fitness.
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3.2 INTRODUCTION

One of the primary goals in ecology is to understand the factors that determine the
distribution and abundance of animals. Shelter, or cover, is an important resource for
mobile animals (Elton 1939; Allouche 2002), providing refuge from a hostile physical
environment (Smith & Griffith 1994; Williams & Morritt 1995; Winterbottom et al. 1997;
Williams et al. 1999) and predation (Everett & Ruiz 1993; Valdimarsson & Metcalfe
1998). Availability of shelter can influence the spatial distribution of individuals and limit
population abundance. Positive selection for shelter has been shown to influence patterns
of habitat use in reef fish (Steele 1999), crayfish (Usio & Townsend 2000), snails (Crowl
& Schnell 1990), and amphibians (Barr & Babbitt 2002). Furthermore, shelter bottlenecks
have been demonstrated to limit survival and recruitment in a variety of taxa including
stone crabs (Beck 1995), spiny lobsters (Butler & Herrnkind 1997), gobies (Steele 1999;
Kroon et al. 2000) and damselfishes (Holbrook & Schmitt 2002).

In streams, shelter may take a variety of forms including interstitial spaces in the stream
bed, undercut banks and coarse woody debris (MacKenzie & Greenberg 1998; Allouche
2002). Use of interstitial shelters is common amongst benthic fish (Brown 1991;
MacKenzie & Greenberg 1998; Mullen & Burton 1998) and many salmonid species such
also seek refuge in the stream bed during winter (Cunjak & Power 1986; Cunjak 1988;
Fraser et al. 1995; Gries & Juanes 1998; Harwood et al. 2002). Concealment behaviour is
used primarily to provide visual isolation from predators (Harvey & Stewart 1991;
Gregory & Griffith 1996b; MacKenzie & Greenberg 1998; Allouche & Gaudin 2001) but
may also provide refuge from high water velocity (Allouche 2002) or low water
temperatures (Smith & Griffith 1994). Positive correlations between abundance of shelter
and population abundance or biomass are well documented in stream fish (see Allouche
2002 for review). Moreover, experiments in which shelter is supplemented confirm that
shelter density is an important determinant of fish density in the field and suggest that
competition for shelter may limit population size (Boussu 1954; Saunders & Smith 1962;
Ekl6v & Greenberg 1998). It is often uncertain, however, whether addition of shelter
affects demographic parameters such as survival or recruitment, or simply causes the

redistribution of existing fish (the attraction vs. production debate, Bohnsack 1989; Riley

& Fausch 1995).
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The functional relationship between shelter availability and population abundance will
depend upon the behavioural processes that control access to shelter and the consequences
of shelter use for the individual (Sutherland 1996; Allouche 2002). But although shelter
clearly influences population dynamics, little is known about the mechanisms that link
individual behaviour to population level patterns (Allouche 2002). Competition for shelter
may occur in two main ways. First, sheltered individuals may defend a shelter and prevent
further colonisation by unsheltered individuals (Mullen & Burton 1998; Figler et al. 1999).
Second, agonistic or avoidance behaviours may reduce the rate at which shelters are
colonised, independently of shelter availability. Both forms of interaction may be
considered as interference competition, but here I define occupation of shelter as
exploitation (c.f. consumption of prey) and other interactions that reduce colonisation rate
as interference. Measuring density dependence in exploitation rate has proved difficult for
predators foraging on prey (Goss-Custard et al. 1995; Stillman ef al. 1997; van der Meer &
Ens 1997) and has rarely been attempted for resources that are exploited by occupation
rather than consumption (Doncaster & Gustafsson 1999). Second, if asymmetries in
colonisation efficiency or competitive ability exist then individuals may not have an equal
probability of shelter use. For example, body size (Mullen & Burton 1998; Figler et al.
1999) and species identity (Baltz ef al. 1982; Greenberg 1988; Soderback 1994; Dubs &
Corkum 1996; Guan & Wiles 1997; Vorburger & Ribi 1999) can influence individual
success in one-on-one contests for shelter. Size- or species-specific differences in shelter
use may have important implications for population dynamics. Third, the exact
consequences of lacking shelter will determine how shelter availability affects local and
absolute population size. Individuals that are unable to obtain shelter may suffer increased
mortality risk (Holbrook & Schmitt 2002), lower growth (Fischer 2000), or may emigrate
from a patch to seek shelter (Mesick 1988).

The aim of this study was to investigate how intraspecific competition influences
individual shelter use and to examine the consequences of individual behaviour for
population-level shelter use dynamics, using a benthic stream fish, the bullhead Cotrus
gobio, as a model system. The bullhead is a small fish of swift-flowing, well-oxygenated,
shallow streams (Mills & Mann 1983; Roussel & Bardonnet 1997). Like other freshwater
sculpins, bullheads hide from predators during the day, selecting coarse substrates that

provide interstitial shelter (Smyly 1957; Welton ef al. 1983; Brown 1991). Bullheads are
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generally solitary animals and agonistic behaviour between non-breeding individuals is
common, involving threat displays, chasing and occasionally fights (Smyly 1957; Ladich
1989). The objectives of this study were: (i) to determine the strength of exploitation and
interference competition for shelter; (ii) to investigate correlates of individual success in
obtaining shelter; and (iii) to examine the how individual responses to shelter use translate
into effects at the population level. In this chapter, I first present a Markov chain model
that describes dynamics of shelter use in a population of mobile animals by incorporating
the effects of exploitation and interference competition. Secondly, I describe the results of
a field experiment examining the effects of shelter density and fish density on shelter use,
growth and movement of individually-marked bullheads, and fit the model to the empirical

data to test for exploitation and interference competition.

3.3 METHODS

3.3.1 Markov chain model of sheiter use dynamics

Consider a closed population of K fish competing for access to S shelters. The number of
fish in each of i shelters is denoted by #; and X n; = N, the total number of fish in shelter.
The dynamics of shelter use are defined by a set of rules describing the rates at which fish
depart and colonise shelters:

(1) Each of N sheltered fish leaves shelter and become unsheltered at unitary rate d.

2) At the same time, each of K-N unsheltered fish encounters shelters in proportion to
their abundance at unitary rate per shelter ¢. The encounter rate is reduced by
avoidance behaviour and aggressive interactions between conspecifics that reduce
search efficiency. Following Hassell and Varley (1969), interference is modelled as
a power function of the total number of animals in the population (¢/K™). On
attempting to enter a shelter, an unsheltered fish has probability a of being repulsed
by each of n resident fish. Thus, parameter m represents the strength of interference
competition (m > 0) whilst parameter a is a coefficient of exploitation competition
0=<a<l).

If sheltered fish are distributed evenly across shelters, then rate of change in the number of

fish in shelter (V) is given by:
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dN S N/S
S (k-N)I- -
dr K’”( Ni-a) N G-1)

In reality, however, individuals cannot distribute themselves perfectly evenly, and so we
require a model that takes into account the distribution of fish across shelters. It is natural
to consider the movement of fish between shelters as a stochastic (random) process, which

leads to the use of a continuous time Markov chain model.

A continuous time Markov chain describes a sequence of stochastic transitions between a
countable set of alternative states known as the state space. A Markov chain is by
definition a stochastic process that retains no memory of previous states, so that the future
state of the system is dependent solely on its present state. The dynamics of the system are
defined by a matrix of transition rates Q = (gy) that give the rate at which a system in state
j moves into state k. That is, the probability of moving from state j at time ¢ to state & at
time ¢ + dt, where df is small, is approximately g dr. Typically there will be a choice of

states one can move to; the time spent in state j is exponentially distributed with parameter

q,= Zk g, (mean time spent in state j is thus 1/g;), and when the system does change

state it moves to state £ with probability gu/g;. Given the rate matrix Q, it is therefore
possible to calculate the probability of moving from any state j to state & in time #, and the

equilibrium probability of the system being in any given state.

To model shelter use as a Markov chain, each possible distribution of K fish across S
shelters is considered as a separate state. To reduce the state space to a level that makes
computation feasible, the identity of fish is disregarded and individuals are considered to
be equivalent. For example, if K =2 and S = 4 there are 15 unique states (Table 3.1). Since
shelters were never observed to contain more than three fish in the field, states with n; > 3

were omitted to further reduce the state space.
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Table 3.1 State space for K =2 and S = 4. Two fish can be distributed across four shelters in 15

unigue ways.

Shelter status of fish No. of fish in shelters 1 to 4 State No.

Both fish are unsheltered: (0,0,0,0) 1

One fish is sheltered and the other not: (1,0,0,0) 2
(0,1,0,0) 3
(0,0,1,0) 4
(0,0,0,1) 5

Fish occupy different shelters: (1,1,0,0) 6
(1,0,1,0) 7
(1701011) 8
(0,1,1,0) 9
(0,1,0,1) 10
(0,0,1.1) 11

Both fish occupy the same shelter: (2,0,0,0) 12
(0,2,0,0) 13
(0,0,2,0) 14
(0,0,0,2) 15

A transition occurs when a single fish moves in or out of a shelter. The probability of

transition between states can therefore be derived from the rates of departure and

colonisation described above. Let the current state be w = (nl seesHyyeiiy g )

When N < K, unsheltered fish are available to colonise shelters, and so:

o +1,...,0,...,n5)
w—>(ny,...,n; +1,...,ng)

w——)(nl,...,ni,...,ns +1)

Similarly, when N > 0 sheltered fish may depart from shelters:

60—)(}71 —1,...,nl~,...,n5)

at rate

at rate

at rate

at rate

(K=N)-——-(1-a)"
Klﬂ

(K-N)-

(K=N)-

n, -d

C
Kﬂ’l

c
Kﬂ’l

(1-a)"

(1-a)"

(3.2)

(3.3)

(3.4)

(3.5)
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o—>(ny,...,n; =1,...,ng) atrate  n, -d (3.6)

a)—é(nl,...,ni,...,ns—l) atrate  ng-d 3.7

Thus, for a given system (X.S), the dynamics of shelter use are fully described by the

parameters a, m, d and c.

3.3.2 Field experiment

3.3.2.1 Study site
The field experiment was conducted on the Brandy Stream (see section 1.5.2), during June

and July 2002. Water temperature ranged from 12.9 to 17.4 °C (mean 14.8 °C) during the

experiment (Seamon mini temperature recorder, Hugrin, Reykjavik, Iceland).

3.3.2.2 Experimental enclosures

The experimental manipulations were performed in situ using 10 cage enclosures, each 2.8
m long, 0.8 m wide (enclosed area = 2.24 m?) and 0.3 m high. Enclosures had solid metal
sides and base and 6 mm wire-mesh on the up- and down-stream ends to permit water to
flow through. The enclosures were established on 5 June in a broad riffle (water depth
0.17 - 0.22 m; water velocity 0.13 - 0.24 m/s) and filled with gravel to a depth of 25 mm.
To protect fish from avian predators, the open top of each enclosure was covered with
plastic netting. The up- and down-stream wire meshes were removed for several weeks
prior to the start of each experiment to allow invertebrates to colonise the enclosures. Once
replaced to enclose fish, the wire meshes were cleaned every 12 hours to remove

accumulated plant debris and maintain water flow through the enclosures.

3.3.2.3 Experimental design

A factorial experimental design was used, crossing two levels of shelter density (S) with
five levels of fish density (X). Four or eight upturned house bricks were placed in each
enclosure to provide shelter (internal dimensions: 90 x 75 x 30 mm). To avoid
confounding availability of shelter with changes in flow heterogeneity or visual
connectivity, four additional solid bricks were placed in the low shelter density treatments

to hold habitat complexity constant (Figure 3.1). Enclosures were stocked with 2, 4, 6, 8 or
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Figure 3.1 Flow-through stream enclosures were used to experimentally manipulate shelter
density and fish density in situ. Enclosures contained either four or eight shelters (upturned house
bricks), with four solid additional bricks in low shelter treatments to hold habitat complexity
constant. Enclosures were then stocked with 2, 4, 6, 8 or 10 individually marked bullheads, and
shelter use and longitudinal position (1-8) of each fish recorded twice daily for 10 days.

10 adult bullheads, corresponding to densities of 0.89 - 4.46 fish/m” that are within the
natural range observed for bullheads in the Brandy stream (see Chapter 4). Two replicate
trials were performed sequentially for each combination of treatments. Trials were

conducted in two sets of ten (22 June - 3 July and 6 - 17 July).

