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During the last decade, mechanistic approaches to understanding population/commu-
nity processes have formed a significant trend in fish ecology and in ecology in general.
Unlike more traditional models, mechanistic models are characterized by a high degree
of lower level derivability. This means that population/community properties are
derived from behavioural, physiological and/or morphological properties of individual
organisms. Mechanistic approaches will introduce explicit constraints on the foraging
and metabolic capacities of organisms. In taxa of size-structured populations, such as
fish, additional constraints are set by ontogenetic covariance between different size
stages. Theoretical studies show that one mechanistic element, the inclusion of active
predator choice with respect to diet and patch use, has a stabilizing effect on predator-
prey dynamics. However, the qualitative discrepancies in predictions are small between
predator-prey models with optimally foraging predators, and the more traditional
predator-prey models with switching and predator aggregation. Experimental studies on
fish show that active predator choice is generally present, but deviations from predictions
of the basic diet model are frequently observed. Both theoretical and experimental
studies suggest that the restriction of classical foraging models to the predator’s diet and
habitat choice, and the assumption of behaviourally inflexible encounter rates are major
limitations. Flexible predator foraging mode and flexible prey avoidance behaviour have
substantial effects on predator-prey dynamics. In many cases, prey behaviour may be
more important in determining the predator’s diet than the predator’s decision after
encounter. Inclusion of mechanistic details of foraging and antipredator behaviour in
population/community models tends to make models less general and more system-
specific. We also suggest that the hierarchy community-population-individual is incom-
plete in many respects, necessitating an integrated mechanistic research strategy
including studies at different levels. Although a mechanistic research program is
expected to form a productive trend in ecology in the future, there will still be a need for
less mechanistic but more general theories.



166 Persson & Diehl: Approaches in the ecology of fish + ANN. ZOOL. FENNICI Vol. 27

1. Introduction

Classical models of population and community
ecology usually assume that within a species,
individuals are identical and behave in a random
way. More recently, it has been recognized that
individual variation and behavioural interactions
among individuals fundamentally affect the dy-
namics and stability of ecological communities.
For example, a considerable degree of intrapopu-
lation variability is present in most taxa, including
fish, in the form of size structure. Experimental
and theoretical work demonstrates that the pres-
ence of size structure in populations has far-
reaching consequences for both behavioural and
population/community processes (Werner & Gil-
liam 1984, Ebenmann & Persson 1988). Further-
more, population models incorporating intra-
populational variation (Lomnicki 1980, 1988) or
flexible behaviour (Abrams 1982, 1984, 1987)
predict profound effects of these factors on popu-
lation dynamics.

Many experimental studies on the implica-
tions of size structure for the dynamics of fish
populations have used a mechanistic approach
(Werner & Hall 1977, 1979, 1988, Mittelbach
1981, 1983, 1984, 1988, Werner et al. 1983a, b,
Gilliam 1982, Hamrin & Persson 1986, Persson
1987a, 1988, Persson & Greenberg 1990a, b). In
a paper advocating a more mechanistic approach
tocommunity ecology, Schoener (1986) attempted
to show that community ecology, population
ecology and individual ecology form a perfect
hierarchy of reducible disciplines, and that indi-
vidual ecology itself can be divided into physio-
logical. functional-morphological and behavioural
ecology. In that framework, a mechanistic ap-
proach would, in principle, allow qualitative and
quantitative predictions about community dynam-
ics to be made from behavioural, morphological
and physiological considerations (Schoener 1986).
Some optimistic behavioural ecologists have
expressed the belief that future theories of com-
munity organization will be based upon the be-
havioural characteristics of constituent species
(Dill 1987). In contrast, Hassell & May (1985)
argued that the level of behavioural information
required in population ecology should be restricted
to accurate knowledge of the end product of a
behaviour, an example of such an end product

being the negative binomial distribution of indi-
viduals often found in nature. Given the different
views expressed by different authors, we might
ask to what extent behavioural ecology, ecomor-
phology and ecophysiology have contributed, and
may in future contribute, to population/commu-
nity ecology?

In this paper we review theoretical, experi-
mental and field studies that investigate popula-
tion/community dynamics from the perspective
of the individual organism, with an emphasis on
the role of species- and size-specific capacities,
constraints and behavioural flexibility. First, we
give a background summary of mechanistic ap-
proaches, and show how these have been applied
to the study of fish populations and communities.
We discuss size-specific metabolic, morphologi-
cal, and ontogenetic constraints that are present in
organisms in general, and specifically in size-
structured populations such as fish populations.
Secondly, on the basis of theoretical and experi-
mental evidence, we try to evaluate the degree to
which classical foraging models have contributed
to an increased understanding of population and
community processes. Next, we discuss the im-
portance of flexible predator and prey behaviour
to population dynamics. Finally, we make sugges-
tions for future studies of behavioural mecha-
nisms potentially important to population/com-
munity ecology and try to give a perspective for
the further integration of behavioural and popula-
tion/community ecology. Although our examples
are derived from fish, the arguments developed
and conclusions drawn should be valid for organ-
isms in general.

2. Mechanistic approaches in popula-
tion/community ecology

2.1. General background

A mechanistic approach is defined as the use of
individual ecological concepts — from behav-
ioural ecology, ecomorphology and physiological
ecology — as the basis for the development of a
conceptual framework for understanding patterns
and processes at the population and community
levels (Schoener 1986). In comparison with more
traditional “descriptive” models, mechanistic
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models are characterized by a high degree of
lower-level derivability, i.e. terms in population/
community models are derivable from individual
properties. It is important to recognize that what is
meant by a mechanistic model differs between
population/community ecologists and ethologists.
While an optimal foraging model, in which indi-
vidual properties are included in the values of
handling time and encounter rate, may be re-
garded as a mechanistic model by a community
ecologist, this is certainly not the case for an
ethologist. Mechanistic models are usually less
general, and more system-specific than traditional
descriptive models. Anextreme example is physio-
logically based population models of stage(size)-
structured populations (Metz & Diekmann 1986,
Metz et al. 1988).

