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ABSTRACT

We take a well-known dynamic model of an isolated, unstructured population and
modify this to include a factor that allows for a reduction in fitness due to declining
population sizes, often termed an Allee effect. Analysis of the behaviour of this
model is carried out on two fronts - determining the equilibrium values and
examining the stability of these equilibria. Our results point to the stabilising effect
on population dynamics of the Allee effect and an unexpected increase in stability
with increased competition due to the interaction between competitive and Allee

effects.

Density-dependence is an important regulating factor in population dynamics that is
commonly considered to reduce individual fitness at high densities. Recently,
interest in mechanisms that reduce fitness at low population densities, a phenomenon
known as the Allee effect, has grown. Here we study the effect of a wide range of
population densities on different measures of fitness in the pea aphid, Acyrthosiphon
pisum. By subjecting aphids to predation pressure, we find that fitness at very low
population densities can be reduced. Comparisons of the data to different non-linear
models of density-dependence suggest that aphids may in fact be subject to an Allee
effect. We discuss some of the implications of this and possible mechanisms driving

it.

Lately, there has been a realisation that the assumption of density-independent

dispersal is biologically unreasonable, due to the inherent complexity associated with



dispersal, and therefore more effort is being invested in creating models that
incorporate a more realistic, density-dependant type of dispersal. Another aspect of
migration that there is still considerable scope for exploration is in models that
consider the cost of dispersal. This will affect an individual's propensity to disperse
from the natal patch in the first place, as well as affecting overall fecundity of a
parent. Here, I have included a cost of dispersal in a model with density-dependent
dispersal, based on both an upper critical density dispersal rule (to escape
competitive pressures), and a lower critical density rule (to escape fitness loss from
an Allee effect). I ask whether varying the nature of this cost will have any effect on
the dynamics of the system, or have potential implications for the evolution of

dispersal.

Populations displaying cyclic fluctuations in their size over time have been of great
interest to ecologists for the past three-quarters of a century. Here we present and
examine a spatially structured model that simulates the population dynamics of
Canada lynx (Lynx canadensis) and displays a time varying behaviour we term
phase-shifting, where cycles in different population sub-units move in and out of
phase with each other over time. We confirm that the phenomenon is more than
different patches simply fluctuating at slightly different cycle period lengths; rather it
is a new dynamical behaviour. We go on to demonstrate that this phenomenon can
be found under a wide range of conditions, including some that were previously
deemed unsuitable. The fundamental structure of the model is then altered in
different ways, and we show that phase-shifting can still arise. Given the prevalence
of this behaviour under a wide range of model conditions, it is perhaps surprising

that little attention has been paid to it previously. The consequences of this type of



dynamical behaviour are discussed, as well as discussing reasons why it may have

been missed in previous time series analyses.

Disagreement exists between the results of theoretical and empirical exploration into
the effect of increasing community complexity on the stability of multi-species
ecosystems. A recent return to interest in this area suggests previous results should
be re-assessed, from both experimental studies and models, to understand where this
discrepancy arises from. Here we propose various simple extensions to a standard
multi-species community model that each increase the complexity of the system in a
different way. We find that increasing the number of species in a community leads to
a decrease in community persistence after the system is perturbed, and go on to show
that increasing the dynamical diversity of the community members leads to an
increase in stability through a reduction in extinction events, relative to the less
complex form of the model. Our results suggest that different forms of complexity
lead to different outcomes in the stability properties of the community. While aspects
of this work agree with previous empirical findings that more complex communities
are more robust to perturbation, we stress that the type of complexity included and
the measure of stability used in community models must be properly defined, to

allow objective comparisons to be made with previous and future work.

Between-species interactions are well known to have important ecological
implications. Removal of a single species from a community has been shown to have
detrimental effects on community persistence, with cascading extinctions often
resulting (Paine 1966, Borvall et al. 2000, Lundberg et al. 2000). Here we ask what

effect introducing dispersal of individuals between different patches may have on the



stability of communities in a perturbed environment, in terms of community
assembly and species loss. This is studied in two different spatial contexts, firstly
through allowing communities to develop over a number of linked patches in the
environment and secondly studying the effects of habitat fragmentation (through
division of a single patch, with associated reduction in carrying capacity of patch
fragments). Results indicate differences between the distinct types of spatial
frameworks tested. While there does not appear to be any difference in stability
properties between a single unconnected patch and between 2 and 50 connected,
randomly positioned patches after the removal of one community member,
fragmenting the habitat can have seriously detrimental effects. The implications of

these results are discussed in the context of the management of natural populations.