3.3.2.4 Experimental protocol
All bullheads used in the study were collected from the Brandy Stream by electrofishing.

For each set of trials, 60 fish were weighed to 0.01 g, measured to 0.1 mm (total length,
TL) and individually marked using subcutaneous elastomer tags (Northwest Marine
Technology Inc., WA, USA). Bullheads ranged in initial mass from 2.17 to 9.88 g (mean
3.50 g) and in TL from 56.8 to 89.2 mm (mean 64.5 mm). Fish were randomly assigned to
treatments, and treatments randomly assigned to enclosures. New fish were used for each

set of trials to ensure independence. For each trial, bullheads were allowed to acclimatise
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for 48 h, after which use of shelter and longitudinal position (1 to 8 in Figure 3.1) of each
individual were recorded by visual inspection twice daily (0730 - 0900 h and 1830 - 2100
h) for ten consecutive days. Enclosures were inspected in random order for each
observation period. Diurnal observations provided an accurate measure of shelter use since
bullheads were never observed to be active outside shelter during daylight hours. Two fish
that died during the experiment were replaced with spare fish from a stock enclosure to
maintain the treatments. At the termination of each trial, all surviving fish were reweighed
and re-measured. Between trials, shelters were scrubbed and dried to remove any scent of

previous occupants, and randomly reallocated to enclosures. The substrate in each

enclosure was also redistributed.

3.3.3 Statistical analysis

3.3.3.1 Fitting the model

The Markov chain model was fitted to data from the field experiment using maximum
likelihood to find the values of the parameters a, m, ¢ and d that best reproduced the
observed shelter use dynamics. To apply the model, shelter use of bullheads in each trial
was represented as a sequence of states. The model assumes that a, m, ¢ and d are constant,
yet bullheads are known to be nocturnal (86 % of fish movements occurred at night),
implying that these parameters are different from day to night. This complication was
avoided by using only morning observations of fish shelter use (a total of 7 observations
per trial at 24 hour intervals), and regarding the parameters as 24-hour averages. In this

manner the transition rates can be considered constant for each time period.

For each trial, the likelihood of the observed sequence of states was determined for a given
set of parameter values by calculating the conditional probability of observing each state
given the preceding state and multiplying all conditional probabilities together to give a
joint probability equal to the likelihood. The likelihoods from each trial were log-
transformed and summed to give an overall log-likelihood (Hilborn & Mangel 1997). The
maximum likelihood estimates (MLE) of @, m, ¢ and d were then obtained using a

constrained steepest-descent optimiser to maximise the log-likelihood.
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The assumption that interference acts only on colonisation and not departure was validated

by checking for density independence in the observed rate of departure of bullheads from

shelter.

3.3.3.2 [Individual-level responses

Responses of surviving bullheads were assessed by shelter use, growth in body size and
movement rate (n = 118 data points). Shelter use was evaluated as the proportion of
occasions an individual was observed in shelter. Growth was measured as the change in
body mass and TL during the experiment, and used as an indicator of fitness. Movement
rate was calculated as the mean distance between successive recaptures (units: sections per
12 h). Bullheads were successfully located on 93 % of occasions. When a fish was not
located, it was considered to be out of shelter and distance moved was not recorded. Since
the proportion of sheltered fish did not stabilise until five days into the experiment, only

shelter use and movement data collected after this point were retained for analysis.

To investigate whether use of shelter by bullheads was dependent on body size, individual
probability of shelter use was correlated with initial TL of fish. A correlation between
body size and shelter use could be caused by intrinsic differences in shelter use efficiency
or by asymmetrical competition between size classes. If intraspecific competition was the
cause, however, any difference in shelter use between large and small fish is predicted to
increase as shelter availability decreases. To test this prediction, the mean probability of
shelter use was calculated separately for the largest 50 % and the smallest 50 % of the fish
in each enclosure and expressed as a ratio. Values > 1 indicate that larger bullheads were
more likely to occupy shelter than smaller fish, and vice versa. This was then regressed

against shelter availability, expressed as shelters per fish (S/K).

To test the hypotheses that sheltered fish grow faster and move less than unsheltered fish,
individual probability of shelter use was correlated with individual growth in mass,

individual growth in TL and individual movement rate, with and without fish density and

body size (initial TL) as partial correlates.
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3.3.3.3 Population-level responses

Population-level responses of bullheads were assessed by calculating for each enclosure
the mean growth and movement rate of surviving fish and the overall proportion of shelter
use (n = 20 data points). Response variables were tested with Cochran’s C-test for
homogeneity of variances and analysed using a general lincar model (GLM) with shelter

density as a two-level fixed factor, fish density as a continuous fixed factor (covariate),

and their interaction.

SPSS v 10.0 was used for all statistical tests, with response variables log-transformed

where necessary. Statistical significance was evaluated at o. = 0.05.

3.4 RESULTS

3.4.1 Strength of exploitation and interference competition

The dynamics of shelter use of bullheads were well represented by the Markov chain
model (Figure 3.2a). Maximum likelihood estimates (MLEs) of model parameters a, m, ¢
and d were 0.93 = 0.001 (95% C.1.), 1.40 + 0.26, 15.54 £ 302.4 and 0.51 + 0.07
respectively. The MLE of a was close to 1, indicating strong exploitation competition and
estimating that the probability of two fish sharing a shelter was less than 10 %. The MLE
of m was significantly greater than 1, revealing strong interference competition that was an
accelerating function of fish density. The high colonisation rate (c) relative to departure
rate (d) showed that bullheads have high intrinsic shelter efficiency in the absence of
conspecifics, although the high confidence interval for ¢ indicates that the influence of

colonisation rate is overridden by the other factors.

3.4.2 Individual-level responses

Bullheads displayed a high affinity for shelter, with 100 % shelter occupation in treatments
where competition for shelter was lowest (Figure 3.2a). Sharing of shelters was
uncommon, with shelters occupied by single fish on 84 % of occasions and two fish on 14

% of observation periods. Three fish were occasionally observed in a single shelter, but
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Figure 3.2 (a) Mean proportion of bullheads occupying shelter and (b) mean proportion of
shelters occupied as a function of fish density (K) and shelter density (S) in cage enclosures.
For each trial, shelter use was recorded twice daily for 10 days. Means (£ 1 S.E.) are based
on two replicate trials per treatment. Fitted lines in (a) show the mean proportion of bullheads
in shelter estimated by the Markov chain model.

only at the highest fish density. Vacant shelters were observed in all treatments (Figure
3.2b). Use of shelters was very transient (Figure 3.3). The average duration of shelter
occupancy was 1.5 days, and the probability of occupying a shelter for more than 3 days
was just 5 %. The instantaneous probability of departure was independent of the duration

of shelter occupancy (Figure 3.3).
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Figure 3.3 Duration of shelter occupation (bars) and instantaneous probability of departure
from shelter (line) of individually marked bullheads in cage enclosures. N = 444 shelter
occupation events. The horizontal dashed line indicates the Markov model estimate of

departure probability (d = 0.51).
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Figure 3.4 Longitudinal distribution of sheltered and unsheltered bullheads in cage enclosures
(see Figure 3.1). Position of bullheads was recorded twice daily for 10 days.

Whilst sheltered fish were evenly distributed throughout the enclosures, unsheltered fish
avoided central areas, with 80 % of recaptures made in sections 1 and 2 (Figure 3.4). This
tendency to congregate at the upstream end of the enclosures suggested that unsheltered

fish were attempting to emigrate.
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Figure 3.5 Probability of shelter use of large bullheads relative to that of smaller bullheads as
a function of shelter availability {shelters per fish). A ratio of 1 indicates that the two size
classes have an equal probability of shelter occupation. Two to ten bullheads were held in
cage enclosures at two levels of shelter density and shelter use recorded twice daily for ten
days. Regression line shows significant relationship (P < 0.05).

Probability of shelter use was positively correlated with body size (correlation: » = 0.30, n
=118, P <0.001). Large fish consistently had a higher probability of shelter use than small
fish across all treatments (Figure 3.5). Moreover, this advantage increased as shelter
availability decreased (regression: F ;o = 5.210, P = 0.035) with large fish nearly four
times more likely be sheltered than small fish when shelter availability was most limited
(Figure 3.5). There was no relationship between the proportion of time spent in shelter and
growth in either body mass (» =0.16, n =118, P = 0.086) or TL (correlation: » = 0.16, n =
118, P = 0.088), even after statistically controlling for the effects of fish density and fish

size.

The probability of a bullhead remaining faithful to a particular section over a 24 h period
was 0.56 (Figure 3.6). Sheltered fish were more likely to move, and moved further, than

unsheltered fish. Fish rarely moved more than four sections in a single day (< 6 % of all
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Figure 3.6 Probability of movement of sheltered and unsheltered bullheads. Fish were held in
cage enclosures and net daily movement recorded for 10 consecutive days.
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Figure 3.7 Change in number of bullheads occupying shelter over time. For each set of ten
trials, the total number of fish in shelter across all enclosures (out of 60) is plotted at 12 h
intervals. Shelter use stabilised five days after the start of the experiment as indicated by the

dashed lines.
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TL and (d) movement rate of bullheads stocked in enclosures at a range of densities under high

and low shelter availability.

Source of variation SS df MS F P

(a) Shelter use
Density 0.418 1 0.418 188.088 < 0.001
Shelter 0.001 1 0.001 0.172 0.684
Density x Shelter 0.038 1 0.038 17.011 < 0.001
Error 0.036 16 0.002
Total 0.626 19

(b) Growth in mass
Density 0.117 1 0.117 6.099 0.025
Shelter 0.005 1 0.005 0.267 0.612
Density x Shelter 0.003 1 0.003 0.160 0.694
Error 0.307 16 0.019
Total 0.430 19

(c) Growth in TL
Density 1.496 1 1.496 6.174 0.024
Shelter 0.165 1 0.165 0.679 0.422
Density x Shelter 0.151 1 0.151 0.622 0.442
Error 3.877 16 0.242
Total 5.540 19

(d) Movement rate
Density 0.001 1 0.001 0.001 0.997
Shelter 0.007 1 0.007 0.058 0.812
Density x Shelter 0.010 1 0.010 0.078 0.784
Error 2.037 16 0.127
Total 2.047 19

observations), but the use of enclosures may have caused movement rates of unsheltered

fish to be underestimated. In contrast to the initial hypothesis, mean individual movement

rate was positively correlated with probability of shelter use (correlation: r = 0.25, n = 118,

P =10.010). This relationship was still apparent after accounting for the potentially

confounding effects of fish size and fish density (correlation: » = 0.24, n =118, P = 0.009).
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Figure 3.8 Mean growth in (a) mass and (b) TL of bullheads. Two to ten fish were stocked into
enclosures under high and low shelter availability. Means (+ 1 S.E.) are based on two replicate
trials per treatment. Data points offset horizontally for clarity.

3.4.3 Population-level responses

Although bullheads rapidly colonised shelters, it took five days for the number of fish in
shelter to stabilise (Figure 3.7), suggesting that equilibrium between colonisation and
departure was reached only after an initial period of exploration. The proportion of fish in

shelter was strongly density dependent (Table 3.2a), ranging from 100 % shelter use at the
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Figure 3.9 Mean movement rate of bullheads in cage enclosures as a function of fish density
(K) and shelter density (S). Movement was calculated as the mean distance between
successive recaptures. Means (+ 1 S.E.) are based on two replicate trials per treatment. Data
points offset horizontally for clarity.

lowest stocking density to 62 % at ten fish per enclosure (Figure 3.2a). Shelter use
increased with increasing shelter density, but only at high fish densities when shelter

availability was limiting (Table 3.2a; Figure 3.2a).

Mean growth in body mass of bullheads was negatively density dependent, with growth
positive only at densities below 5 fish per enclosure (2.2 fish/m?) (Table 3.2b; Figure
3.8a). There was no evidence, however, that density dependent growth was caused by
competition for shelter since shelter availability had no effect on mean growth rates, nor
on the form of the density dependent relationship (Table 3.2b; Figure 3.8a). Similar
patterns were observed for growth in TL (Table 3.2¢; Figure 3.8b). Mean movement rate
of bullheads was 0.77 sections per 12 h (Figure 3.9). Movement was unaffected by fish
density and shelter density (Table 1d).
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3.5 DISCUSSION

3.5.1 Behavioural mechanisms of shelter use

The central goal of this study was to determine the influence of intraspecific competition
on shelter use of individual bullheads, and to assess the consequences of individual
behaviour for spatial distribution of fish and population dynamics. The application of a
Markov chain model with biologically relevant parameters indicated that density
dependent shelter use by bullheads was caused by a combination of exploitation and
interference competition. Although shelter is known to be an important resource for many
mobile animal species this is the first study to distinguish between, and quantify the

strength of, contrasting competitive processes driving patterns of shelter use.