Mechanistic approaches to the understanding
of population and community processes can
roughly be divided into those based on behav-
ioural concepts and those based on physiological
variables (Schoener 1986). Since foraging models
often include physiological variables, these two
approaches are nonexclusive. Typically, studies
based on behavioural concepts explicitly include
adecision variable that allows different options to
the forager, but lack explicit population variables
such as birth and death rates (Schoener 1986, for
examples see Mittelbach 1981, Werneretal. 1983a,
Osenberg & Mittelbach 1989, Persson & Green-
berg 1990b). In contrast, ecophysiological ap-
proaches generally involve explicit population
parameters, but lack explicit options for the fora-
ger (for examples of the latter see references in
Schoener 1986). Taken together, the above stud-
ies suggest that inclusion of complete population
parameters occurs at the cost of mechanistic de-
tails of forager behaviour, and vice versa.

Mechanistic and descriptive approaches should
not be viewed as exclusive alternatives, but rather
as end-points of a continuous gradient (Schoener
1986). For example, the formula for the competi-
tion coefficient (alpha) derived by MacArthur &
Levins (1967) for the Lotka-Volterra equations
(cited as an example of a descriptive model by
Schoener 1986) may be interpreted in behavioural
and physiological terms to some extent, whereas
the formula derived by Schoener (1974) himself
includes non-mechanistic elements. However, the
MacArthur & Levins formula rests on several

precarious assumptions, such as the utilization
functions being normal and constant, the areas
under these functions being equal, and the alphas
being density-independent constants (Rough-
garden 1974, Abrams 1975, 1983, Schoener 1986).
A mechanistic approach makes no a priori as-
sumptions about utilization functions, but rather
looks at resource consumption at the individual
level, in relation to metabolic and behavioural
considerations (Schoener 1986). Instead of as-
suming utilizations to be constant, a behaviour-
ally based mechanistic approach focuses on the
probability that an individual consumes a particu-
lar resource and how this probability is affected by
competing species (see Werner & Hall 1977, 1979
for examples).

2.2.Size-specific foraging capacities and
metabolic demands

In classical Lotka-Volterra competition theory,
the outcome of the interactions between species
relates to the competition coefficients (alphas)
and the carrying capacities (K:s) of the interacting
species. The meaning of alpha in its classical form
is rather obtuse: it is generally defined as a ratio
relating interspecific competition to intraspecific
competition (Schoener 1974, Abrams 1980b,
Persson 1985). Constraints on the value of alpha
for a species in relation to its carrying capacity,
were recognized by Levins (1968) and MacArthur
(1972) in the “principle of allocation™ and the
concept that “a jack of all trades is a master of
none”. While alpha and K in the Lotka-Volterra
equations are independent and can take any val-
ues, a more mechanistic view of competition will
recognize possible constraints on the values of
alpha and K. For example, the foraging capacity
(related to alpha) of an animal is positively related
to body size (Schoener 1969, Wilson 1975, Se-
bens 1988, Werner 1988), and the same is the case
for the animal’s metabolic requirements (related
to K) (Wilson 1975, Case 1979, Persson 1985).
Hence alpha and K of an organism will be so
interrelated that a larger animal will have a forag-
ing (alpha) advantage, while a smaller animal will
have a metabolic (K) advantage (Wilson 1975.
Persson 1985, Werner 1988). This interaction
between foraging and metabolic advantages was
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Fig. 1. The relation between size and absolute growth
in vendace for the periods May —July (dashed line) and
July —October (solid line). Thick solid bars indicate the
size ranges of strong and weak year-classes of 1+
vendace. The curves were obtained from regression
lines of mean instantaneous growth rates on vendace
size. From Hamrin & Persson (1986).

suggested to explain the 2-year population cycle
in a planktivorous fish species, the vendace
(Coregonus albula) (Hamrin and Persson 1986).
In the system studied, two environmental vari-
ables vary predictably from spring to summer:
temperature increases, increasing metabolic
demands, and the availability of resources (pe-
lagic zooplankton) decreases (due to vendace
predation), diminishing foraging gains. As both
these circumstances adversely affect larger size
classes compared to smaller ones, the optimum
body size with respect to growth was expected to
decrease from spring to summer, an expectation in
agreement with growth data (Fig. 1).

The mechanism behind the observed two-year
oscillation in the vendace population was sug-
gested to be as follows. When a strong year-class
was recruited, density-dependent growth resulted
in 1) relatively small size of O+ individuals after
their first summer, and 2) poor gonad develop-
ment in 1+ vendace (which amounted to 90% of
the spawning population). As a result, there was
poor reproductive output during autumn spawn-
ing. Compared to a weak year-class, the growth of
a strong year-class was lower during its second
spring (as body size was below the optimal size at
that time), but was relatively higher during sum-
mer (Fig. 1). The latter could be related to 1) a
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small body size being closer to the summer opti-
mum, and 2) low inter-age class competition (only
afew 0+ vendace were present). The high growth
rate during summer resulted in a high reproduc-
tive output during autumn, after which the popu-
lation entered the next cycle.

2.3. Morphological constraints on foraging
capacities

The above example shows that the traditional
assumption of constant competition coefficients
and carrying capacities can obscure the picture of
the actual intensity and direction of competitive
asymmetries. Similarly, the use of field data on
diet overlap can yield misleading conclusions
regarding the intensity of competitive interactions
(Werner & Hall 1979, Abrams 1980c). Diet over-
lap between species or size classes may be much
smaller in sympatry than in allopatry, reflecting
relative foraging capacities with respect to re-
source size distribution and density, and to habitat
type. An organism’s foraging capacity is, in turn,
partly determined by species- and size-specific
functional morphology. Morphological constraints
on foraging capacity are most apparent in the
locomotory and feeding apparatus of animals
(O’Brien 1987, Wainwright 1988). For example,
increasing body size will enable an animal to
capture larger prey as a result of greater locomo-
tory capacity, as well as larger mouth and gut size.
However, there may be a decrease in capacity to
catch smaller prey due to decreased manoeuvra-
bility and ability to handle smaller prey (Mittel-
bach 1981, Persson 1988). Similarly, species-
specific body shape and positioning of locomo-
tory organs set morphological constraints on for-
aging efficiency in different habitats (Werner
1977).