Different species in a community can be ranked according to the strength of their
effect on the dynamics of the entire community. Despite a considerable research
effort on community structure and the "keystone" species concept, there are still
some unresolved issues in this area. We show here that removal of the most
abundant species, i.e. that with the greatest relative density within the community,
leads to the highest probability of community collapse, with the further loss of
community members through cascading extinctions. Comparison of results based on
ranking community members by either their abundance or competitive ability
indicates that characterising species according to their relative density provides a
more refined measure of each species importance within the community. We go on
to analyze which ranked species are most likely to be involved with cascading
extinction events, and stress the importance of these results in applications of such a

model.
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GENERAL INTRODUCTION



Chapter one

The essence of ecological study is knowledge based on understanding the nature of
interactions between organisms and the environment they exist within. Therefore, a
fundamental question that has always interested ecologists is exactly how the
number of individuals of a certain species within a habitat will impact on the
individual. In this respect, the number of conspecifics present will alter the
evolutionary pressures acting on individuals within that population. This can be seen
in a number of different ways. The current population size will impact upon
(amongst other things) the ability of individuals to find mates, and consequently their
ability to avoid inbreeding depression; the ability of individuals to utilise a common
resource; their ability to avoid predation or find available prey; and their ability to
find suitable new patches in the environment when necessary. Thus, the interaction
of individuals within a population can in turn regulate the number of individuals
present within that population. Exactly how these interactions influence the
regulation of populations has been the subject of debate for some time now (Turchin
1995). Two major components of population regulation that have received
considerable attention are density-dependent and density-independent regulatory
mechanisms. This thesis adds to the body of work that addresses the impact of
density-dependence in some of its different forms. Within this thesis, I follow the
definition of density-dependence coined by Murdoch and Walde (1989); that
"density dependence is a dependence of per-capita population growth rate on present
and/or past population densities" (taken from Turchin 1995, p.27). This definition is
chosen as it is concise and lacks a high degree of rigidity that otherwise precludes
investigation of a wide range of different densities on population regulation.

There are various problems facing ecologists when studying large-scale ecological

systems. Some of these may be so great as to prevent studies being able to address



Chapter one

certain specific questions. Theoretical ecologists can often overcome these problems
by carrying out numerical simulations using different mathematical functions that
describe how populations can change in size over time. In many cases, parameter
values can be derived from data sets taken from studying some aspects of natural
systems.

Cohen (1995) lists eight commonly used non-linear, discrete-time population
models, some of which have been used to model real biological populations. The
major unifying aspect of all these models is their reliance on negative density
dependence. In other words, all of the models studied were based on the assumption
that as populations increase in size, competition between individuals will increase,
and the number of offspring in the following generation will be less than the current
population size. Here, I ask why functions describing populations in this way have
traditionally focused on the competitive aspects of density-dependence, prevalent
only at high densities? Evidence is accumulating that many different organisms are
subject to different forms of density dependence, for example a fitness reduction at
low population sizes (Fowler & Baker 1991). Also relevant are the effects of density-
dependence on another important aspect of many organism's life histories, namely
dispersal. The intention of this thesis is to investigate the important interactions that

arise between density-dependence and dispersal.

Density dependence as an evolutionary force

Biologists have for some time now debated the importance of biotic and abiotic
factors in regulating populations over time. In particular, the relative importance of
density-independent (Andrewartha & Birch 1954) and density-dependent (Nicholson

1933, Elton 1949) factors in regulating population dynamics has been hotly debated
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over the last fifty years and more (reviewed by Turchin 1995). That external,
(environmental) factors have an important effect on fitness is inarguable. For
example, adverse weather conditions will often lead to a direct reduction in the
number of offspring surviving to maturity (although this is only one measure of
fitness).

For many years, the major problem facing ecologists interested in studying
population dynamics has been the acquisition of suitable data sets for analysis. With
a few of notable exceptions (Elton 1924, Nicholson 1933, Elton & Nicholson 19424
& b) very few time series existed of a suitable length, and with ecologists often
guilty of concentrating on vertebrates with relatively long life-spans, it is only
relatively recently that the most suitable data sets have been acquired. This situation
has been helped by the further use of invertebrates (especially arthropods) in study
systems, which can produce large amounts of high quality data in very short time
periods (e.g. Cappuccino and Price 1995, Constantino et al. 1995, Begon et al. 1996,
Benton et al. 2002).