The detection of strong exploitation competition confirms previous anecdotal evidence
that bullheads are solitary animals that defend shelters against colonisation by conspecifics
(Smyly 1957). The frequency of shelter sharing predicted by the MLE of @ was
comparable to that observed in the field. Exploitation competition for shelter appears to be
a widespread phenomenon in aquatic animals. Monopolising behaviour has been reported
in a variety taxa, with individuals displacing both conspecifics (Gregory & Griffith 1996a;
Mullen & Burton 1998; Figler et al. 1999; Harwood et al. 2002) and heterospecifics (Baltz
et al. 1982; Greenberg 1988; Soderback 1994; Dubs & Corkum 1996; Guan & Wiles
1997; Vorburger & Ribi 1999; Harwood e al. 2002) from shelter. This study advances
current understanding, however, by testing the assumption that a shelter can be occupied
by a maximum of one individual, and estimating the strength of exploitation competition
as the probability that two individuals will share a shelter. Factors that affect the level of
aggression and hence the strength of exploitation competition will therefore have a strong
influence on the carrying capacity of the environment. For example, hatchery-reared
Atlantic salmon (Salmo salar) share shelters with much greater frequency than wild-reared
fish (Griffiths & Armstrong 2002). Residence times of fish sharing a shelter were similar
to those for solitary sheltered fish, suggesting that sharing was a stable arrangement that
occurred between individuals of equivalent dominance. Although shelter defence is a
common phenomenon, the benefit of monopolising a shelter is unclear. The probability of
prey in structurally complex refuges being detected by predators is predicted to be

positively density dependent (Rangeley & Kramer 1998), and so solitary shelter use may
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minimise the chance of being detected by predators that use olfactory cues (Armstrong &
Griffiths 2001; Griffiths & Armstrong 2002) and employ area-restricted searching
(Rangeley & Kramer 1998). Defensive behaviour is therefore thought to be a strategy to

reduce predation risk, but further studies are needed to test this hypothesis.

Bullheads also exhibited strong interference competition for shelter. Shelters were widely
spaced within enclosures, so providing a conservative test of the strength of interference
competition. Aggressive interactions between bullheads outside of shelters are common
and take the form of threat displays, chasing and occasionally fights (Ladich 1989; A.
Davey, personal observation). Density dependence in the colonisation efficiency of
benthic shelters by bullheads is therefore thought to be an indirect consequence of
territorial competition for foraging space at night. Interference competition is often
considered to be a non-linear function of competitor density, with no or negligible
interference at low density and stronger interference at higher densities as conspecifics
come into closer proximity (Goss-Custard et al. 1995; Stillman et al. 1997). Consequently,
the apparent accelerating intensity of interference with fish density (m >1), is thought to be
the result of density-dependent changes in individual behaviour rather than a synergistic
interference effect amongst bullheads. Since this is the first study to explicitly recognise
and test for interference competition for shelter, the influence of this process on dynamics

of shelter use is likely to have been overlooked to date.

Individual fish did not have an equal probability of shelter use. Large bullheads were more
likely to occupy shelters than small bullheads. Furthermore, the advantage associated with
large body size increased with declining shelter availability, indicating that differences in
shelter use between size classes were the result of asymmetrical intraspecific competition
rather than intrinsic differences in shelter use efficiency. This finding is in agreement with
previous studies that show that body size is a good predictor of success in one-on-one
contests for shelter (Mullen & Burton 1998; Figler et al. 1999) and space (Sloman &
Armstrong 2002). Individual shelter use was also positively correlated with movement
rate. Although it is not possible to attribute cause and effect, it seems counterintuitive that
occupation of shelter would cause fish to be more mobile. Rather, it seems likely that more
mobile fish have a greater probability of locating shelters and are therefore more efficient

colonisers. Mobility is thought to enhance the acquisition of resources that are distributed
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unpredictably in time or space (Martin-Smith & Armstrong 2002). Thus, although the
spatial configuration of shelters is static, the distribution of vacant shelters is in a

continuous state of flux and so high mobility is required to track shelter availability.

3.5.2 Consequences for population-level processes

Shelter can influence populations at two levels. First, shelter density will determine local
carrying capacity if unsheltered fish emigrate out of a patch to seek shelter. Second, shelter
availability will limit total population size if unsheltered fish suffer a reduction in some
component of fitness (growth, reproductive success, survival). These processes may be
linked if unsheltered individuals emigrate or are displaced to lower quality habitat.
Experimental addition of shelter has clearly demonstrated that shelter density is an
important determinant of local fish abundance in the field (Boussu 1954; Saunders &
Smith 1962; Eklov & Greenberg 1998) but a lack of mechanistic understanding means that
it is often not possible to determine whether short term numerical gains are the result of

inward migration or increased survival (Bohnsack 1989).

In the current study, the high affinity of fish for shelter, density dependent shelter use and
emigration of unsheltered fish from enclosures together suggest that competition for
shelter can limit local population density. This study adds to a small body of literature
showing that shelter use may be density dependent as a result of intraspecific competition
(Armstrong & Griffiths 2001) or density dependent anti-predator tactics (Rangeley &
Kramer 1998). Density dependent emigration is a common response to competition
(Chapman 1962; Mesick 1988; Keeley 2001) and emigration of subdominant individuals
in response to territorial competition for space has been shown to be an important process
regulating populations of drift-feeding stream fish (Elliott 1990). Competition for shelter

therefore also has the potential to regulate populations of benthic stream fish.

Most previous experimental manipulations of shelter density have confounded shelter
availability with habitat complexity. More complex habitat structure may also increase
local carrying capacity in territorial species by visually isolating conspecifics and thereby
reducing intraspecific competition (Kalleberg 1958; Imre et al. 2002). By holding habitat

complexity constant, this study demonstrates that shelter availability per se can affect local
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density of mobile animals, although structural complexity cannot be eliminated as a factor

influencing the spatial distribution of bullheads.

Interference for shelter also has at least two important implications for the spatial
distribution and local abundance of benthic organisms such as bullheads. Firstly, local
abundance may be limited by behavioural interactions independently of shelter
availability, as colonisation rate becomes negligible at high fish density. This effect may
account in part for the failure of bullheads to colonise all available shelters at high fish
densities. Secondly, probability of shelter use may be affected by the spatial configuration
as well as the abundance of shelters. Agonistic interactions are predicted to be more
intense when shelters are clumped than when they are evenly dispersed. Under these

conditions, local carrying capacity will not be a simple linear function of shelter

availability.

There was little evidence that fitness of bullheads was affected by shelter availability. In
contrast to Fischer (2000), who found that lack of adequate shelter can substantially affect
metabolic rate and somatic growth of burbot (Lota lota), sheltered bullheads did not grow
significantly faster than unsheltered individuals. Although mean growth in body size of
bullheads was density dependent, increasing shelter density did not enhance fish growth,
indicating that density dependent growth was not caused by a physiological response to
shelter availability. Thus, responses of benthic fish to shelter absence are species-specific
and will depend on the physiological constraints and behavioural flexibility of the species
concerned (Fischer 2000). Shelter use may also influence fitness via changes in mortality
rate. This study was unable to test whether unsheltered bullheads suffered increased
predation risk. However, competition for shelter has been shown to result in density
dependent predation mortality in damselfi3shes (Holbrook & Schmitt 2002) and
asymmetrical competition between size classes has the potential to regulate populations by
limiting recruitment of juveniles to adult habitats (Freeman & Stouder 1989). Competition
for shelter could therefore account for the winter bottleneck observed in some stream fish
(Gregory & Griffith 1996a), but further experiments are required to investigate the fitness

consequences of shelter use.
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3.5.3 Conclusions

Availability of shelter can control the spatial distribution of mobile animal species and
limit their abundance by providing protection from predation and abiotic factors. The
functional relationship between shelter availability and population-level processes will
depend upon the behavioural mechanisms of shelter use and the qualitative and
quantitative effects of shelter occupation on individual fitness. This study shows that
exploitation and interference competition for shelter can result in density dependent shelter
use and unequal access to shelter favouring large individuals. Interference competition will
decouple local carrying capacity from shelter density, although direct agonistic interactions
may be moderated by habitat complexity. Competition for shelter may therefore strongly
affect the habitat use of bullheads, but its influence on population dynamics will depend

upon whether subordinate individuals that are displaced to sub-optimal habitats suffer

reduced fitness.
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-4 -
PATTERNS AND PROCESSES OF MICROHABITAT
SELECTION IN A CHALK STREAM FISH COMMUNITY

41 ABSTRACT

Interspecific differences and ontogenetic shifts in microhabitat selection are common in
freshwater fish. The aim of this study was to investigate the patterns and processes of
microhabitat selection in a benthic stream fish community. Summer microhabitat use of
bullheads Cottus gobio and stone loach Barbatula barbatula was surveyed by point
abundance electrofishing. Both species displayed strong patterns of microhabitat selection.
Bullheads selected riffles and the margins of macrophytes, whilst stone loach selected
areas with high vegetation cover. Significant interspecific differences in microhabitat use
were evident, possibly as a consequence of contrasting foraging strategies, but high
intraspecific variation in habitat use meant that spatial segregation between the species
was limited. Bullheads displayed an ontogenetic change in microhabitat use, with adults
occupying coarser substrata than juveniles, particularly in unshaded parts of the stream.
The mechanism underlying this habitat shift was investigated by experimentally
manipulating bullhead density, size-class composition and light intensity under controlled
laboratory conditions. At low fish density, both juvenile and adult fish preferred cobbles
providing interstitial shelter, but at high fish density a significant proportion of juveniles
were displaced onto finer substrata. Density dependent habitat use indicates that
ontogenetic shifts in microhabitat use of bullheads are caused, at least in part, by
competitive interactions between size classes rather than size-specific habitat preferences.
Light intensity had no significant effect upon habitat selection, but some marginally non-
significant effects suggested that light intensity may modify the strength of intraspecific
competition. Thus, habitat partitioning in stream fish is influenced by a combination of

competitive interactions and size- and species-specific morphological and behavioural

adaptations.
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4.2 INTRODUCTION

Resource partitioning is commonplace in nature (Toft 1985; Ross 1986; Schoener 1986).
Theoretical consideration of interspecific resource partitioning based upon optimal
foraging models suggests that species should segregate preferentially by habitat and
subsequently along the trophic and temporal axes (Schoener 1974, 1986). Spatial
segregation of species as a result of differences in microhabitat selection is thought to
moderate interspecific competitive interactions and has been identified as an important
mechanism of co-existence in ecological communities (Schoener 1986; Arlettaz 1999;
Young 2001). Changes in microhabitat use during ontogeny result in intraspecific habitat
partitioning between size classes (Polis 1984; Werner & Gilliam 1984). Population
dynamics are therefore affected by processes operating within stages and by factors
influencing transitions between stages (Mittelbach & Osenberg 1993; Beck 1995;
Dahlgren & Eggleston 2000). Understanding the processes that generate interspecific and
intraspecific differences in microhabitat use is therefore crucial to elucidating the controls

on local species diversity and population size.

The physical complexity of the lotic environment offers much scope for spatial segregation
of species and size classes, and interspecific microhabitat partitioning (Ross 1986) and
ontogenetic microhabitat shifts (Werner & Gilliam 1984) are both common phenomena in
stream fish. Important axes of organisation include water depth (Schlosser 1987; Gorman
1988; Harvey & Stewart 1991), water velocity (Facey & Grossman 1992; Mullen & Barton
1995) and substrate size (Finger 1982; van Snik Gray & Stauffer 1999). Microhabitat
selection by stream fish is determined by a suite of interacting factors, including predation
(Schlosser 1987; Harvey & Stewart 1991), food availability (Hill & Grossman 1993; Petty
& Grossman 1996), physical constraints (Facey & Grossman 1992), and competition
(Baltz ef al. 1982). Selective segregation occurs as a result of species-specific or size-
specific differences in vulnerability to predators, foraging behaviour or swimming ability
(Schlosser & Toth 1984; Matthews 1985; Facey & Grossman 1992). Under these
circumstances, fish are responding independently to extrinsic factors due to their unique
morphological and behavioural adaptations. Microhabitat partitioning may also be caused

by interactive segregation, whereby species or size classes diverge in microhabitat use in
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response to interspecific or intraspecific competition (Greenberg 1988; Freeman &

Stouder 1989; Mullen & Burton 1998; Young 2001).