Morphological constraints of body size were
suggested to partly explain the habitat use of
interacting size classes of European perch (Perca
Sfluviatilis) (Persson 1987a). In the laboratory, 1+
perch had higher absolute feeding rates on small
prey items (zooplankton) than 2+ perch, and the
relationship was the opposite for larger benthic
prey (Persson 1987a). In an enclosure experiment
in a lake with low benthic prey abundance, both
size classes of perch utilized similar resources in
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allopatry (mixed zooplankton/macroinvertebrate
diet in early summer, exclusive zooplankton diet
at the extremely low densities of benthic inverte-
brates in late summer). In sympatry, however, 1+
perch ate zooplankton, and 2+ perch benthic prey
throughout the experiment. Together with growth
data, this result suggested a reverse in intensity
and direction of the mutual alpha impacts of the
size classes upon each other, as resource availabil-
ity in the littoral and pelagic zones changed. The
habitat segregation between smaller and larger
perch observed in the lake in late summer could
thus be attributed to a habitat shift by the smaller
perch due to higher profitability of the pelagic
habitat.

Morphological constraints were also suggested
to explain the habitat distribution pattern of three
co-occurring North American sunfishes, which
differ in body plan and functional morphology of
the feeding apparatus: the bluegill (Lepomis macro-
chirus), the green (L. cyanellus) and the pumpkin-
seed sunfishes (L. gibbosus) (Werner & Hall 1977,
1979). Introduced in alloptary into ponds, all
species preferred the vegetation over other habi-
tats. However, differences in habitat-specific for-
agingefficiencies between the species were found,
the green sunfish being the superior forager in
vegetated habitats and the pumpkinseed being the
most efficient benthivorous species in open habi-
tats. When introduced together into a pond with
initially high return rates from the vegetation, all
three species foraged (in agreement with predic-
tions) initially in the vegetation, and, as the rela-
tive profitability of the vegetation declined, first
the pumpkinseed, and later the bluegill, shifted to
foraging on sediment prey (Werner & Hall 1979).
The distribution pattern of the three species in
central North American lakes is generally consis-
tent with the predictions from the experiments, as
far as the larger stages are concerned (Werner et
al. 1976). However, habitat use by the juveniles is
additionally affected by the need to avoid preda-
tors (see also section 4 and Werner et al. 1983b).

2.4. Size-specific constraints on foraging —
implications in size-structured populations

Size- and species-specific morphological and
metabolic constraintst on resource use are found

Rate

Body size

Fig. 2. Resource utilization rate efficiencies in relation
to body size and ontogenetic niche shifts. The dashed
line represents a species with small adult body size
utilizing the same resource with a high efficiency
during its entire lifetime. Solid lines represent a spe-
cies with large adult body size utilizing the same
resource as the previous species when young, but
undergoing two discrete resource niche shifts with
increasing body size. For this second species, the
maximum efficiency is expected to be lower.

in organisms in general. Additionally, individuals
of size-structured populations, such as fish, are
constrained by their ontogeny. Most fish species
have the potential to increase in size during their
whole life, which often necessitates a series of
ontogenetic niche shifts towards larger prey sizes.
In fish, the change in body morphology with age
is largely a change in body size with the same
basic body plane, resulting in a high degree of
genetic covariance between different stages
(Ebenman & Persson 1988, Kirkpatrick 1988,
Werner 1988). An ontogenetic trade-off situation
is thus present, resulting in small and planktivo-
rous stages of an adult piscivorous species being
burdened with a body morphology preadapted for
piscivorous feeding (Werner & Hall 1979, Werner
1986, Persson 1988). It has been suggested that a
species undergoing substantial niche shifts will be
less efficient in utilizing resources when small
(young) than a species utilizing a narrow range of
resources over its entire life time (Werner & Hall
1979, Werner 1986, Persson 1988) (Fig. 2). The
latter species may thus compete severely with the
young stages of the former species (Persson 1988).
Even if the larger individuals of the larger species
are resource-limited to only a small extent, re-
source limitation at young stages may affect the
recruitment of larger individuals, resulting in a
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competitive juvenile bottleneck (Neill 1975,
Werner 1986, Persson 1988, Persson & Green-
berg 1990a).

Our research has focused on the competitive
interactions between perch, a potentially piscivo-
rous species, and roach (Rutilus rutilus), a supe-
rior zooplankton feeder. Roach at high densities
cause the young stages of perch to shift from
feeding on zooplankton to feeding on benthic
(littoral) prey earlier than at low roach densities
(Persson 1986, 1987b, 1988, Persson & Green-
berg 1990a). This advanced shift in diet trans-
forms into reduced growth rates, which increase
the time before perch enter the piscivorous stage
and decrease the numbers entering this stage. The
competitive superiority of roach may be related to
the fact that perch undergo more substantial niche
shifts than roach with respect to prey size. The
perch-roach interaction is further complicated by
the fact that, if perch become large enough, they
may start to prey on roach. The interaction be-
tween these species is thus dependent on adelicate
balance between competitive and predatory forces
(Persson 1988). A similar situation has been sug-
gested for the largemouth bass (Micropterus sal-
moides) — bluegill sunfish interaction (Werner &
Hall 1979, Gilliam 1982).

3. Mechanistic approaches and classical
foraging models

So far, we have discussed how constraints set on
the organism affect the efficiency with which it
can utilize different resources. In terms of the
predation cycle, these factors relate to the proba-
bility that a predator will encounter a specific prey
type, and the probability that an attacked prey will
be successfully captured (Fig. 3). In the interac-
tion between behavioural ecology and popula-
tion/community ecology, one key variable is a
predator’s choice between attacking and not at-
tacking an encountered prey, a topic which is
explicitly treated by classical foraging theory
(Stephens & Krebs 1986). In this section, we
discuss the theoretical consequences of optimal
foraging in predators for predator-prey popula-
tiondynamics and compare these with predictions
from more traditional approaches. We then criti-
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Fig. 3. Cycle of events in the predation process. Solid
arrows indicate the predation cycle as experienced by
the predator. Classical foraging models focus mainly
on the predator’s decision whether or not to attack an
encountered prey (solid box). Strippled boxes and
arrows indicate behaviourally flexible determinants of
the predator diet that are potentially important to popu-
lation/community ecology, but have received less at-
tention from foraging theoreticians.

cally evaluate the relevance of classical foraging
models to population and community processes,
as deduced from experimental field tests.