The relative importance of abiotic and biotic factors has been compared over time in
population regulation. Density-dependence (an important biotic factor) has
traditionally focused on the effects of high densities on population dynamics, in
particular on fitness, and has long been acknowledged as having important
regulatory effects on populations (Nicholson 1933, Elton 1949). Simple within
species "competition" has received by far the most attention, with recent advances
accepting the importance of factors such as delayed density dependence, highlighted
initially by Turchin (1990). Delayed effects are generally considered at the between-
generation level, however, Bjernstad et al. (1998) found negative density-

dependence at a much finer scale in insect larvae, with significant lags at one week
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and also at two to three weeks. The idea of delayed density-dependence has recently
been reformulated to some degree to highlight the importance of maternal (or
parental) effects on population dynamics (Benton ef al. 2001). Another aspect of
density-dependence that has not (until recently) received the attention it deserves, is
positive density dependence, often termed depensation but perhaps more commonly
known as the Allee effect (Stephens et al. 1999). This describes the situation where
there is a reduction in fitness at low population sizes. Again, this is a vital
component to include in determining and interpreting the dynamics of many
different populations. Further to this, inter-specific feedback has important

implications in population regulation, over both horizontal and vertical interactions.

The importance of dispersal

Dispersal has rightly been recognised as being of great importance in ecology for a
number of years (Nicholson 1954), and for number of reasons. However it was, until
the 1990's, one of the most poorly studied mechanisms involved with population
regulation (Taylor 1990). It has since been argued that dispersal is the most
important mechanism regulating population dynamics (Denno & Peterson 1995). As
one of the riskiest processes an organism can participate in, dispersal has become a
challenging issue in contemporary evolutionary biology, as dispersal decisions are
inexorably linked to matters of life and death and in some cases the more important
matter of sex! Thus, one would expect strong selection pressures to mould the
decision-making procedure. Dispersal behaviours lead to the avoidance of
deleterious processes such as inbreeding and overcrowding, as well as providing an
important link between local and spatial processes. It is closely related to extinction

events, and therefore provides a highly significant link between advances in
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theoretical ecology and the practical applications of conservation biology. Of equal
importance is the fact that it is quite likely that variation in habitat quality will
somehow match the resource holding potential of the individuals competing for
those habitats. Here again, dispersal can be seen to be at the heart of intraspecific
competition and therefore under further selection pressure. Thus, the inclusion of
dispersal into theoretical ecology studies can be seen to be of great importance on a
number of levels.

One of the most important aspects of creating spatial models of dynamical behaviour
in ecological situations, is the inclusion of the dispersal of individuals between the
sub-populations in a spatially structured environment and the effects this will have
on the dynamics of the population when taken as a whole and when compared at the
level of the individual sub-populations. A significant amount of work has been
carried out on the theory of dispersal, however up until now, most models have
looked at the optimal fixed-fraction of dispersers. I intend to examine a more realistic
situation where individual organisms have some control over the decision of whether
to disperse or not, based on some factor such as environmental cues. Thus, the
proportion of individuals leaving a patch will be determined by local patch
conditions, rather than some fixed fraction of dispersers leaving the patch regardless

of current conditions.

Aims and objectives of the current study

The first part of this thesis (chapters II to IV) presents work that addresses a form
of density dependence that is currently feeling the benefits of a resurgence of
interest, namely the Allee effect. Chapters V to VIII deal with different forms of

density dependence, ranging from delayed density dependence (chapters V & VI) to

10
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interspecific community interactions (chapter VI - VIII). The interaction of
dispersal with these diverse forms of density dependence is introduced in a variety of
ways in chapters III to V and chapter VII.

The Allee effect (also known as depensation) can be simply defined as any reduction
in fitness caused by low population density. In fact, there is still some uncertainty
surrounding a precise definition of the Allee effect, with some distinction made
between component and demographic Allee effects (Stephens et al. 1999). In
chapter II | present a new dynamic model that allows for a reduction in fitness at
low densities in a flexible way, and analyse the behaviour of this model, discussing
the changes in stability that an Allee effect can bring about in population dynamics
due to its interaction with competitive effects. This leads to an experimental study of
colonies of the pea aphid, Acyrthosiphon pisum, and the effect of colony size on the
production of offspring that develop wings upon reaching maturity (chapter III). I
ask specifically if perceived predation pressure induces an increase in the proportion
of alates, which are known to have a longer developmental time and produce fewer
offspring than aphids without wings (Dixon 1985). I argue that production of alates
can be equated to a reduction in fitness, due also to the high costs associated with
dispersal.