The degree to which observed differences in microhabitat use indicate competitive
interactions in contemporary fish communities has been the subject of much debate (Ross
1986; Heins & Matthews 1987). Distinguishing between selective and interactive
mechanisms of resource partitioning using observational field data has proved to be
difficult for a number of reasons. Firstly, in natural experiments, changes in habitat use in
response to potential competitors are often confounded by spatial or temporal variation in
habitat availability (Underwood 1986). Secondly, competitive interactions may be context
dependent, leading to complex patterns of spatial segregation. For example, water
temperature can switch the outcome of interspecific competition (Baltz et al. 1982;
Taniguchi & Nakano 2000) and alter the intensity of competitive interactions (Greenberg
1988; Vehanen er al. 1999), and light intensity may also affect competitive interactions
among fish, both directly (Valdimarsson & Metcalfe 2001) and indirectly (Britz & Pienaar
1992). As a result, knowledge of the role of competition in determining microhabitat use

of stream fish remains cursory.

The principle aim of this study was to investigate the patterns and processes of
microhabitat selection by two benthic fish, bullheads Cottus gobio and stone loach
Barbatula barbatula, in a southern English chalk stream. Firstly, patterns of daytime
(sheltering) microhabitat selection were described by surveying habitat use and habitat
availability in the field. The specific objectives of this part of the work were:

@A) to identify patterns of microhabitat selection of bullheads and stone loach;

(i)  to compare the microhabitat use of bullheads and stone loach; and

(ili)  to compare the microhabitat use of juvenile and adult bullheads.

Secondly, the mechanisms determining microhabitat selection in bullheads were
investigated experimentally under controlled laboratory conditions. I hypothesised that
observed ontogenetic microhabitat shifts by bullheads in the field are caused by
asymmetrical intraspecific competition between size classes and that strength of
intraspecific competition depends on light intensity. To test this hypothesis, use of
contrasting pebble and cobble habitat patches by adult and juvenile bullheads was

recorded whilst manipulating bullhead density, size-class composition and light intensity.
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4.3 METHODS

4.3.1 Field survey

4.3.1.1 Study site

The field survey was carried out on the Brandy Stream, a side channel of the River Itchen
in southern England (see section 1.5.2 for details). At the study site, the stream flows
across a broad floodplain and is shaded in places by a mature hedgerow of bramble (Rubus
allegheniensis), hawthorn (Crataegus monogyna), laurel (Laurus nobilis), sycamore (Acer
pseudoplatanus) and ash (Fraxinus excelsior). The channel has limited pool-riffle
development, and the substratum is composed of a heterogeneous mosaic of flint gravels
and cobbles overlain by silt where macrophytes promote sedimentation. The fish
community is numerically dominated by bullheads and stone loach, with minnows
(Phoxinus phoxinus), brown trout (Salmo trutta), Atlantic salmon (Salmo salar), grayling
(Thymallus thymallus), three-spined stickleback (Gasterosteus aculeatus), eels (Anguilla
anguilla), pike (Esox lucius) and brook lamprey (Lampetra planeri) also present at low

densities.

4.3.1.2 Sampling protocol
Sampling was conducted between 28 - 30 August 2002 along a 400 m length of channel.

Three reaches, each about 40 m long and representative of the stream as a whole, were
selected for intensive study. At each reach, 16 - 21 transects were established
perpendicular to the bank at 2 m intervals. Microhabitat use and availability were
measured at 1 m intervals along each transect, with the position of the first sampling point
determined at random. A total of 280 points were sampled, each covering an area of 0.3 x
0.3 m (0.09 m?). Flow conditions were stable during the sampling period and water
temperature ranged from 14.5 to 16.0°C (Seamon mini temperature recorder, Hugrin,

Reykjavik, Iceland).

The daytime (0830 - 1800 h) sheltering microhabitat use of bullheads and stone loach was
investigated using point abundance sampling by electrofishing (Copp & Garner 1995).
Sampling took place in an upstream direction to minimise disturbance to unsampled areas.
At each sampling point, fish were immobilized using an electrofishing unit (Electracatch,

Wolverhampton, UK) fitted with a 0.15 m diameter anode. The small active radius and
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concentrated electrical current generated by a small anode gives high precision and
catching efficiency and facilitates the capture of small fish (Bohlin 1989; Copp & Garner
1995). Each point was fished for 5 seconds whilst disturbing the substrate to maximise
capture efficiency, and all fish collected using a pond net. Care was taken to collect only
those fish that were immobilised in the sampling area, to avoid over-estimating densities
and mis-characterising microhabitat use. Total length (TL) of each fish was measured to
the nearest mm. Bullheads were classified as adults or juveniles on the basis of TL. In
chalk streams, bullheads reach sexual maturity at about 50 mm TL (Fox 1978c) and this

length was therefore used to distinguish between the two size classes.

The microhabitat at each sampling point was described by measuring nine environmental
variables: channel width, distance to nearest bank, total depth of water column, water
velocity, cover, shade, vegetation, substratum composition and substratum stability.
Widths and distances were measured to the nearest 0.1 m, and water depth to the nearest
0.01 m. Water velocity was measured close to the stream bed using a flowmeter (Model
10.150, Ott, Kempten, Germany) fitted with a 48 mm diameter propeller. The percentage
of cover, shade and vegetation at each point were estimated visually on a five-point scale
(0=0%; 1=1-25%; 2=26-50%; 3 =51-75 %; 4 = 76-100 %). Instream cover was
defined as submerged structures (other than vegetation or substratum) beneath which fish
could be hidden from overhead view, such as logs, roots, branches and floating detritus.
Overhead cover was defined as aerial structures less than 0.5 m above the water surface
able to obscure a fish from overhead view, for example undercut banks and overhanging
vegetation. Degree of shading was estimated by the percentage of sky obscured by the
overhead tree canopy and bankside vegetation. Percentage coverage was also recorded for
each species of submergent and emergent macrophyte, all macrophytes combined, and for
filamentous algae. Turbulence can also provide visual isolation from predators and so the
occurrence of a broken water surface was scored as present or absent. The dominant
substratum at each point was classified according to a modified Wentworth scale
(Heggenes & Saltveit 1990) (Table 4.1). The largest substrate size present was also
recorded, where different. Finally, the stability of the substratum was scored on a three-

point scale (0 = uncompacted; 1 = stable; 2 = armoured).

68



Chapter 4: Microhabitat selection

Table 4.1 Modified Wentworth scale for stream substratum classification. Substrate size is
measured along the longest axis.

Substratum type Size (mm) Class
Silt <0.06 1
Sand 0.06-2 2
Fine gravel 2-8 3
Gravel 8-16 4
Small pebble 16 - 32 5
Pebble 32-64 6
Small cobble 64 - 128 7
Cobble 128 - 256 8
Boulder >256 9

4.3.1.3 Statistical analysis

Total variation in microhabitat availability was summarised by performing a principal
components analysis on the habitat variables x sample points matrix. Principal component
axes (PCA) that were ecologically interpretable and had eigenvalues greater than 1 were
retained for analysis. Individual fish were assigned the values of the habitat variables
recorded for the point where it was found. Each fish was then scored for each component
by multiplying the component score coefficients by the microhabitat data for that
specimen. Components were divided into score classes and frequency distributions plotted
to estimate both microhabitat availability and microhabitat use along each PCA. Using the
availability data as expected frequencies, a G-test for goodness of fit was conducted to test
for non-random habitat use by each species. Score classes were pooled where necessary to
ensure that all expected frequencies were greater than 5 (Sokal & Rohlf 1995). If a
significant result was obtained, a partitioned G-test was conducted to determine which

classes were significantly over- or under-utilised (Zar 1999).

The strength of habitat selection along component axes was quantified by calculating a

preference index for each score class using the formula of Jacobs (1974):

F—-p
D=—r—*—
r+p-2rmp (4.1)
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where r is the proportion of resource use by the fish, and p the proportion of resource
available in the environment, for that class. This index gives values from 1 (strong

selection) to —1 (strong avoidance).

Differences in microhabitat use between bullheads and stone loach, and between adult and
juvenile bullheads, were tested by one-way ANOVA. PCA scores and habitat variables
were tested with Cochran’s C-test for homogeneity of variances and transformed where
necessary to normalise distributions and stabilise variances. Following exploratory
analysis, a general linear model (GLM) was constructed to investigate the interactive
effects of shade and fish size on substrate use by bullheads. All analyses were performed

using SPSS v.10.0 (SPSS Inc., Chicago) and evaluated for significance at a = 0.05.

4.3.2 Laboratory experiment

4.3.2.1 Experimental system

Three glass tanks were set up in a temperature-controlled room at the University of
Southampton. Tanks measured 0.9 m (L) x 0.3 m (W) x 0.3-0.4 m (H) and were filled with
pea gravel to a depth of 25 mm. Patches of coarse and fine substrata were established at
opposite ends of each tank by adding either 6 cobbles (mean length = 144 mm + 16 S.D.)
or 85 pebbles (mean length =40 mm =+ 11 S.D.) to provide shelter. These two substrate
classes were chosen to correspond to those selected most strongly by adult and juvenile
bullheads in the Brandy Stream. The position of the cobbles and pebbles in the two halves
of each tank was determined at random and switched after every two or three trials. A
central drop-gate in each tank allowed the habitat patches to be isolated without disturbing
the fish. Tanks were filled with water to a depth of 0.15 m and the sides covered with
black plastic to minimise disturbance to the fish. Two airstones were positioned in the
back corners of each tank. Water temperature during the experiment was measured daily

with a thermometer and varied from 15.5 °C to 17.0 °C (mean 16.2 °C).

Artificial lighting with a 14 h light: 10 h dark photoperiod was provided by a set of
fluorescent tubes positioned 1 m above the tanks (day), and a single incandescent bulb at
floor level (night). To manipulate light intensity, sheets of cardboard were positioned

above tanks to provide shading. A one-way ANOVA showed no dependence of mean
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water temperature on shade treatment in the previous 24 h (F 26 = 0.036, p = 0.593)

indicating that experimental manipulations of light intensity were not confounded by

changes in water temperature.

To compare light levels in the laboratory with those on the Brandy Stream, light intensity
was measured using a photometer (model LI-250 - Li-COR BioSciences, Nebraska, USA)
fitted with a Quantum sensor. The Quantum sensor measures photosynthetically active
radiation (PAR) intensity (units: umol.s'l.m'z). All readings were therefore converted to
photometric visible radiation (units: lux or lumens/m?) using published conversion factors
(McCree 1972). Laboratory measurements were made during the day and night under both
unshaded and shaded conditions. Equivalent readings were taken in the field at midday
and midnight under both 0 and 100 % tree canopy cover. All measurements were 15

second averages of light intensity at the water surface.

4.3.2.2 Experimental design

To investigate microhabitat use of bullheads, five different stocking treatments (8
juveniles, 16 juveniles, 8 adults, 16 adults, and 8 juveniles plus 8 adults per tank) were
crossed with two levels of light intensity, high (unshaded) and low (shaded) (Figure 4.1).
This factorial design permitted examination of the effect on bullhead habitat use of (i) total
fish density, (ii) size-class composition (i.e. the relative effect of adding juvenile and adult
bullheads), (iii) light intensity, (iv) interaction of light intensity with fish density and (v)
interaction of light intensity with size-class composition. Each combination of treatments
was replicated 4 times, giving a total of 40 trials. Trials were conducted in sets of three
between 11 September and 11 October 2002. Treatments were randomly allocated to trials,
with the logistical constraint that light conditions were the same for trials conducted

simultaneously.

4.3.2.3 Study animals

All bullheads used in the experiment were collected from the Brandy Stream on 11
September 2002. Individuals less than 50 mm TL were classified as juveniles. Body mass
of juvenile fish (n = 49) ranged from 0.28 g to 1.56 g (mean 0.78 g), and TL from 33 to 48
mm (mean 40 mm). Adults (n = 32) ranged in mass from 2.23 g to 5.05 g (mean 3.30 g)
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i : 8 Juveniles
8 Juveniles 16 Juveniles 8 Adults 16 Adults + 8 Adults
—~ | A B C D E
k)
3
=
- > 3 n=4 n=4 n=4 n=4 n=4
a I w
> o
w =2
=
;Z__ F G H I J
5 8
5 3§ n=4 n=4 n=4 n=4 n=4
7]

Figure 4.1 Experimental design {o investigate microhabitat use of juvenile and adult bullheads in
relation to light intensity, fish density and size-class composition. Four replicate trials were
conducted for each combination of treatments (A-J).

and in TL from 54 to 74 mm (mean 63 mm). These mean lengths corresponded closely to

those observed for juvenile and adult fish in the field (38 and 60 mm respectively).