3.1. Theoretical aspects

The classical diet model assumes that search and
handling are mutually exclusive predator activi-
ties and that potential prey differ substantially in
profitability (Stephens & Krebs 1986). The en-
counter rate with highly profitable prey then de-
termines which prey items are to be included in the
diet, in order to maximize long-term net energy
intake. In traditional predator-prey population
models, a decision variable does not occur, and
the probabilities of encounter, attack and capture
for a predator are lumped together into one pa-
rameter, the attack coefficient (a). To our knowl-
edge, the only attempt to include optimal prey
choice, based on the diet model, in a population
model, stems from Gleeson and Wilson (1986).
They considered a predator preying upon two
competing prey species and assumed a type Il
functional response of the predator which, if both
prey are included in the diet, gives Holling’s
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Fig. 4. Absolute and relative functional responses of a predator feeding on two alternative types of prey either
according to the diet model, indiscriminately or with positive density-dependence. — Left. Functional response
to the density (H,) of the more profitable prey 1, if prey 2 is dropped from the diet above some threshold density
of prey 1 (solidline), and if prey 1 and 2 are consumed as encountered at all densities (dashed line). The predator
is assumed to have a type |l functional response. — Right. Relative consumption of prey 1, if the predator feeds
with positive density-dependence (switching) on both prey (A), and if the predator feeds according to the diet
model (B,, B,). In case A, attack coefficients for both prey are assumed to be equal. In case B,, the relative
profitability of prey 1 is low (but still higher than that of prey 2), whereas in B, it is higher. Line C represents the
case with indiscriminate predation. Both figures assume a constant density of prey 2.

(1959) disc equation for two alternative prey
species (Fig. 4a) (Murdoch 1973, Abrams 1987):

fH.H)=aH /| (1+a Hh+aHh), (1)

where H and H, are the densities of prey 1 and 2,
i refers to either prey 1 or 2, a, is the attack
coefficient for prey / while the predator is search-
ing, and /1 is the handling time for each prey i. An
optimal forager will maximize the net energy
intake (£%*) according to the formula (Stephens &
Krebs 1986):

22e
E*:%, (2)
1+ X A h

i=1

where the encounter rate 4, = @ H and e, is the net
energy return from prey / (including the saved
energetic cost of not searching when handling).
According to the diet model, a given prey type is
either always attacked on encounter or always
neglected, depending on the encounter rate with

higher ranked prey types. Gleeson & Wilson as-
sumed that prey 1 is both the superior competitor
and the more profitable prey, which leads to an
interesting case of three-species coexistence not
found in the absence of optimal prey choice by the
predator: If the predator-prey 1 interaction is
intrinsically unstable, optimal prey choice by the
predator will produce a sort of switching, which,
under certain assumptions, will lead to cyclic
coexistence: when H, drops below some threshold
density, it is profitable to include prey 2 in the
predator diet, which implies that f(H H,) de-
creases from a H /(1+a H h) to eqn. (1) and
f,(H ,H,) increases from zero to eqn. (1) (Fig. 4a).
With prey 2 in the diet, predator numbers will not
drop to values low enough to allow prey 1 to
increase so much as to competitively exclude prey
2. Optimal prey choice by the predator thus tends
to dampen oscillations in intrinsically unstable
predator-prey systems, and broadens the condi-
tions for coexistence, as compared to models
assuming a type I or type II functional response of
the predator. In the latter case, three-species coex-
istence requires a delicate balance of parameters
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(Cramer & May 1972, Comins & Hassell 1976,
Vance 1978, Noy-Meir 1981).

Gleeson & Wilson’s analysis is based on a
type II functional response, and compares an
optimally foraging predator with a predator con-
suming prey as encountered. However, as optimal
foraging introduces a selection option, a compari-
son with the predictions of traditional models
including frequency-dependent selection (switch-
ing behaviour) in the predator would be more
relevant. One example of a switching response of
the predator is given by Vance (1978):

f(H H,) = c[H/(H +H,)]". 3)

Here c, is the capture rate constant for prey i and
increasing values of the positive constant » indi-
cate increasing preference for the more common
prey (note that n has no explicit mechanistic
interpretation). Predator switching substantially
broadens the conditions for coexistence, and three-
species coexistence may become possible even
under the assumption of totally identical prey
species (Murdoch & Oaten 1975, Vance 1978). In
traditional switching models, the predator shows
partial prey preference at all prey densities, de-
pending on the relative encounter frequencies
only. In contrast, the predator’s choice in the diet
model is based on the absolute encounter fre-
quency with the more profitable prey, yielding
indiscriminate predation below and 100% prefer-
ence above the threshold value (Fig. 4b). Com-
pared to the diet model, traditional switching
models predict a suboptimal diet at virtually all
prey densities (Fig. 4b). Although traditional non-
mechanistic switching models were criticized by
Holt (1983) as portraying suboptimal predators,
they could be justified by explicit specification of
constraints on optimal foraging within a mecha-
nistic model (Holt 1983). Examples of possibly
widespread constraints are the inability to recog-
nize poor quality prey without handling it, and
prey species requiring very different search tac-
tics. The true prey choice behaviour of a predator
might therefore be characterized by a traditional
smooth sigmoid curve, the switching point being
determined by the relative profitability of the
more profitable prey (Fig. 4b).

While the diet model focuses on diet selection,
the patch model focuses on how long to stay and

forage in an encountered food patch. According to
the patch model, patch residence time of the
predator is positively related to the expected food
intake rate from that patch, the least profitable
patches being left immediately on encounter.
Consequently, individual foragers will concen-
trate their foraging efforts on highly profitable
patches, which will lead to an aggregative preda-
tor response. Irrespective of whether or not the
predator aggregation strategy is fixed (i.e. not
based on any mechanism, Hassell & May 1973),
based on encounter frequency-dependent patch
residence time (Hassell & May 1974), or based on
optimal patch choice according to the patch model
(Comins & Hassell 1979), essentially the same '
population consequences arise: an aggregative
predator response will always contribute to stabil-
ity, and stability is enhanced by increasing vari-
ance in the host abundance. In the case of two prey
species, predator aggregation in patches of high
total prey density produces a switching effect, if
the prey species do not covary too much in their
distribution pattern. This spatially mediated switch-
ing tends to promote coexistence of unequal
competitors, even if the predator feeds on them in
constant proportion (i.e. the predator chooses
habitat but not prey within a habitat, Comins &
Hassell 1987).