The importance of dispersal in populations experiencing an Allee effect is studied
further in chapter IV. Until recently, most models studying population dynamics
had assumed a form of density-independent dispersal for migrants (e.g. Hassell et al.,
1991; Rohani et al., 1996). The general consensus is that including this form of
dispersal in a model will either lead to no change in the relative stability of
population dynamics across an ensemble population, or an increase in the stability of

the dynamics when compared to the dynamics of a single patch under the same

11
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initial conditions. One notable exception to this finding comes from Bascompte &
Solé (1994), who found that simple, density-independent dispersal could lead to
destabilisation of a steady equilibrium. When reviewing this paper, Hassell et al.
(1995) pointed out that the model “fails to segregate the processes of survival and
dispersal.” and stress the importance “that assumptions about mortality and dispersal
are properly ordered in the organisms’ life cycle.” In essence, Hassell et al. (1995)
see the findings of Bascompte & Solé as biologically unreasonable due to the fact
that “the same individual can fail to survive and yet disperse.”

Lately, it has become clear that the assumption of fixed-rate dispersal is not always
biologically reasonable, due to the inherent complexity of dispersal (Travis &
French, 2000). This has led to more effort being invested in creating models that
incorporate a more realistic type of dispersal, namely density-dependant dispersal
(e.g. Ruxton, 1996; Ruxton & Rohani, 1998). This is done by increasing the fraction
of individuals that leave a patch as the population size at the given patch changes in
relation to some threshold value.

Another aspect of migration where there is considerable scope for exploration is the
cost of dispersal. This will affect an individual's propensity to disperse from the natal
patch in the first place, as well as affecting the overall fecundity of a parent.
Hamilton & May (1977) provide a useful introduction to this topic. Chapter IV
addresses a combination of biologically relevant factors that have not received
particular attention previously. The effects of density dependent dispersal, based on a
population trying to escape the fitness loss from an Allee effect are studied,
incorporating differing costs to dispersers.

The importance of the interaction between simple and delayed density-dependence,

and dispersal are considered in chapter V. Here I have taken a spatially structured
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population model that was developed to simulate the well-known cycles in the
dynamics of Canada lynx (Lynx canadensis) populations (Ranta et al. 1997). Such
cyclic population fluctuations have been of considerable interest to ecologists for
well over seventy-five years (Elton 1924, Lindstrom et al. 2001). Ranta et al. (1997)
highlighted the appearance of cycles in different lynx sub-populations that shift in
phase relative to each other in their model, and this provided a stimulating subject
area for further examination. Ranta et al. (1997) suggested these cycles could only
arise under some strict assumptions of the model, in particular, if patches were not
positioned uniformly around the environment (in a lattice formation). The parameter
space of the model was studied carefully to assess the conditions under which this
time varying behaviour, here termed "phase-shifting", would arise. This is a
biologically significant phenomenon that has received little consideration in ecology
so far. Given the prevalence of this behaviour, which we found under a wide range
of model conditions, it is perhaps surprising that such little attention has been paid to
it previously. The consequences of this type of dynamical behaviour are discussed,
as are the reasons why it may have been missed in previous time series analyses.

A further form of density dependence is studied in chapters VI to VIII. Here we
introduce inter- (as well as intra-) specific feedback on dynamics in the context of a
multi-species competitive community. Lundberg et al. (2000) recently presented a
paper that established the possibility for extinctions to cascade through a community
when one species is forcibly removed from that assemblage. Furthermore, they
highlighted the problems associated with subsequent reintroduction of the previously
removed species. In some cases, the reintroduced species could not establish itself

again in the community, a phenomenon termed community closure. Perhaps even

13



Chapter one

more concerning was the fact further cascading extinctions also resulted from the
attempted reintroduction event.

This work raised the topic of community complexity versus stability, a subject that
has been hotly debated in community ecology for some time now (Pimm 1991,
Putman 1994). Theory has tended to point to a decrease in stability with increasing
community complexity (May 1972, Haydon 1994), while empirical studies have
traditionally supported the view that increasingly complex communities tend to be
more stable to perturbations. However a recent empirical study by Fox & McGrady-
Steed (2002) suggests that some micro-organism communities may exhibit reduced
stability with increasing complexity. Chapter VI adds to this discussion by asking if
different forms of complexity in community dynamics are likely to increase or
decrease community persistence following disturbance. This is done by increasing
the dynamical diversity within the community in a number of ways; firstly by
introducing variable species specific growth rates, then by allowing mutualistic as
well as harmful species interactions, and finally by incorporating delayed density
dependence into community feedback processes. We go on to stress that the type of
complexity included, and the measure of stability used in community models must
be properly defined to allow objective comparisons to be made with previous and
future work.