4.3.2.4 Experimental protocol

For each set of three trials, bullheads were randomly assigned to treatments, and fish
distributed equally between cobbles and pebbles. Surplus fish were held in a large stock
tank between trials. Because of limited availability of experimental fish, individual
bullheads were reused in subsequent trials, with fish randomly reassigned to treatments
each time. Using the same fish more than once is less than ideal and could be construed as
pseudo-replication (Hurlbert 1984). However, randomly reassigning fish in each set of
trials avoids biasing the outcome of the experiment. Furthermore, this approach does not
inflate statistical power by increasing the degrees of freedom, since the trial is retained as
the experimental unit. The only assumption is, therefore, that the fish used in this
experiment are a representative sample of the wild population. Microhabitat use of
bullheads was assessed by releasing the drop-gates, searching both sides of each tank by
hand and counting the number of fish on each substrate type. Observations were made
after approximately 24 and 48 h, with the exception of trials 1 to 6, which were surveyed
after 48 h only. Following observations at 24 h, fish were allowed to settle for 10-15
minutes before the drop-gates were raised. All observations were conducted between 1200

and 1600 h. Fish were fed ad libitum with live Gammarus pulex between trials.
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4.3.2.5 Statistical analysis

Habitat use was evaluated as the proportion of fish occupying the cobble substrate. Data
collected after 24 and 48 h were averaged to give a single data point for each trial.
Response variables were arcsine-transformed to normalise residuals, and tested for
homogeneity of variance using Cochran’s C-test. For each size class of bullhead, the effect
of stocking treatment and light intensity on habitat use was first examined by one-way
ANOVA. Specific hypotheses were then tested by five a priori contrasts. Contrast 1 tested
the null hypothesis of no effect of light intensity by comparing treatments A+B~+E with
treatments F+G+J for juveniles, and treatments C+D+E with treatments H+I-+J for adults
(Figure 4.1). Contrast 2 tested for density dependent habitat use by contrasting low (8 fish
per tank) and high (16 fish per tank) density treatments (A+F vs. B+G+E+] for juveniles
and C+H vs. D+I+E+] for adults; Figure 4.1). Contrast 3 examined the effect of size-class
composition by comparing the relative effect of adding juveniles and adults (B+G vs. E+]
for juveniles and D+ vs. E+J for adults; Figure 4.1). Contrast 4 tested the null hypothesis
of no interaction between light intensity and fish density, and contrast 5 tested the null
hypothesis of no interaction between light intensity and size-class. These contrasts
decompose the among treatment sums of squares and are orthogonal to one another,
together accounting for all explained variation in habitat use. The error mean square was
therefore used as the denominator for all F-ratios. SPSS v.10.0 (SPSS Inc., Chicago) was
used for all statistical procedures except for contrasts, which were performed by hand (see

protocol in Appendix A). a = 0.05 was used to evaluate statistical significance.

44 RESULTS

4.4.1 Field survey

4.4.1.1 Habitat availability

In the study reach, channel width varied between 3.4 to 7.0 m (mean 5.2 m), water depth
ranged from 0.03 to 0.50 m (mean 0.21 m) and water velocity varied from 0.00 to 0.50 m/s
(mean 0.19 m/s). Fine substrata were more abundant than coarser substrate types, with silt
covering 31 % of the stream bed and boulders accounting for only 1 %. Total plant cover

was approximately 32 %, of which 18 % was lesser water parsnip (Berula erecta), 7 %
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water crowfoot (Ranunculus penicillatus) and 5 % water cress (Rorippa nasturtium-
aquaticum). Starwort (Callitriche spp.), yellow flag (Iris pseudacorus), Canadian
pondweed (Elodea canadensis), willow moss (Fontinalis antipyretica), water mint
(Mentha aquatica), water speedwell (Veronica anagallis-aquatica) and water forget-me-
not (Myosotis scorpioides) were present at low levels (less than 1 % total coverage). In
addition, filamentous Cladophora algae (blanket weed) covered approximately 10 % of
the stream bed. The degree of shading was highly variable, with 31 % of sampling points

unshaded and 29 % heavily shaded (> 75 % cover).

The principal components analysis extracted nine principal component axes (PCA) with
eigenvalues greater than 1, but only the first three components were ecologically
interpretable and retained for further analysis (Table 4.2). The first axis (PCA 1; 13.9 % of
total variance) described a geomorphological gradient from riffles to pools. Water
velocity, surface turbulence and substrate size loaded positively, whilst water depth and
channel width loaded negatively. PCA 2 (10.7 %) distinguished marginal areas from mid
stream sites; overhead cover, watercress and yellow flag had positive loadings and water
parsnip and Cladophora algae had negative loadings. Finally, PCA 3 (9.5 %) was best
explained as a vegetation axis, being positively correlated with water parsnip and total

plant cover and negatively correlated with substrate size and Cladophora algae.

4.4.1.2 Habitat use

A total of 319 bullheads were surveyed, representing a mean density of 12.6 fish/m®.
Bullheads ranged in size from 21 to 87 mm (mean 43.7 mm), and 73 % of individuals
were juveniles. A total of 61 stone loach were recorded, representing a mean density of 2.4
fish/m® Individuals ranged in TL from 33 to 103 mm (mean 61.3 mm). Bullheads used
riffles more than pools (G-test: PCA 1, x* = 60.17, df =7, P < 0.001; Figure 4.2b),
positively selecting water shallower than 0.35 m (G-test: Xz =40.77,df=17, P <0.001),
water velocity over 0.15 m/s (G-test: y” = 36.93, df =8, P < 0.001) and coarse substrates
(G-test: %> =47.62, df =8, P <0.001). Unlike bullheads, stone loach exhibited no
significant selection for riffles or pools (G-test: PCA 1, xz = 8.11, df=5, P> 0.05; Figure
4.2¢). Bullheads were frequently observed sheltering along the margins of macrophytes
adjacent to areas of gravel. This manifested itself as a significant preference for marginal

areas over mid stream habitats (G-test: PCA 2, xz =16.67, df = 8, P <0.05; Figure 4.3b)
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Table 4.2 Results of principal components analysis of microhabitat availability in the Brandy Stream.
Loadings on the first three principal component axes (PCA) are given by the standardised
regression coefficients between the component and environmental variables. Coefficients greater
than 0.5 are highlighted in boid.

Habitat variable PCA 1 PCA 2 PCA3
Width -0.368 = -0.255 *** -0.142 ~
Distance from bank -0.107 -0.613 ™ 0.217 >
Depth -0.412 *** -0.074 -0.224 **
Velocity 0.777 *** -0.127 * 0.116
Instream cover -0.058 0.051 -0.071
Overhead cover -0.022 0.819 *** 0.039
Turbulence 0.730 = -0.070 0.149 *
Shade 0.034 0.149 * 0.055
Berula erecta -0.129 * -0.247 *** 0.875 ™
Ranunculus penicillatus 0.199 * 0.007 0.119 =
Rorippa nasturtium-aquaticum -0.023 0.671 *** 0.036
Callitriche spp. -0.039 0.022 -0.013

Iris pseudacorus -0.2561 0.644 *** -0.002
Elodea canadensis -0.147 ~ -0.055 -0.049
Fontinalis antipyretica 0.044 -0.036 0.029
Mentha aquatica -0.068 -0.015 -0.026
Veronica anagallis-aquatica -0.016 -0.046 0.000
Myosotis scorpioides -0.132 * -0.059 -0.038
Total plants -0.103 0.193 ** 0.850
Cladophora algae -0.222 *** -0.263 *** -0.387 ***
Dominant substrate 0.809 *** -0.008 -0.345
Maximum substrate 0.815 *** -0.056 -0.315 ™
Substrate stability 0.203 * -0.115 -0.191 **
Eigenvalue 3.206 2.461 2.190

% variation 13.9 10.7 9.5

Significance of regression coefficient: * P < 0.05; ** P < 0.01; *** P < 0.001

and microhabitats with intermediate vegetation cover (G-test: PCA 3, y> =21.17, df=17, P
<0.01; Figure 4.4b). In contrast, stone loach exhibited no significant preference for mid-
stream or marginal habitats (G-test: PCA 2, Xz =0.10,df = 3, P> 0.05 Figure 4.3¢) and
were more abundant at sites with high PCA 3 scores than expected by chance (G-test: vt =
12.32, df = 5, P < 0.05; Figure 4.4c) as a result of positive selection for high vegetation
cover (G-test: x> = 18.51, df =4, P < 0.01).
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Figure 4.2 (a) Availability of habitat in the Brandy Stream, and habitat use (bars) and habitat
selection (lines) of (b) bullheads and (c) stone loach. The principle components axis represents a
geomorphological gradient from pools to riffles. Abscissa labels are midpoints of score classes.
Asterisks indicate significant over or under-utilisation of a particular score class (* P <0.05, ** P<
0.01, *** P <0.001).
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Figure 4.3 (a) Availability of habitat in the Brandy Stream, and habitat use (bars) and habitat
selection (lines) of (b) bullheads and (c) stone loach. The principle components axis represents a
lateral gradient from midstream to margins. Abscissa labels are midpoints of score classes.
Asterisks indicate significant over or under-utilisation of a particular score class (* P < 0.05, ™ P <
0.01, ** P < 0.001).
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Figure 4.4 (a) Availability of habitat in the Brandy Stream, and habitat use (bars) and habitat
selection (lines) of (b) bullheads and (c) stone loach. The principle components axis represents a
gradient in vegetation cover. Abscissa labels are midpoints of score classes. Asterisks indicate
significant over or under-utilisation of a particular score class (* P < 0.05, ** P < 0.01, *™* P <

0.001).
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Figure 4.5 Mean (= 1 S.E.) size of substrate used by juvenile and adult bullheads along a shade
gradient. Substrate size is measured on an ordinal scale as described in Table 4.1. Numbers

above bars indicate sample sizes.

4.4.1.3 Interspecific differences
Bullheads and stone loach showed considerable overlap in microhabitat use (Figures 4.2 to

4.4), with no significant difference in distribution along PCA 1 (ANOVA: F 317 = 0.959,
P =0.328) or PCA 2 (ANOVA: F3;7=0.207, P = 0.649). However, microhabitats
occupied by stone loach had significantly more vegetation cover than those used by

bullheads (ANOVA: PCA 3, Fy 317 = 8.398, P = 0.004).

4.4.1.4 Intraspecific differences
Adult and juvenile bullheads showed significant differences in habitat use. Adults

occupied riffles more than juveniles (ANOVA: PCAL, Fi 317 =4.379, P =0.037), in
particular selecting microhabitats with coarser substrates (ANOVA: F; 317 = 8.760, P =
0.003). Both size classes positively selected substrates >16 mm in diameter, but the
preference for large substrates was much stronger in adults. The size of substrates used by
bullheads was also dependent on the degree of tree canopy cover. Bullheads occupied
coarser substrates with increasing shade (GLM: F} 315 = 10.675, P = 0.001; Figure 4.5) and

there was a suggestion that juveniles responded more than adults to changing shade levels
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Figure 4.6 Mean (+ 1 8.D.) light intensity in laboratory aquaria and on the Brandy Stream.
Measurements were taken at the water surface under unshaded and shaded conditions during the
day and night using a photometer fitted with a quantum sensor. Light intensity in shaded parts of
the stream at night was below the detection limit of 0.56 lux and is therefore estimated.

(GLM: F1 315 =3.085, P =0.080). As a result, differences in substrate use between adult

and juvenile fish were less pronounced in heavily shaded areas (Figure 4.5).