It may be concluded that, compared to models
in which the predator is simply assumed to show
alinear or decelerating functional response, coex-
istence of a predator and two competing prey may
become more likely if the predator forages ac-
cording to the classical diet model. Generally, the
predictions of the diet model are in agreement
with predictions of models including switching
behaviour in the predator (note, however, that the
predictions based on the diet model depend on
absolute prey densities, whereas the predictions
of switching models depend on relative prey
densities). Similarly, the population consequences
of patch choice based on the patch model do not
deviate substantially from the predictions of more
traditional models including predator aggrega-
tion: in both cases stability is increased.

3.2. Experimental studies

From the population and community ecologist’s
point of view, field tests of optimal foraging
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models are essential and necessary to evaluate the
usefulness of optimal foraging models to studies
of population and community processes. Although
the development of an economic theory of diet
and habitat use by animals was a major aim of
MacArthur (MacArthur & Pianka 1966, Mac-
Arthur 1972), to our knowledge, only 4 quantita-
tive field studies have been made with animals
feeding on natural prey, and with independent
estimates of encounter rates and handling times
(which are essential to test the classical foraging
models) (Mittelbach 1981, Werner et al. 1983a,
Osenberg & Mittelbach 1989, Persson & Green-
berg 1990b). All of these studies have used fish as
foragers, and have also used essentially the same
foraging model as is presented in Mittelbach
(1981). In principle this model is the classical diet
model (Stephens & Krebs 1986, see eqn 2). The
assumptions of the classical diet model have been
questioned on both theoretical and empirical
grounds, particularly with respect to sequential
encounter, complete information and constancy
of encounter rates and handling times for a spe-
cific prey and its density (Stephens & Krebs
1986). During recent years more complex models
have been developed in which dynamic optimiza-
tion has played an important role (Gilliam 1982,
Mangel & Clark 1986, McNamara & Houston
1986, Godin 1990). Still it can be argued that to be
tractable in population models, simplifications
regarding behavioural aspects of animal foraging
have to be made (Persson 1990). When testing the
usefulness of optimal foraging models in the study
of population and community processes, the four
above-mentioned studies have focused on 3 dif-
ferentaspects: 1) predictions of diet breadth within
ahabitat, 2) predictions of habitat shifts related to
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profitabilities of different habitats, and 3) individ-
ual growth performances based on predicted net
energy intakes (Mittelbach 1981, 1988, Werner et
al. 1983a, Osenberg & Mittelbach 1989, Persson
& Greenberg 1990b, Persson 1990) (Table 1). The
predictions were based on estimates of encounter
rates and handling times obtained in laboratory
experiments combined with measured resource
levels in the environment.

In the first study, Mittelbach (1981) studied
the seasonal shifts in habitat use of different size
(age) classes of bluegills in a lake. He found an
agreement between predicted and observed habi-
tat use although a certain time delay was present.
The delay in the smallest size class was hypothe-
sized to be the result of a higher predation risk in
the more profitable habitat. This hypothesis, which
was later corroborated (Werner et al. 1983b),
shows an advantage of using quantitative foraging
models: a quantitative deviation from predicted
patterns (not detectable by qualitative models)
can be used to advance other potential mecha-
nisms of importance. With respect to diet, Mittel-
bach found that bluegills captured prey with a
mean size larger than that encountered in the
environment. However, inclusion of non-profit-
able prey size classes was frequently observed
(Table 1). In the second study, Werner et al.
(1983a) stocked a pond with bluegills of different
size classes. The bluegills’ choice of pelagic prey
(but not benthic prey) and habitat shifts over time
were largely in accordance with that predicted
from eqn. (2). Bluegills consumed pelagic prey
larger than that encountered, but again non-prof-
itable prey were commonly observed in the diet
(Table 1). In the third study, Osenberg & Mittel-
bach (1989) predicted the prey choice of pump-

Table 1. Accuracy of the diet model in predicting diet and habitat use of different fish species in field experiments

and studies.
Species System Diet use: Habitat use:
mean prey size least profitable prey habitat shift
Mittelbach 1981 Bluegill Lake Eaten>Encountered Eaten<Pred Time delay
Werner et al. 1983a Bluegill Pond Eaten>Encountered Eaten<Pred Precise
Osenberg & Mittelbach 1989 Pumpkinseed  Lake Eaten>Encountered Eaten<Pred* -
Persson & Greenberg 1990b  Perch Pond Eaten>Encountered Eaten=Pred** Time delay

* different models tested, encountered = optimal but size refuges important

** partial preferences within optimal diet
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kinseed sunfish foraging on gastropods in a range
of lakes using 3 different models. One model was
based on size-specific encounter only, another
was based on encounter and prey size refuges, and
finally one was based on optimal foraging theory
(eqn. (2) plus the assumption that the probability
of successfully capturing an encountered prey
could deviate from one). For most field situations,
the model incorporating only size-specific en-
counters explained a large part of the variation in
diet. However, in cases with significant prey size
refuges, the encounter model with prey size ref-
uges gave better predictions. Although predic-
tions based on the optimal foraging model some-
times resulted in a smaller residual variance, the
model based on only size-specific encounter did
as well in most cases (Table 1). The pumpkinseed
did not consume prey as encountered, but ig-
nored prey of low profitability and became more
selective as the quality of the environment in-
creased.