The effect on community processes of allowing community members to disperse
between different patches in the environment is explored in chapter VII. Using the
same underlying framework as was employed in chapter VI, I studied the effects of
linking different numbers of habitat patches in a community with a realistic dispersal

kernel, and went on to compare communities that developed under those conditions
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with communities that were developed on one patch that was then divided into a
number of patch fragments.

In chapter VIII, I investigate the differences that arise and the predictions that can
be made when community members are characterised by either their relative
abundance in the community, or their competitive ability within the community. This
has direct implications for the "keystone" species concept (Gaston 1996), which is of
considerable importance in conservation and management practices. I consider
whether it is necessary to learn about the many interspecific interactions that are
present within communities - often a discouragingly large task to have to undertake
for natural ecosystems - or whether knowledge of the relative density of a species in
a community is adequate. Given the fact that there are very few communities where
- the links between all different members are well understood (but see references
within Williams & Martinez [2000] for details of the best examples of near complete
multi-species assemblages and food-webs in the ecological literature), identifying the
level of detail required to make useful predictions about multi-species assemblages
remains an important challenge for ecologists studying such ecosystems (Ovadia &

Schmitz 2002).

This thesis attempts to synthesise some of the most important mechanisms and
processes in ecology; density-dependence in its different forms, dispersal (both
density-independent and density-dependent) and their interactions. Finally, chapter

IX provides an overall discussion of the work presented here.
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POPULATION DYNAMIC CONSEQUENCES OF ALLEE EFFECTS
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ABSTRACT

We take a well-known dynamic model of an isolated, unstructured population and
modify this to include a factor that allows for a reduction in fitness due to declining
population sizes, often termed an Allee effect. Analysis of the behaviour of this
model is carried out on two fronts - determining the equilibrium values and
examining the stability of these equilibria. Our results point to the stabilising effect
of the Allee effect on population dynamics and an unexpected increase in stability
with increased competition due to the interaction between competitive and Allee

effects.
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Introduction

An important strand of theoretical ecology over the last 25 years has been the study
of simple difference equations representing closed populations that reproduce
synchronously at discrete intervals. These equations have the generic form

New =N JSW,), (1)
which allows the population size at the next generation N;; to be calculated given
knowledge of its size at the present generation N,. Since May (1973, 1974), many
authors have shown that this simple formulation can give rise to a great diversity of
behaviour, depending on the expression used for the function f) and the values given
to the parameters of that function. Several different functions have been considered
(see Cohen 1995 for a partial list), although these formulations tend to share one
property, that of declining fitness with increasing population size. Specifically, they

generally assume that

%(x)so 2

for all values of x. In biological terms, this means that the reproductive output of an
individual never increases as the population size increases. This can be motivated by
considering that competition for a fixed resource will always increase as the number
of competitors increases. Effectively this assumption means that individual fitness
never increases as the population size increases. However, there has been recent
interest in cataloguing ecological mechanisms that lead to an increase in some
component of individual fitness with increasing population size (Dennis 1989,
Fowler & Baker 1991, Stephens & Sutherland 1999). For example, theory predicts

that the harmful effects of inbreeding depression reduce fitness as population size
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decreases. The above works consider many more mechanisms leading to such so-
called Allee effects.

It seems likely that most natural populations will be simultaneously affected by a
variety of mechanisms, some of which lead to a decrease in fitness with increasing
population size (hereafter called competition effects), and some of which lead to a
increase (Allee effects). The relative influence of each of these mechanisms will
depend on the current population size. Previous studies (see Bellows 1981 for a list
of examples) have explored the consequences of various descriptions of competition
on the resultant dynamics of the population, but we feel insufficient consideration
has been given to the consequences of adding an Allee effect on these dynamics (but
see Dennis 1989 for an introduction and overview of previous work). Our aim in this
study is to redress this imbalance. The small number of previous works that have
considered the population dynamic consequences of Allee effects (see discussion)
have confined themselves to consideration of what Stephens et al. (1999) termed
demographic Allee effects. A demographic Allee effect causes such a decrease in
individual fitness with decreasing population size that this effect dominates the effect

of competition such that

%(")w 3)

for low values of population size x. That is, at low population sizes individual fitness
increases with increasing population size. Stephens ef al. (1999) distinguish this case
from so-called component Allee effects, where, although individual fitness fx) is

reduced at low population sizes, the effect of competition is still dominant, such that