4.4.2 Laboratory experiment

Light levels in the laboratory closely approximated those in the field, with shading
reducing light intensity by over 90 % during the day and 60 - 80 % at night (Figure 4.6).
At low fish density, both juvenile and adult bullheads selected cobbles over pebbles, with
over 80 % of fish occupying the coarser substrate (Figure 4.7). At high fish density, the
proportion of juveniles on cobbles fell to 67 %, indicating density dependent habitat use
(Contrast 2, Table 4.3; Figure 4.7a). There was a suggestion that addition of adults caused
a bigger habitat shift than addition of juveniles, but the significance of this effect was
marginal (Contrast 3, Table 4.3). Light intensity had no significant effect upon
microhabitat use by juveniles (Contrast 1, Table 4.3), although there was a non-significant
tendency for the impact of adults on juveniles to be reduced under shaded conditions
(Contrast 5, Table 4.3; Figure 4.7a). Habitat use of adult bullheads was unaffected by light
intensity (Contrast 1, Table 4.4) and fish density (Contrast 2, Table 4.4; Figure 4.7b). At
high density, there was a suggestion that a greater proportion of adult fish used pebbles

when only adult fish were present than in the mixed size-class treatment, but this
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Figure 4.7 Mean (+ 1 S.E.) habitat use of (a) juvenile and (b) adult bullheads held in laboratory
tanks under three different stocking conditions (abscissa categories: low density control, high
density with juveniles, high density with adults) crossed with two levels of light intensity (unshaded,
shaded). n = 4 replicate trials for each combination of treatments.

difference was marginally non-significant (Contrast 3, Table 4.4). There were no

significant interactions between light intensity and fish density (Contrast 4, Table 4.4) or

between light intensity and size-class composition (Contrast 5, Table 4.4).
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Table 4.3 ANOVA of arcsine-transformed proportion of juvenile bullheads occupying cobbles.
Fish were held in tanks under three different stocking conditions crossed with two levels of light
intensity, and habitat use recorded after 24 and 48 h. n = 4 replicates for each combination of
treatments, giving a total of 24 trials.

Source of variation SS df MS F P

Among treatments 1281.6 5 256.3 4.653 0.007
Contrast 1: Light 86.5 1 865 1570  0.226
Contrast 2: Density 642.3 1 642.3 11.661 0.003
Contrast 3: Size class composition 220.9 1 220.9 4.011 0.061
Contrast 4. Light x Density 1321 1 132.1 2.398 0.139
Contrast 5: Light x Composition 199.8 1 199.8 3.628 0.073

Error 991.4 18 55.1

Total 2273.0 23

Table 4.4 ANOVA of arcsine-transformed proportion of adult bullheads occupying cobbles. Fish
were held in tanks under three different stocking conditions crossed with two levels of light
intensity, and habitat use recorded after 24 and 48 h. n = 4 replicates for each combination of
treatments, giving a total of 24 trials.

Source of variation SS df MS F P

Among treatments 809.2 5 161.8 1.204 0.347
Contrast 1: Light 0.9 1 0.9 0.007 0.937
Contrast 2: Density 8.9 1 8.9 0.066 0.800
Contrast 3. Size class composition 523.2 1 523.2 3.891 0.064
Contrast 4. Light x Density 212.2 1 212.2 1.578 0.225
Contrast 5: Light x Composition 63.9 1 63.9 0.475 0.499

Error 2420.3 18 134.5

Total 3229.5 23

4.5 DISCUSSION

4.5.1 Interspecific microhabitat partitioning

This study has revealed strong patterns of microhabitat selection by two benthic fish
species. The observed preference of bullheads for riffle habitats is in agreement with
previous studies of cottid habitat use (Welton er al. 1983; Brown 1991; Roussel &
Bardonnet 1997). Freshwater Cotrus species use coarse substrates as shelter (Brown 1991,
Hesthagen & Heggenes 2003) and are morphologically adapted to maintain position in
high velocities (Facey & Grossman 1992). Furthermore, foraging efficiency is maximised
on gravel substrates where an ample stream of mobile invertebrate prey and good visibility

favour a visual sit-and-wait predation strategy (Welton et al. 1983; Welton et al. 1991). In
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the Brandy Stream, bullheads also positively selected microhabitats along the margins of
macrophyte patches. The reason for this behaviour is unclear, but it may reflect a trade-off
between availability of cover and proximity to suitable feeding areas (Dahlgren &
Eggleston 2000). This result cautions against simple linear models of fish-habitat
association and demonstrates the importance of spatial heterogeneity in generating

valuable transitional or intermediate microhabitats.

Stone loach positively selected microhabitats with abundant vegetation. Previous studies
have reported a strong preference of stone loach for cover that provides visual isolation
from predators (Prenda ef al. 1997; MacKenzie & Greenberg 1998). Stone loach will seek
shelter by hiding beneath stones or burying themselves in silt (Maitland 1965; Hyslop
1982), but appear to prefer macrophytes when they are available (Hyslop 1982; Welton et
al. 1983; Roussel et al. 1998). Stone loach are tactile, non-visual foragers that actively
seek out prey using olfactory cues and are restricted to taking small prey species with low
mobility such as chironomid larvae (Smyly 1955; Welton et al. 1983). Stone loach might,
therefore, prefer macrophytes because vegetation provides both overhead cover and
favourable conditions for a non-visual foraging strategy (Welton et al. 1983). Stone loach
generally prefer pools to riffles (Maitland 1965; Prenda et al. 1997; MacKenzie &
Greenberg 1998). However, the current study supports the findings of Roussel and
Bardonnet (1997) that stone loach do not select microhabitats on the basis of channel
geomorphology. Thus, it appears that a strong preference for vegetation is of overriding

importance in the microhabitat selection of this species.

Microhabitats used by stone loach had more vegetation cover than those selected by
bullheads. Interspecific differences in habitat use are a common phenomenon in stream
fish (Ross 1986), with fish segregating spatially vertically in the water column (Grossman
et al. 1987; Gorman 1988; Welsh & Perry 1998), longitudinally along the pool-riffle
sequence (Greenberg 1991; Greenberg ef al. 1996; Roussel & Bardonnet 1997) and
laterally between marginal and mid-channel areas (Greenberg 1988). Benthic species may
also be influenced by substrate characteristics (Finger 1982; Welton ez al. 1983; Grossman
& Freeman 1987; van Snik Gray & Stauffer 1999). Although this study did not explicitly
examine the role of competition in generating the observed patterns of interspecific habitat

partitioning, it seems likely that differences in microhabitat use of bullheads and stone
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loach are caused by differences in their foraging strategies rather than interspecific
competition (Welton et al. 1983; Welton ef al. 1991). Some workers have proposed that
significant differences in habitat use facilitate species co-existence by reducing
interspecific competition (Schoener 1986). However, a reliance on average measures of
habitat use may be misleading when, as in this study, high individual variation results in
considerable spatial overlap between species despite a significant difference in mean
habitat use. Thus, differences in microhabitat use of bullheads and stone loach will be of

only limited importance in reducing any interspecific interactions.

4.5.2 Ontogenetic habitat shifts in bullheads

Microhabitat use of bullheads was size dependent, with adult fish using coarser substrates
than juveniles in the field. Because size and age are strongly correlated in fishes, size-
related differences in habitat use can be viewed as ontogenetic (Grossman & Freeman
1987). Ontogenetic habitat shifts are common in fish as a result of indeterminate growth
and high individual size variation (Werner & Gilliam 1984; Werner 1986). Whilst water
depth may be important in spatially segregating size classes of mid-water species, with
individuals moving to deeper water with increasing age as their size renders them more
susceptible to avian predators (Schlosser 1987; Harvey & Stewart 1991), substrate
characteristics are thought to have more influence on benthic species. Benthic fish seek to
minimise predation risk by occupying microhabitats that provide visual isolation from
avian predators (MacKenzie & Greenberg 1998). Adult fish often utilise larger substrates
(Mullen & Barton 1995) and make greater use of interstitial refuges (Schlosser & Toth
1984; van Snik Gray & Stauffer 1999) than juveniles. Consequently, microhabitat use
becomes increasingly restricted with age and, in rivers such as the Brandy Stream where
substrates become progressively less abundant with size, this behaviour could potentially

lead to a demographic bottleneck at the adult stage (Beck 1995).

The laboratory experiment provided some support for the hypothesis that ontogenetic
changes in microhabitat use of bullheads are caused by asymmetrical intraspecific
competition between size classes. At low fish density, both juvenile and adult bullheads
preferred coarse substrates, indicating that size-specific substrate use was not the result of
different intrinsic preferences. At high fish density, a lower proportion of juveniles

occupied the preferred cobble substrate, and there was a suggestion that habitat shifts of
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juveniles were more pronounced in the presence of adult fish. In contrast, habitat use of
adults was unaffected by fish density. Intraspecific competition is thought to be the
primary mechanism responsible for density dependent habitat use since bullheads are
known to be aggressive towards conspecifics (Smyly 1957; Ladich 1989). The alternative
explanation, that juveniles were avoiding predation from adults, is unlikely since bullheads
are rarely cannibalistic (Smyly 1957). Competitive interactions are frequently highly
asymmetrical and body size has been shown to be a strong predictor of competitive ability
in a variety of freshwater fish (Bohlin 1977; Freeman & Stouder 1989; Nakano 1995;
Mullen & Burton 1998; Vehanen et al. 1999). Similar patterns of habitat use have been
reported for the Siberian sculpin Cottus poecilopus, with competitively dominant adult
fish displacing smaller juveniles onto finer substrates (Hesthagen & Heggenes 2003).
Thus, ontogenetic shifts in substrate use in the field may result, at least in part, from
intraspecific competition between size classes, although other factors such as size-specific
changes in prey preference (Andreasson 1971) or predation risk (Schlosser 1987) cannot

be discounted as contributory factors.

The effect of light intensity on microhabitat use of bullheads was unclear. Bullheads used
coarser substrates under high tree canopy cover in the field but not under shaded
conditions in the laboratory. Some marginal effects in the laboratory, however, suggest
that light intensity may affect microhabitat use by modifying the strength or symmetry of
competitive interactions between size-classes. Intraspecific competition could be condition
dependent if the behaviour or competitive ability of fish varies with light intensity. Low
light intensity has been shown to moderate competitive interactions among fish both
directly by inhibiting the ability to visually detect conspecifics (Valdimarsson & Metcalfe
2001) and indirectly by reducing refuge-seeking behaviour (Britz & Pienaar 1992). Thus,
co-existence of juvenile and adult bullheads on coarse substrata in heavily shaded areas
may be due to weakened intraspecific competition. Alternatively, tree canopy cover might
influence bullhead microhabitat selection by modifying risk of predation from avian
predators, or by reducing the availability of invertebrate prey via bottom-up effects on

primary production. Further experiments are required to test these hypotheses.

The consequences of intraspecific competition for bullheads are difficult to evaluate with

the present data. Individuals that are displaced into sub-optimal habitat may suffer lower
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foraging rates and reduced growth (Nakano 1995) or increased mortality (Holbrook &
Schmitt 2002). At the population level, strong inter-cohort competition under a size-driven
dominance hierarchy may limit recruitment of juveniles to adult habitats and lead to

density dependent population regulation (Freeman & Stouder 1989; Nakano 1995).

4.5.3 Conclusions

This study demonstrates non-random microhabitat use of stream fish as a result of strong
preferences for microhabitats that provide visual isolation from avian predators
(MacKenzie & Greenberg 1998) and high densities of preferred prey (Petty & Grossman
1996) or physical conditions that promote foraging efficiency (Hill & Grossman 1993).
The trade-off between these factors varies with species identity, producing interspecific
differences in microhabitat use, but high individual variation in microhabitat use means
that spatial segregation may still be limited. Ontogenetic shifts in microhabitat use can be
caused, at least in part, by intraspecific competition between size classes rather than size-
specific habitat preferences. However, condition dependent competitive interactions may
produce complex patterns of habitat use and further studies are required to elucidate the

exact mechanisms driving microhabitat selection.
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-5.
INTERSPECIFIC INTERACTIONS BETWEEN STONE
LOACH AND BULLHEADS

51 ABSTRACT

The concept of limiting similarity has driven the idea that the strength of competition
between species is positively correlated with overlap in their resource use. Species can
interact via a range of direct and indirect mechanisms, however, giving rise to a range of
potential outcomes. Empirical assessment of the strength of interspecific interactions is
therefore required to test the hypothesis that ecologically similar species are strong
competitors. In this study, reciprocal interactions were examined between two small
benthic fish species, stone loach Barbatula barbatula and bullheads Cottus gobio. Each
species was held alone and with heterospecifics under semi-natural field conditions using
cage enclosures. Survival, growth and prey consumption were used as indirect measures of
fitness. Stone loach grew faster in the presence of bullheads indicating facilitation. The
mechanism responsible was uncertain, but contrasting predator foraging strategies may
have enhanced foraging efficiency by forcing prey to trade-off alternative defensive
strategies. Survival and growth of bullheads was unaffected by the presence of stone loach
despite a marked dietary shift from chironomid larvae and Ancylus fluviatilis to
Potamopyrgus jenkinsi. A flexible, opportunistic foraging strategy appears to reduce the
intensity of exploitation competition from stone loach, at least in the short term. The
complex indirect trophic interactions observed in this benthic fish assemblage highlight
the limitations of traditional measures of ecological similarity such as dietary overlap as
indicators of the nature and strength of interspecific interactions and may account for the

absence of a strong, overriding influence of interspecific competition at the population and

community-scale.
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5.2 INTRODUCTION

Interspecific competition is a fundamental process structuring ecological communities
(Connell 1983; Schoener 1983). The theory of limiting similarity suggests that species can
co-exist up to some critical level of similarity, beyond which competitive exclusion occurs
as a result of intense interspecific competition (Abrams 1983). Allied to this concept is the
idea that competitive interactions should be most intense between ecologically similar
species and, hence, that the strength of interspecific competition may be predicted from
observed similarity in resource use or morphology (MacArthur & Levins 1967). Attempts
to assess the potential for competition from measures of niche overlap have been
criticised, however, firstly because there is no definitive relationship between niche
overlap and competitive strength (Colwell & Futuyma 1971; Sale 1974), and secondly
because high niche overlap indicates no more than potential for competition without
evidence for resource limitation (Prejs & Prejs 1987). Furthermore, it is increasingly being
recognised that interspecific interactions are not always negative (Connell 1983; Bertness
& Callaway 1994; Bruno et al. 2003). Species can also facilitate each other through a
range of positive direct and indirect processes (Soluk & Collins 1988; Bronmark et al.
1991; Eklov & van Kooten 2001), giving rise to complex interspecific interactions (Soluk

& Collins 1988; Arthur & Mitchell 1989; Resetarits 1997).