Finally, Persson & Greenberg (1990b) ma-
nipulated resource levels of pelagic prey by stock-
ing different enclosures in a pond with varying
densities of a forager (roach) mainly affecting
pelagic prey, and studied the resource use of
juvenile perch. In agreement with predictions,
perch shifted from feeding on pelagic prey to
feeding on benthic prey, first in high roach density
enclosures, and later also in medium roach density
enclosures. The smallest pelagic prey size in-
cluded in the diet was accurately predicted from
eqn (2). However, partial preferences (attack
probabilities <1) within the predicted optimal diet
size range were present. The observed habitat
shift from pelagic to benthic feeding was qualita-
tively in accordance with that predicted, but oc-
curred with a considerable time lag and partial
habitat use was also observed (Table 1). This
study, like several others, has shown a positive
relationship between individual growth rates and
predicted net return rates, suggesting that forag-
ing theory can be a powerful tool in predicting
individual performance (Mittelbach 1988, Mittel-
bach et al. 1988, Persson & Greenberg 1990b).
However, analyses based on the data in Persson &
Greenberg (1990b), showed that calculations based
on encounter rates only generated almost as good
predictions of growth rates as those based on net
return rates predicted by the diet model (Persson

1990, see also Osenberg & Mittelbach 1989 for
diet selection).

The inclusion of species-specific and prey
type-specific encounter rates is a qualitative step
forward in understanding population and commu-
nity patterns compared to traditional population
and community approaches. This advance con-
cerns especially the prediction of population and
community statics (Mittelbach 1984, Persson
1987a, b, Werner & Hall 1988, Persson 1990, see
also section 2.3). Improvements made by the
additional inclusion of optimal foraging preda-
tors, as treated in this section, are more ambigu-
ous. The studies suggest that prey use by foragers
deviates significantly from the prey distribution
encountered, i.e. active selection is present.
However, deviations from the predictions of the
basic diet model, with respect to both diet use
within habitats and habitat shifts, are frequently
observed. Quantitative deviations from the pre-
dictions of the diet model have been frequently
documented in the ecological literature, and this is
mainly believed to result from learning phenom-
ena and sampling programs, by which animals
obtain information about resource levels in alter-
native habitats (Goss-Custard 1977, Hughes 1979,
McNair 1980, Werner et al. 1981, Krebs &
McCleery 1984, Pyke 1984). On the basis of
swimming speed observations, Persson & Green-
berg (1990b) proposed that habitat- and prey-
dependent optimal search rates were one explana-
tion for partial preferences. The presence of prey
type- and prey density-dependent search rates in
predators points to one limitation in the experi-
mental studies discussed above: the assumption
that encounter rate is determined only by the size
and type of predator and prey at a given prey
density, and not by flexible behaviour. As will
become apparent in the next section, explicit
consideration of adaptive and flexible behaviours
by both predators and prey, has substantial effects
on the population dynamics.

4. Adaptive and flexible predator and
prey behaviour

The probabilities of encounter, attack and capture
depend on the total characteristics of both preda-
torand prey (Fig. 3). A predator can behaviourally
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alter these probabilities by active choice of which
habitat to forage in and by choice of activity level
and search mode within a habitat. The presence of
flexible search rates in predators has been demon-
strated in both theoretical models and empirical
studies and has been related to both the metabolic
costs and gains of different search modes, as well
as prey crypticity-dependent search rates (Norberg
1977, Andersson 1980, Jaeger & Barnard 1981,
Gendron & Staddon 1983, Sih 1984, Ehlinger
1989, Persson & Greenberg 1990b). Flexible
predator behaviour may have profound effects on
predator-prey dynamics. Prey density-dependent
predator search activity, for example, may lead to
a type III functional response in the predator
(Hassell 1978).

Only recently has it been acknowledged in
population models that also prey organisms may
show adaptive behaviour. The risk of predation
may cause potential prey to decrease their own
foraging effort, enhance crypsis, stay in refuge, or
investinmorphological defences (Sih 1984, 1987a,
Abrams 1984, 1987). All these behaviours tend to
reduce encounter rate and attack success by a
predator and thus might be considered as refuge
use (Sih 1987b). Prey refuge use has been shown
to have strongly stabilizing effects on predator-
prey dynamics, but the models usually assume a
constant number or proportion of prey in refuge,
and/or equal prey growth rates inside and outside
the refuge (Maynard Smith 1974, Tanner 1975,
Stenseth 1980, McNair 1986). Adaptive prey,
however, should increase their use of refuges as
predation intensity increases, and should pay a
cost of reduced growth in the refuge, both factors
affecting stability in opposite ways (Sih 1987b).
In intrinsically stable one predator-one prey
models, adaptive antipredator behaviour will slow
down growth rates and dampen oscillatory ten-
dencies, since behavioural responses of the prey
to changes in predator density are much more
rapid than numerical responses (Ives & Dobson
1987) (Fig. 5).

The above conclusions may change if the
prey’s resources are included in the model. Ecolo-
gists working with fish have repeatedly demon-
strated that behavioural decisions in animals which
are simultaneously predator and prey, have to be
based on a trade-off between foraging gains and
predation risk (Milinski & Heller 1978, Werner et

(P)
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Fig. 5. Predator-prey dynamics with and without adap-
tive flexible antipredator behaviour in the prey. In both
figures, predator and prey densities remain positive
andbounded, and in the case with flexible antipredator
investment, prey growth rate decreases linearly with
increased investment in antipredator behaviour. — a.
Example of a trajectory of population densities with
prey assumed to optimally adapt its antipredator in-
vestment to actual predator density. —b. Same as (a),
but prey uses fixed antipredator investment. The dots
on the trajectories are placed at equal time intervals.
The dotted line is the boundary above which optimal
investmentin antipredator behaviour > 0. Dashedlines
are predator and prey isoclines. From lves & Dobson
(1987).

al. 1983b, Cerri & Fraser 1983, Power 1984,
Gilliam & Fraser 1987, Godin & Smith 1988).
Adaptive animals change behaviour in response
to both predation risk and resource levels, which
makes the inclusion of mortality risk an essential
step in the development of foraging theory. Werner
& Gilliam (1984) presented a theoretical frame-
work for predicting habitat choice, given a growth
rate/mortality rate trade-off associated with each
habitat. They advocated the decision rule “mini-
mize mortality risk per unit growth increment”, as
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a simple alternative to the rule “maximize energy
intake per unit time” traditionally used in foraging
theory. Within this framework, habitat (and hence
dietary) overlap or segregation between species
(or size classes) can be predicted from the re-
source levels and predation risks associated with
each habitat (Gilliam & Fraser 1988).