%(")s 0 @
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for all values of x. Thus, for component Allee effects, fitness will still always
decrease with increasing population size, but individual fitness is reduced compared
to a situation where the Allee mechanism is not acting. Here we study a novel model
that can represent the full continuum of both demographic and component Allee
effects. We model density dependence after the Hassell (1975) model, in common
with many previous studies and ecological textbooks (e.g. Begon ef al. 1996). Other
popular models, such as the Ricker (1954) function, were not considered due to
objections raised in other studies (Doebeli 1995). In this work, we aim to
demonstrate the various changes that introducing a factor representing an Allee
effect (of variable magnitude) will have on population dynamics, through

comparison with a population lacking such a constraint.

Model description

(a) the baseline Hassell model

One of the most popular formulations used for the function describing the effect of
population size on individual reproductive output is that proposed by Hassell (1975),

A
N)=—2
Fv.) (1+an,)’ ©)

where A, a and b are all strictly positive constants. We can consider A to be the
maximum reproductive potential of an individual in the absence of competition, a to
scale the population size to the carrying capacity of the habitat and b to describe the
strength and form of competition. The derivative

df(N,) __ -abi
dn, (1 +aN, )b+1 ©)

is always negative for all positive values of the population size N,.
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The behaviour of this model is well understood (Hassell 1975). Provided that 4> 1,
then there is always one (and only one) non-zero equilibrium population size, given

by

N = . @)

This equilibrium will be globally stable providing

-1
b[l—ﬁ]d, ®)

otherwise the population will exhibit some time-varying dynamics. For parameters
close to the stable region, this will be a simple two-point cycle. However, if the
system is moved in a direction away from stability, either by increasing b or A, then
the dynamics become progressively more complex. The system undergoes a series of
bifurcations, leading to increasingly longer periodic cycles and finally deterministic

chaos.

(b) the modified Allee model

Here we modify the Hassell equation, so as to add an Allee effect. We are required to
introduce a component of fitness that increases with population size. Specifically, we
assume that an individual’s contribution to the next generation is that given by the

Hassell function multiplied by an Allee effect G(N,), where

G(N,)= [1 - Aexp(_ ‘;/N ' D ©)

where 4 and y are positive constants, and 4 is restricted to [0,1]. This specific
formulation was selected in the basis of its mathematical simplicity, rather than

being driven by ecological theory or observation. However, we will demonstrate
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below that it is able to produce the effects that would be expected of both component
and demographic Allee effects.

Parameter values can be chosen so that G(N,) can always be seen to increase with
increasing population size N, as is required for an Allee effect, but does so at a
decreasing rate (figure 1). The new reproductive fitness function including both the

Allee effect and Hassell’s competition effect is given by

(oo )
. (10)

(1+aN,)b

f(N1)=

Let us consider the effect of the values of the two new parameters (4 and y) on this
function. The effect of varying the value of 4 is illustrated in figures la & c. In the
limit 4 — 0, the Allee effect is negligible, and eqn. (10) simplifies back to the
Hassell function of eqn. (5). As we increase A4, so the magnitude of the Allee effect
increases. It is important here to note that having an Allee effect as described here
does not automatically mean that the reproductive fitness function AN,) will
necessarily increase with N; at low population sizes. When A4 has a low value, then
although there is a non-trivial Allee effect that reduces individual fitness (especially
at low population sizes) as population size increases, this increasing population size
will always be affected more by competitive effects than by the Allee effect, and so
individual reproductive fitness always decreases with population size. The maximum
individual reproductive output in this case occurs when population size tends to zero.
This was termed a component Allee effect by Stephens et al. (1999). In contrast, it is

easy to show that if

1o

A
>1+;'b

(11
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then, at the lowest population sizes, increasing population size has a stronger
influence in overcoming the Allee effect than on competition, such that individual
fitness increases with increasing population size. As population size increases
further, the situation reverses, competition dominates, and individual fitness
decreases with increasing population size. In such a situation, maximum individual

reproduction occurs at a non-zero population size. This situation is called a

demographic Allee effect by Stephens et al. (1999).
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Figure 1. Numerical and bifurcation diagrams showing the behaviour of our novel model of
the Allee effect (eqn. 10). Figures 1a & b look at the effect on fitness of a range of values for
both of the new parameters describing the Allee effect, A (fig. 1a) and (fig. 1b). Other
parameters are held at the following constant values: 1 = 100, a = 0.005, b = 1.0, in figure
1a, =1.0, while in fig. 1b, A= 1.0. In fig. 1a, we vary the value of A from 0 (the uppermost
line, equivalent to the Hassell equation), to 1.0 (the lowest line). In fig. 1b, is varied