In stream fish communities, competition from non-game species is widely perceived to
limit populations of salmonids and other sport fish on the basis that these species often
show a superficial similarity in habitat use or dietary composition (Baltz et al. 1982), yet
empirical evidence for interspecific competition is weak. Research on competition in
stream fish has been largely based on descriptive studies of resource use. Species
frequently partition resources along spatial, dietary and temporal axes (Moyle &
Senanayaka 1984; Ross 1986; Gorman 1987; Greenberg 1991; Gray et al. 1997) but this
does not unambiguously demonstrate that competition is active in contemporary
communities. Manipulative experiments have clearly demonstrated effects of interspecific
competition on individual fish (Le Cren 1965; Fausch & White 1981; Baltz et al. 1982)
but evidence that interspecific competition influences population dynamics and
community structure is more equivocal, with many studies failing to find evidence of

competitive structuring at higher scales of ecological organisation (Degerman & Sers
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1993; Hugueny & Paugy 1995; Oberdorff er al. 1998; EkI6v et al. 1999; Jorgensen et al.
1999).

The aim of this study was to test the hypothesis that species of high ecological similarity
engage in interspecific competition by investigating interactions between two small,
benthic fish species. Stone loach Barbatula barbatula and bullheads Cottus gobio occur
sympatrically across much of Western Europe and dominate the fish fauna of shallow
chalk streams in southern England (Mann 1971; Prenda ef al. 1997). Both are active
nocturnally and feed almost exclusively on benthic macroinvertebrates (Smyly 1955, 1957;
Welton ef al. 1983). As a result of considerable overlap in habitat use and dietary
composition, stone loach and bullheads have long been considered as potential
competitors (Welton ef al. 1983), making them a good model system to investigate
interspecific interactions in freshwater fish. This chapter presents the results of a
manipulative field experiment examining the effects of interactions between stone loach
and bullheads on individual performance. Each species was held alone and with
heterospecifics under semi-natural field conditions using cage enclosures to test the
prediction that survival, growth in body size and prey consumption of each species would

be reduced in the presence of the other.

5.3 METHODS

5.3.1 Study site

The experiment was performed in the Brandy Stream (see section 1.5.2 for details) during
August and September 2001. Water temperature ranged from 11.7 to 17.6 °C (mean 14.1

°C) during the experiment (Seamon mini temperature recorder, Hugrin, Reykjavik,

Iceland).

5.3.2 Experimental enclosures

An array of 15 replicate enclosures each 1.4 m long, 0.8 m wide (1.12 m? in area) and 0.3
m high were used. Enclosures had solid metal sides and base and 6 mm wire-mesh on the
up- and down-stream ends to permit water to flow through. To simulate a gravel riffle

mesohabitat, enclosures were established in water 0.14-0.23 m deep with velocity 0.18-
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0.37 m/s and the base of each covered with gravel and cobbles to create a substrate
approximately 25 mm deep. Enclosures were placed approximately 4 m apart and
staggered to reduce upstream enclosure effects. Plastic netting was placed over the open
top of each enclosure to deter avian predators. Invertebrates were allowed to colonise the
enclosures for 30 days prior to the start of the experiment by lowering the up- and down-
stream wire meshes. The enclosures were rapidly colonised by benthic invertebrates and
supported an assemblage of species similar to that found in the surrounding stream (A.
Davey, personal observation). Once raised to enclose the fish, the wire meshes were
scrubbed every 12 hours during the experiment to remove accumulated plant debris and

maintain water flow through the enclosures.

5.3.3 Experimental design

Three treatments were established so that each species was held both alone and with
heterospecifics: 5 stone loach, 5 bullheads, and 5 stone loach plus 5 bullheads. This
additive design holds the density of the focal species constant to avoid confounding
changes in heterospecific density with changes in conspecific density (Underwood 1986).
The three treatments were each replicated five times and randomly assigned to enclosures.
The stocking density of 4.5 fish/m? (5 fish per enclosure) was within the range of densities

recorded for both bullheads and stone loach in chalk streams (Mann 1971; Prenda et al.

1997).

5.3.4 Experimental protocol

All experimental fish were caught from the Brandy Stream by electrofishing on 22 and 24
August. On 25 August, 50 adult fish of each species were weighed to 0.01 g, measured to
0.1 mm (total length, TL) and randomly assigned to treatments. Fish were marked with
subcutaneous elastomer tags (Northwest Marine Technology Inc., WA, USA) to allow
individual recognition. Stone loach ranged in initial mass from 2.02 g to 9.41 g (mean 4.40
g) and in length from 68.1 mm to 105.9 mm (mean 84.3 mm). Bullheads ranged in initial
mass from 2.67 g to 10.15 g (mean 4.98 g) and in length from 62.1 mm to 92.5 mm (mean
72.9 mm). Fish were held in the enclosures for 21 days. Fish that died during the
experiment were replaced with spare fish from a stock enclosure to maintain the

treatments. At the end of the experiment on 15 September, the enclosures were searched
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and fish removed with a dip net. Recovered fish were killed by an overdose of anaesthetic
(2-phenoxyethanol), identified, re-weighed, re-measured and preserved in 70 % ethanol

solution. This work was conducted between 0700 and 1000 h to minimize digestion of

consumed prey.

In the laboratory, stomachs of experimental fish were dissected out and their contents
examined under x40 magnification using a dissecting microscope. Prey items were
identified to the lowest possible taxonomic level, counted, and one of five linear body
dimensions measured to 0.01 mm using a graticule to estimate prey biomass. Body length
(BL) was measured along the dorsal surface from the anterior edge of the head to the
posterior tip of the last abdominal segment, with the exception of Gammarus pulex, which
was measured from the anterior margin of the head to the posterior margin of the telson
after straightening the body from its natural curved position. Head capsule width (HCW)
was measured perpendicular to length at the widest point across the dorsal surface of the
head. Shell height was measured for Potamopyrgus jenkinsi, shell length for Ancylus
Sfluviatilis and shell width for Valvata cristata. Both BL and HCW were measured for well
preserved specimens to derive empirical relationships between body dimensions and allow
prediction of BL from HCW for poorly preserved or incomplete specimens. Stomach
contents were observed in various degrees of digestion. Occasionally prey could not be
identified and were excluded from analysis. Incomplete prey items were assumed to be

whole for the purpose of biomass determination.

Dimensions of prey items were converted to soft-tissue dry weight biomass using
published mass-length relationships (Ladle ef al. 1972; Bass 1976; Mackey 1977; Mason
1977; Welton 1979; Meyer 1989; Benke ef al. 1999). Body length was used in preference
to head capsule width as this has been shown to be a more reliable predictor of biomass
(Meyer 1989). Where necessary, HCW was converted to BL using published equations
(Meyer 1989) or empirical relationships derived from the present study. Where no body
dimension could be accurately measured, a biomass was attributed based upon the average
of other specimens within the sample. Several authors warn of the effect of different
methodologies and against transferring mass-length relationships between stream types
(Meyer 1989; Johnston & Cunjak 1999). Attempts were therefore made to match the

preservation method and stream type in published equations to those of this study.
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5.3.5 Statistical analysis

The fitness of stone loach and bullheads was measured indirectly by survival, growth in
body size and prey consumption. Survival was evaluated as the proportion of fish
recovered from each enclosure at the end of the experiment. Growth was calculated as the
change in body mass and TL of fish during the experiment. Consumption of each prey
taxon was measured as the number of individuals and the total dry weight biomass per fish
stomach, with the latter divided by fish mass to the power of 0.75 to take account of
allometric relationship between body size and food consumption (Steingrimsson & Grant
1999). Calculations for growth and prey consumption were performed for all surviving
fish, and then averaged for fish in each enclosure to form the units of analysis (n = 5 data
points for each treatment). All three response variables were tested with Cochran’s C-test
for homogeneity of variances and log- or arcsine-transformed where necessary to
normalise distributions and stabilise variances. Response variables were then analysed by
one-way ANOVA with presence or absence of heterospecifics as a fixed factor. Where
transformation failed to correct heterogeneous variances, a Mann-Whitney non-parametric
one-way ANOVA was used instead. SPSS v.10.0 (SPSS Inc., Chicago) was used for all

ANOVA tests and significance evaluated using o = 0.05.

Interspecific dietary overlap was evaluated using Morisita’s similarity index (Morisita
1959):

m
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where Cj = overlap between speciesjand k£ (0 < Cy < 1);
m = number of dietary categories;
p;i = proportion of prey 7 in the diet of species J;
pir = proportion of prey i in the diet of species #;
n; = number of prey i consumed by species j;
ny = number of prey i consumed by species £;
N; = total number of prey items consumed by species J;

N = total number of prey items consumed by species 4.
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This index has been shown to estimate overlap in resource use with negligible bias over a
range of conditions (Krebs 1999). Dietary overlap was calculated separately for control
and mixed species treatments, using data pooled across replicate enclosures. Intraspecific
differences in dietary composition of fish held with and without heterospecifics were also
evaluated using Morisita’s index by substituting experimental treatment for species as the
grouping factor. This method provides a measure of the dietary niche shift in response to
heterospecifics (Cs). The significance of these dietary shifts was assessed using a modified
version of Sevenster and Bouton’s randomisation test for interspecific dietary differences
(Sevenster & Bouton 1998). For each species, enclosures were randomly reassigned to
treatment groups and similarity in dietary composition between groups recalculated. This
procedure was repeated 999 times to generate a distribution of Cy under the null
hypothesis of no change in dietary composition in response to heterospecifics. A dietary

shift was judged to be significant if <5 % of permutated values of Cs were less than or

equal to that observed (Manly 1997).

5.4 RESULTS

5.4.1 Stone loach

Survival of stone loach was high. Only one fish died during the experiment and two
additional fish were not recovered - it is not known whether they escaped, died or were
simply not found. There was no effect of treatment on number of fish recovered (ANOVA:
F13=0.400, P = 0.545). Average growth in body size of surviving stone loach was 0.39 g
and 1.6 mm (Figure 5.1a). Contrary to the competition hypothesis, growth in mass was 60
% higher in the presence of bullheads than in the control (ANOVA: F; 3 =5.683, P =
0.044), indicating facilitation. Growth in TL, in contrast, was unaffected by treatment

(ANOVA: F 3= 0.228, P = 0.646).

The diet of stone loach was dominated by chironomid larvae, which accounted for 91 % of
prey items and 66 % of prey biomass (Table 5.1). Gammarus pulex were consumed in
much lower quantities, but still contributed 30 % to total prey biomass intake due to their
large body size (Table 5.1b). In the presence of bullheads, stone loach consumed fewer

chironomid larvae (ANOVA: F 3 = 6.740, P = 0.032; Table 5.1a) and consequently total
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Figure 5.1 Growth in body size of (a) stone loach and (b) bullheads alone and with heterospecifics.
Means (+ 1 S.E.) are based on the growth of fish in five replicate enclosures per treatment.

prey biomass consumption was also lower (ANOVA: F g = 9.824, P = 0.014; Table 5.1b).
Despite a reduction in prey intake, stone loach displayed no significant shift in dietary

composition when held with bullheads (Cs= 0.99, P = (0.126).