Abrams (1982, 1984, 1987) analyzed popula-
tion dynamics resulting from risk-sensitive forag-
ing under the assumption of a trade-off between
resource consumption and predator avoidance.
He showed that an adaptive consumer could have
an overall functional response to resource density
with several accelerating and decelerating sec-
tions (Abrams 1982). In three trophic level mod-
els, indirect effects (i.e. interactions between the
resource and top consumer populations or be-
tween the top consumers intraspecifically) arising
from foraging effort optimization in the interme-
diate consumer could be of the same order of
magnitude as the effects between the directly
linked populations (Abrams 1984). Finally, if a
second intermediate consumer is introduced into
the model, both apparent competition and mutual
enhancement between the two intermediate con-
sumers may occur, and their risk-sensitive forag-
ing behaviour may lead to increases or decreases
in equilibrium densities of all populations in-
volved, when compared to a behaviourally static
situation (Abrams 1987).

From the above discussion, it becomes clear
that the assumption of adaptive behaviour in or-
ganisms fundamentally changes the nature of the
equations used in modelling population dynam-
ics. In many situations, population models have to
become more mechanistic in order to account for
important indirect effects. For example, adaptive
behaviour in competitors and their resources may
require the inclusion of resource dynamics in the
competition models. Consequently, competition
can no longer be modelled by equations using
standard competition coefficients. Instead, com-
petitors should be treated as predators preying
upon one or more common resources (Abrams
1980d). Similarly, predator-prey models, which
traditionally consider only the numerical effects
of predator and prey, must take into account how
behavioural responses to changes in population
densities affect the predation rate. Finally, models
of competition under predation have to consider

that both the numerical and the behavioural ef-
fects of the predator may change the intensity of
the competitive interactions (see Kotler & Holt
1989 for a more detailed discussion). To account
for the possibility of predator-induced behav-
ioural effects on competitive interactions, the per
capita growth rates of competing prey species (g)
traditionally represented as ineqn. (4a) (e.g. Vance
1978, Gleeson & Wilson 1986) will also have to
be made functions of predator density as in eqn.
(4b) (Kotler & Holt 1989):

dH dt=Hg(H, H) - Pf(H.H)  (4a)

dH [dt=Hg(H, H, P)~Pf(H.H). (4b)

Kotler & Holt (1989) suggest that models (4a) and
(4b) are appropriate for different kinds of commu-
nities and that mobile organisms competing for
food in heterogeneous environments (for example
most fish species) may best be characterized by
model (4b). An example of behaviourally medi-
ated interspecific competition has been theoreti-
cally investigated by Mittelbach & Chesson (1987).
They modelled the interaction between the bluegill
and the pumpkinseed sunfish (Fig. 6). In the
absence of predators, interspecific competition
between bluegills and juvenile pumpkinseeds is
rather weak, and intraspecific size-class competi-
tion is present only in the bluegill (Werner & Hall

1979, Werner et al. 1983a, Mittelbach & Chesson

1987). Presence of predators restricts juvenile
bluegills to the vegetation, where they compete
intensely with juvenile pumpkinseeds (Mittel-
bach ‘& Chesson 1987, Mittelbach 1988). Al-
though direct competition between the adults is
absent in the model, indirect competition between
the adults arises because adult fecundity translates
into density-dependent survival of the juveniles.

5. The integration of behavioural and
population/community ecology in a
mechanistic perspective

It is evident that population/community ecolo-
gists in many cases need to consider the implica-
tions of flexible behaviour by predators and their
prey. Itis equally true that behavioural ecologists
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No predator Predator

Bluegill Pumpkinseed Bluegill Pumpkinseed

Fig. 6. Competitive interactions between juveniles (J)
and adults (A) of the bluegill and pumpkinseed sun-
fishes. In the absence of a predator, both juvenile and
adult bluegills compete for zooplankton in the open
water (solid arrows) (Werner et al. 1983b). Juvenile
pumpkinseeds, which feed with higher efficiency on
benthic prey than juvenile bluegills (Werner & Hall
1979), probably compete rather weakly with both size
classes of bluegill (hatched arrows). Adult pumpkin-
seeds specialize on an exclusive resource (snails). In
the presence of a gape-limited predator (e.g. large-
mouth bass), juveniles of both sunfish species are
restricted to a common refuge (littoral vegetation),
where they have similar foraging capacities, resulting
inintense juvenile competition (Mittelbach 1984, 1988,
Mittelbach & Chesson 1987). The adults of both spe-
cies are not affected by the presence of the predator.

should not neglect population/community aspects.
Consideration of these subjects is especially
important because of the present trend towards
behavioural ecology being split up into a purely
behaviour oriented current, and a more population
oriented current (compare for example Krebs &
Davies 1977 with Krebs & Davies 1984, Hughes
1990). At its simplest, effects of population
numbers on the behaviour of an individual can be
monitored through effects on resource levels. In
other behavioural scenarios, such as theories based
on the ideal free distribution (Sutherland & Parker
1984) and theories based on group dynamics
(Pulliam & Caraco 1984), population aspects are
introduced as the number of individuals. On a
short time scale (relative to population processes),
population numbers can be approximated to a
constant, and it may be sufficient simply to in-
clude population density in models as an input

variable like other environmental variables
(Schoener 1986). However, on alonger time scale,
it may be necessary to explicitly introduce popu-
lation dynamics, because population numbers will
have feedback on individual strategies and how to
predict them (Schoener 1986). Consider, for ex-
ample, the arms-race analogy in predator-prey
dynamics. According to this analogy, an (antipre-
dator) adaptive change in the prey species will
cause a counteradaptation in the predator species
to overcome prey defences, which will, at least
partly, offset the prey antipredator adaptation
(Dawkins & Krebs 1979). This analogy was de-
veloped without considering population dynam-
ics, but an analysis by Abrams (1986) using ex-
plicit population models suggests that the arms
race analogy will fail under many circumstances.
One reason for this (among others), is that an
increased investment in prey defence will cause
an increase in prey population numbers, which in
turn results in resource availability (as sensed by
the predator) remaining unchanged.