between 0.01 (again, the uppermost line) and 1000 (the lowest line).
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Figs. 1¢ & d are bifurcation plots of this new function (as in egn. 1, including eqn. 10 as f{N).
For each value of A (Fig. 1c, =1.0)or (Fig, 1d, A = 0.7), the starting population size is
seeded with a random value between 0 and 200. The model was then iterated for 975
generations to remove any transient behaviour, and the size of the population for the next 25
iterations is plotted against that value of A or . By choosing parameter values that would
produce chaotic dynamics in the equivalent Hassell model (1= 100, b = 5.0, a = 0.005), we
can clearly see that the gradual introduction of these components leads to stabilisation of the

dynamics.

Figures 15 & d show the effect of varying the value of . We can see that as

increases, so the range of population values over which the Allee effect has a
significant influence also increases (fig. 1¢). We see from (11) that a component
Allee effect can always be translated into a demographic effect by sufficiently
increasing (unless A4 is exactly equal to one). Similarly, in circumstances where a
low value of 4 leads to a component Allee effect (i.e. when eqn. 11 is not satisfied),
increasing A sufficiently will always eventually induce a demographic Allee effect.
That is, there is always a set of A values that satisfy (11) regardless of the values of

the other parameters.

Equilibrium values

Following convention, we are first of all interested in searching for equilibrium
values, that is population sizes N* such that AN*) =1 in eqn. (10). Like the Hassell
formulation, there is a so-called trivial equilibrium N* = 0. Unlike the Hassell
equation, we cannot solve for the non-trivial equilibria in closed form, however we
can investigate these graphically. In the simple case of the Hassell equation,

equilibrium population values occur where the two lines representing the numerator
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[A] and the denominator [(1+aN,)"] of eqn. 5 cross (fig. 2a). This can occur only
once if A > 1 and never if A < 1. For the modified model (figs. 2a - c), the straight

line (representing A) seen in figure 2a is replaced by

G(N A = (l - A exp(_ an, J}l
g (12)

When N, tends to zero, this has the value (1-4)A. It then increases monotonically

with increasing NV, finally saturating at A. If 4 is small, such that (1-4)4 > 1, then the
situation is as shown in fig. 2a, and a single non-trivial equilibrium value is always
obtained. Further, it can be seen from fig. 2a that this equilibrium population size is
always lower than that of the equivalent Hassell model. This is an inevitable
consequence of our formulation of G(N,), which reduces individual fitness at all
population sizes, albeit by ever smaller amounts as population size increases. If (1-
A)A <1 but 4> 1, then the situation is as shown in fig. 2b. We can now see that there
will be some critical value of y, for values above this there will be no non-trivial
equilibria, for values below this critical value, there will be two non-trivial
equilibria. Again, both these equilibria are smaller than the equilibrium of the
equivalent Hassell model (obtained in the limits A — 0 or y — 0). The effect of
increasing y is to increase the values of N, for the lower non-trivial equilibrium point
at the same time as decreasing the value of N, for the higher equilibrium point. By
increasing y we see the two equilibria become more and more similar until they
coalesce and are finally lost. Figure 2c clearly illustrates that the population can

never reach an equilibrium value when A < 1.0.
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there can be no points of equilibria for either the Hassell or our Allee function (Lines as in fig.

2a).

Hence, we conclude that adding an Allee effect never allows a stable point of
equilibrium to form in circumstances where there would be no equilibrium without
the Allee effect, i.e. where no points of equilibrium arise in the equivalent Hassell
function using the same parameter values for A, b and a. If the Allee effect is strong
enough, and influences a wide enough range of population sizes, then no equilibrium
is obtained in some circumstances where the equivalent simpler model would give an
equilibrium point. For intermediate values of the Allee effect, two non-trivial
equilibria can be obtained, reducing to one for weak Allee effects. When non-trivial
equilibria are obtained, they are always lower than that of the equivalent simple

competition-only model.

Stability of equilibria
For equations such as eqn. 1, May (1973) shows that an equilibrium N* is locally

stable providing

1+N, df(NI)
dn,

t

N,=N* ) (13)

When there are two non-trivial equilibria the lower one is always unstable. Any
population initiated below this lower non-trivial (or non-zero) equilibrium
population size, can never increase in size or even maintain its starting population
size, so will therefore always go extinct. Any population initiated above this point

may still become extinct should its size fall below the critical value. However, in
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contrast to the above, a population such as this does at least have the capacity to
maintain its original starting size, or even increase in number.