5.4.2 Bullheads

Survival of bullheads was also high (97 %) and unaffected by treatment (Mann Whitney U
=10, P =0.317). Average growth in body size of surviving bullheads was 0.04 g and 0.1

mm (Figure 5.1b). Both growth in mass and growth in TL were unaffected by the presence
of stone loach (F 3 =0.164, P =0.696 and F 3 = 1.894, P = 0.206 respectively), indicating

no evidence of interspecific competition.

Bullheads had a much more varied diet than stone loach, with Gammarus pulex the most
common prey (35 %) followed by chironomid larvae (19 %), Ancylus fluviatilis (16 %),
ephemeropteran nymphs (13 %) and Potamopyrgus jenkinsi (9 %) (Table 5.1a).
Gammarus pulex (50 %) and Ancylus fluviatilis (40 %) accounted for the majority of prey

biomass (Table 5.1b). In the presence of stone loach, bullheads consumed fewer
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Table 5.1 Prey consumption of stone loach and bullheads held in enclosures with and without heterospecifics: (a) number of prey items per fish stomach
and (b) dry weight biomass of prey per gram of fish mass. For each prey taxon, data given are mean (+ 1 S.D.) prey consumption of individual fish,
relative abundance in the diet (%) and significance of one-way ANOVA of mean prey consumption of fish in five replicate enclosures per treatment.

Stone loach Bullhead
Control + Bullheads Control + Loach

Mean + SD % Mean = SD % Sig. Mean+SD % Mean+SD % Sig.
(a) Number
Gammarus pulex 19+19 3 25+24 6 NS 25+25 30 28+31 40 NS
Baetis spp. 0.3+06 <1 04+11 <1 NS 04+038 5 05+17 7 NS
Other Ephemeroptera 02+05 <1 04+06 <1 NS 04+06 5 07+13 10 NS
Chironomidae 57.8 +36.8 92 40.7 £ 331 89 * 23+3.0 27 06+0.8 9 *
Simuliidae 02+05 <1 0.1+03 <1 NS 0.1+0.3 1 04+08 6 NS
Trichoptera 06+0.38 <1 03x06 <1 NS 02+04 2 02+05 3 NS
Potamopyrgus jenkinsi 0.1+02 <1 0.0+0.0 0 NS 02+05 2 12+25 17 **
Ancylus fluviatilis 0.0£0.0 0 0.0+£0.0 0 NS 21+£32 25 04+06 6 ok
Other taxa 1.5+1.4 3 14+15 3 NS 02+0.4 3 02x04 2 NS
Total 62.6 +35.8 100 458 + 33.7 100 * 84+42 100 7.0+5.2 100 NS
(b) Biomass (mg/g)
Gammarus pulex 09+15 25 0.8+1.0 33 NS 21+24 48 1.9+22 65 NS
Baetis spp. <01+00 <1 01+0.2 2 NS 0.1+01 1 01+02 2 NS
Other Ephemeroptera <0.1+01 <1 <01+£01 <1 NS <01+01 <1 <0.1+0.1 2 NS
Chironomidae 25+1.8 71 15+1.3 63 ** 02+0.3 4 <0.1+0.1 2 NS
Simuliidae <0.1£00 <1 <01+00 <1 NS <01+£00 <1 <0.1+£01 <1 NS
Trichoptera 0.1+0.1 2 <0100 <1 NS 02+07 4 0.1+£03 3 NS
Potamopyrgus jenkinsi  <0.1+00 <1 0.0+0.0 0 NS <0.1+01 <1 0.1+0.3 4 *
Ancylus fluviatilis 0.0+00 0 0.0+0.0 0 NS 1.8+30 42 06+14 21 *
Other taxa <01+00 <1 <01+00 <1 NS <0100 <1 <01+£00 <1 NS
Total 3.5+21 100 24+16 100 ** 44+38 100 29+25 100 NS

Significance of ANOVA : NS = not significant, * P < 0.05, *™* P < 0.01, *** P < 0.001.
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chironomid larvae (ANOVA: F g =7.106, P = 0.029; Table 5.1a) and Ancylus fluviatilis
(ANOVA: F; 3= 27.563, P =0.001; Table 5.1a) but more Potamopyrgus jenkinsi
(ANOVA: Fy 3 =16.738, P = 0.003; Table 5.1a). This dietary shift was highly significant
(Cs=0.77, P = 0.008) and resulted in niche divergence, with interspecific dietary overlap
falling from 0.46 when species were separate to 0.24 when held together. As a result of
this resource partitioning, total prey biomass consumption of bullheads was not

significantly different between control and loach addition treatments (ANOVA: F g =
3.458, P=0.100; Table 5.1b).

5.5 DISCUSSION

Species displaying high ecological similarity are predicted to engage in strong interspecific
competition (MacArthur & Levins 1967; Abrams 1983). In this study, stone loach and
bullheads displayed moderate dietary overlap but there was little evidence for interspecific
competition. In contrast to the competition hypothesis, growth in mass of stone loach was
facilitated by the presence of bullheads. This effect was not mirrored by the survival and
growth in TL of stone loach, suggesting that these metrics are less sensitive measures of
fish performance. Positive interactions between potential competitors are common among
plants and sessile animals (Bertness & Callaway 1994; Callaway 1995) and although
examples of facilitative feeding have begun to emerge in mobile anirhals (Soluk & Collins
1988; Losey & Denno 1998; Swisher er al. 1998) few studies have shown one species to
produce a quantifiable improvement in performance of another (Bronmark et al. 1991;

Resetarits 1997; Soluk & Richardson 1997; Eklov & van Kooten 2001).

The mechanism causing this facilitation is difficult to resolve with the available data, since
stomach contents data provide only a snapshot of foraging behaviour at the end of the
experiment and because the system may not have reached equilibrium. Predator mediated
changes in behaviour or microhabitat use of prey can enhance the foraging efficiency of a
second predator species by increasing prey availability (Soluk & Collins 1988; Soluk
1993; Losey & Denno 1998; Eklov & van Kooten 2001). Benthic fish are known to affect

the activity levels of benthic macroinvertebrate prey (Andersson et al. 1986; Wooster &
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Sih 1995), and stone loach and bullheads have contrasting foraging strategies that could
theoretically lead to facilitation (Matsuda et al. 1993; Sih ef al. 1998). Thus, bullheads
may have facilitated stone loach if anti-predator strategies of chironomid larvae towards
bullheads made them more susceptible to stone loach. Alternatively, bullheads may have
increased densities of chironomid larvae indirectly by reducing numbers of intermediate
consumers and initiating a trophic cascade, although there was no evidence for this from
measurements of macroinvertebrate densities taken at the end of the experiment (see
Chapter 6). This facilitation model predicts that prey consumption will be higher in the
presence of heterospecifics, but this was not upheld by the data. It is possible, however,
that facilitative feeding occurred earlier in the experiment. This interpretation runs counter
to the observation of Welton et al. (1991) that foraging rates of stone loach on chironomid
larvae were reduced when held together with bullheads under controlled laboratory
conditions, although the competitive interactions observed could have been an artefact of
the unnaturally high fish densities used. However, alternative explanations for facilitation,
such as increased foraging efficiency through improved detection of patchily distributed

prey (Street & Hart 1985) or reduced energetic costs, seem unlikely.

Facilitation, in the form of enhanced growth rate, has the potential to impact the
population dynamics of stone loach, since body size is positively correlated with female
fecundity (Mills et al. 1983). However, if bullheads were facilitating stone loach by
enhancing consumption rates of chironomid larvae, this is unlikely to be sustainable. At
end of the experiment, loach consumed fewer chironomids in the presence of bullheads,
suggesting that facilitation may have accelerated the depletion of prey. Stone loach did not
switch to alternative food sources to maintain prey intake in response to declining intake
of preferred prey. This restricted and inflexible foraging behaviour is thought to be due to
the tactile foraging strategy of stone loach which limits them to taking small prey species
with low mobility (Smyly 1955; Welton e al. 1983). Thus, the specialised dietary niche of
stone loach appears to prevent interspecific competition but may also render them
vulnerable to strong exploitation competition from conspecifics (A. Davey, unpublished

data), which will probably override any short-term positive effects of bullheads.

Bullheads displayed a strong dietary shift in the presence of stone loach. Exploitation

competition is able to account for the reduced consumption of chironomid larvae and
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Ancylus fluviatilis, which were both reduced in density in enclosures containing stone
loach (see Chapter 6). Predation by stream fish can exert strong top-down effects on
densities of benthic invertebrate prey (Wooster 1994; Dahl & Greenberg 1996) but this is
the first study to provide evidence that one species can affect the prey intake of a sympatric
predator species through exploitation competition. The corresponding increase in
consumption of Potamopyrgus jenkinsi by bullheads is thought to be a compensatory
response to declining availability of preferred prey species and may reflect a change in
dietary preference or foraging strategy. As a result bullheads were able to maintain prey
biomass intake, and consequently survival and growth in body size were unaffected by the
presence of stone loach. Bullheads are generalist predators, adopting an opportunistic
foraging strategy in response to fluxes of key invertebrate groups (Hartley 1948; Mann &
Orr 1969; Welton et al. 1983; Michel & Oberdorff 1995). This flexible behaviour may
ameliorate interspecific competitive interactions, at least in the short term, by partitioning
prey resources between the two species. Flexibility is thought to be an adaptation to life in
a variable environment (Gorman 1988), and has been identified as a potential mechanism
for co-existence in other stream fishes (Nakano et al. 1999; Katano et al. 2000). The
potential for niche divergence to mitigate interspecific competition cautions against

inferring population-level consequences of competition from niche shifts alone (MacNally

1983; Schoener 1983).

In conclusion, traditional measures of ecological similarity such as dietary overlap are a
poor indicator of the nature and strength of interspecific interactions. Morphologically
dissimilar species can engage in exploitation competition when resource use is
independent of trophic morphology (Baltz et al. 1982; Resetarits 1995; Hesthagen &
Heggenes 2003) and this study, conversely, reveals that small ecological differences
among species can eliminate competitive interactions (Schlosser & Toth 1984) and may
even lead to facilitation. The concept of limiting similarity may therefore be of limited
value for predicting species co-existence (Abrams 1983; Resetarits 1995). Furthermore,
indirect trophic interactions can produce positive as well as negative effects and result in
complex, asymmetrical interactions (Soluk & Collins 1988; Bronmark ez al. 1991;
Resetarits 1997). The lack of evidence for competitive structuring in stream fish at the
population and community level may therefore be due to the compensating effects of

facilitation (Schluter 1984).
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-6 -
CONTRASTING AND ADDITIVE EFFECTS OF
ECOLOGICALLY SIMILAR PREDATORS

6.1 ABSTRACT

Predation is one of the key processes governing patterns in ecological communities. By
assigning species to trophic levels, theories of trophic interactions in food webs assume
that predator species are functionally equivalent and independent. Interspecific differences
in predator attributes can, however, cause idiosyncratic predator impacts and give rise to
non-additive multiple predator effects as a result of direct and indirect interactions
amongst predators. The aim of this study was to investigate the influence of predator
attributes on top-down predation impacts by examining the independent and interactive
effects of two benthic fish predators, bullheads Cottus gobio and stone loach Barbatula
barbatula, on invertebrate and epilithic algae communities in a chalk stream. Presence and
absence of each predator was manipulated in a 2x2 factorial design using cage enclosures.
Bullheads had a negligible impact upon invertebrates, suppressing densities of only
Pisidium spp., and had no significant effect on epilithic algae. In contrast, stone loach
significantly reduced total invertebrate density and indirectly increased the standing crop
of epilithic algae by suppressing the densities of two important herbivores, chironomid
larvae and Ancylus fluviatilis. Predators generally functioned independently, with
combined predator effects simply the sum of the impacts of the component species in
isolation. This study demonstrates that in some circumstances multiple predator effects are
additive despite complementary foraging modes that theoretically could facilitate or inhibit
foraging efficiency. It also shows, however, that differences in predator attributes such as
degree of specialisation and foraging mode can translate into quantitative and qualitative
differences in effects upon herbivores and contrasting strengths of cascading effects on
primary producers. Aggregating superficially similar predator species into a single
functional unit therefore risks oversimplifying food webs. Focusing instead on attributes of
predators that allow a priori predictions of independent and interactive effects should

provide a more profitable approach to analysing complex trophic interactions.
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