Atpresent, there exist mechanistic models and
experimental tests of population regulation for
several specific ecological systems (e.g. Abrams
1980a, 1981a, b, Tilman 1982, 1988, Belovsky
1984a, b, 1986). These studies have successfully
incorporated ecophysiological parameters into
population models. Behavioural concepts, espe-
cially those of foraging theory, have so far only
been included either in a rather general way in
purely theoretical population models (Abrams
1982, 1984, 1987, Sih 1984, Holt 1983, 1984), or
in more detailed mechanistic models that have
been experimentally tested, but lack explicit
population parameters (Mittelbach 1981, Werner
etal. 1983a, Osenberg & Mittelbach 1989, Persson
& Greenberg 1990b). Schoener (1986) tried to
show that there is no formal impediment to ex-
tending the domain of mechanistic population
models to include behaviourally flexible organ-
isms, size-structured populations or many-spe-
cies food webs, but expressed the reservation that
the resulting complexity of the models could be a
major practical impediment. This trade-off sug-
gests that the cost of incorporating additional
mechanistic details of predator or prey behaviour
into population/community models has to be care-
fully balanced against the resulting increase in
understanding of community organization. An



178

overly mechanistic approach might in some cases
obscure insight into general patterns, and be a
rather unproductive research strategy. On the level
of science theory, the difference between formal
and practical impediment reflects the questions
whether ontological or epistemological reduction
is possible, and whether methodological reduc-
tion is desirable (ontological reductionism relates
to whether behavioural entities and processes
underlie population processes, epistemological
reductionism to whether population models may
be built on behavioural ecological concepts and
variables, whereas methodological reductionism
relates to whether or not the most productive way
to study population/community processes is al-
ways to study the underlying behavioural proc-
esses, see Persson 1990).

In Schoener’s (1986) view, community, popu-
lation and individual form a perfect hierarchy.
This may be true at the ontological level, as all
community processes result from the births, deaths
and movements of individuals. However, itis less
certain that all processes at the population and
community levels may be deduced from individ-
ual properties, and this is crucial to our interpreta-
tion of the mechanistic approach to population/
community ecology as being a “basis for con-
structing a theoretical framework with which to
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interpret the phenomena of community ecology”
(Schoener 1986). In our view, the hierarchy
community-population-individual is incomplete
not only at the methodological level but also at the
epistemological level. For example, it is likely
that temporal and spatial scale-dependent proc-
esses (see Carpenter 1988) may set explicit con-
straints on what can be deduced from individual
properties. Considering this, we suggest that in
approaching processes with temporal and spatial
scale-dependent compléxity, we need a research
strategy including studies on different scales, from
laboratory experiments to whole system studies,
studies at different levels being interpreted in
relation to other levels (Table 2). Table 2 also
explicitly shows the advantages of an integrative
mechanistic approach compared to a more tradi-
tional approach (i.e. Diamond 1986) with respect
to questions raised on different spatial scales. In
an integrative mechanistic approach, laboratory
studies could, for example, be directed towards
the foraging rate of a predator on different prey
types to provide a mechanistic understanding of
population processes and possibly also to predict
population and community statics (see sections
2.3, 3.2 above and Persson 1990). In contrast,
studies of explicit population and community
dynamics will be referred to larger scales (Table 2),

Table 2. Comparison between an integrative mechanistic approach and a more traditional approach with respect
to examples of questions raised in experiments on different spatial scales.

Type of Scale Repli- Integrative mechanistic approach Traditional approach
experiment time/space  cation Questions Generality Realism Questions Generality Realism
Laboratory shortest/ easy Foraging rate* high moderate  Diet, growth low  lowest
experiment smallest vs. prey density fecundity

food conversion popul. dynam.
Field experiment  short/ feasible Foraging search*  high high Diet, growth moderate low
(enclosure) small behaviour fecundity

diet, growth popul. dynam.

fecundity
Field experiment long/ difficult Diet, growth high high Diet, growth high  high
(whole system) large fecundity fecundity

popul. dynam. popul. dynam.
Field study longest/  feasible Diet, growth high high Diet, growth high  highest
(comparative) largest fecundity fecundity

popul. dynam.

popul. dynam.

* provides mechanistic understanding of processes on larger scales
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the interpretation of phenomena observed being
related to laboratory experiments. In contrast to
traditional approaches, the questions raised will
thus be scale-dependent, which in turn has the
result that the generality and realism of the studies
will largely be scale-independent (see Table 2).
It is still premature to say which aspects of
behaviour are of such importance that they cannot
be ignored in population models. Researchers
dealing with foraging theory have, up to now,
focused mainly on predator behaviour, emphasiz-
ing the role of the predator’s habitat and diet
choice in species interactions (see Pulliam 1989
for a recent example). In contrast, the fact that
encounter probabilities are not simple functions
of predator type, prey type and prey density, but
are partly under behavioural control has received
less attention. Both the theoretical and the experi-
mental studies reviewed here suggest that:

1) predator decisions that alter the probability of
encounter with prey may have a greater im-
pact on individual performance and popula-
tion dynamics than predator decisions whether
or not to attack a prey encountered, and

2) flexible predator-avoidance behaviour in the
prey may have far-reaching population conse-
quences.

Furthermore, a recent review suggests that in
many cases, prey behaviour may be more impor-
tant in determining predator diets than predator
choice (Sih 1990). From the above, it may be
concluded that the encounter, attack and capture
probabilities (which combined make up to the
attack coefficient a of population models) all have
behaviourally flexible components that have the
potential to affect population dynamics. We sug-
gest that predator and prey behaviours affecting
encounter rates are especially important in this
context, and deserve more attention in the future.

It is obvious that a theory taking into account
all the above-listed aspects of predator and prey
behaviour must be rather specific. Schoener (1986)
speculates in his “mechanistic ecologist’s utopia”
that future community ecology might develop a
pluralistic, organism- and system-specific theory,
where models will have to be mechanistically
justifiable, de-emphasizing macroparameters of
community ecology and the mere description of
structure and interactions. However, ecologists

have always attempted to discover universal pat-
terns and tried to explain them by theories that
have the virtue of generality. Theories relating
community organization to such factors as pro-
ductivity, disturbance or spatial structure (Hairston
etal. 1960, Oksanenet al. 1981, Menge & Suther-
land 1987) will undoubtedly lose their claim to
general validity if too many mechanistic details
are incorporated. Thus, although a mechanistic
research program may be a major trend at present,
ecology will still need less mechanistic, but more
general theories.
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