For the case where there is only one non-trivial equilibrium, the rate of change in f
with N, at that point is always negative. In contrast, when there are two non-trivial
equilibria, this rate of change is always positive for the lower point of equilibrium
and negative for the higher one. This means that the smaller of two co-existing non-
trivial equilibria is always locally unstable.

Thus, we find that when the upper and lower (non-zero) equilibrium points are
relatively far apart, it will be possible for the population to experience large
fluctuations in size around the upper attractor without risk of extinction. As we
increase the size of , we also increase the probability of extinction, as the two
equilibrium points come closer together. This occurs, as the potential for large
fluctuations in population size becomes restricted, as any population falling below
the lower equilibrium point will always decrease in size to extinction. Thus,
increasing the range of population sizes that may be influenced by an Allee effect
leads directly to a limitation in the magnitude of possible fluctuations of the

population size.
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that strength of the Allee effect. By varying the parameters A (Fig. 3a: a = 0.005, y=1.0,A =
0: solid line, A = 0.5: dotted line, A = 1.0: dashed line) and y (Fig. 3b: a = 0.005, A=1.0, y=
0.1: solid line, y = 1.0: dotted line, y = 10.0: dashed line) we can see that increasing the
strength of the Allee effect leads to an increase in the size of the stable region. It is also a
significant finding that increasing the competition parameter (b) can lead to stabilisation of
an unstable attractor, This is not possible under the Hassell model, but will occur under such

conditions when the Allee effect is strong enough.

We now turn to the situation where the rate of change is negative. In figure 3, the

value of A that satisfies

1y, ) =1
CdN, |y e

(where AN;) = eqn. 10) is plotted for each of a range of b values. Parameter

(14)

combinations to the left and beneath the line produce stable dynamics, whilst those
above and to the right of the line produce unstable dynamics, starting with simple 2
point cycles in the region closest to this line. These dynamics gradually become
more complex as parameter values shift further away from the line. When 4 = 0 we
recover the Hassell model and find that increasing A (the strength of the Allee effect)
has a stabilising effect on the dynamics, increasing the range of parameter values for
which stability is obtained (fig. 3a). It is known that in the Hassell model, increasing
b never changes the dynamics from unstable to stable, although it can simplify
chaotic dynamics to a regular cycle because of the existence of periodic windows
within the chaotic regime. However in our model, increasing b can stabilise an
unstable attractor providing the Allee effect is strong enough. This can also be seen
in figure 35, where increasing y is used to increase the strength of the Allee effect.

This effect (where increasing the competition parameter b can convert what would
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otherwise be oscillatory population dynamics to a stable equilibrium) has, to our

knowledge, never been shown in any previous works.

Discussion

Since the fitness benefits of aggregating with conspecifics were highlighted by Allee
(1931), with the resultant loss of fitness with a reduction in population size
consequently being termed an Allee effect, there has been relatively little
consideration of what is surely an important ecological phenomenon. We have
shown that introduction of an Allee effect into a model that simulates a population
with density dependent competition leads to different outcomes depending on the
interaction between these two effects.

It is no surprise that adding a mechanism that reduces the fitness of individuals at all
population densities (albeit by a negligible amount at high densities) makes the
conditions for a non-trivial equilibrium to exist more stringent. It follows that when a
non-trivial equilibrium does exist, it will occur at a lower population size in a
population under the influence of an Allee effect than the equivalent population
modelled without such an effect. Furthermore, it has been recently been shown that
Allee effects of intermediate strengths can lead to two co-existing non-trivial
equilibria. (Gruntfest et al. 1997, Courchamp et al. 1999 and Avilés 1999). These
studies report this phenomenon for models with different structures, but all are
capable of representing only demographic Allee effects. In this report, we highlight
the importance of both relatively weak component and stronger demographic Allee
effects. While component Allee effects do not override the effects of competition
(namely a reduction in fitness with increasing population size, even at low

population sizes), they do still have some bearing on population dynamics compared
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to an equivalent population lacking such pressures. Under these circumstances, the
rate of fitness decrease will be comparatively reduced in a population experiencing a
component Allee effect.

Our analysis suggests that an Allee effect generally has a stabilising effect on
population dynamics. Although this effect can be seen for small Allee effects
(including component ones), the stronger the Allee effect, the more powerful the
stabilisation. This is consistent with recent analytic results of Scheuring (1999). For a
given value of , he calculates the equilibrium population size on the stability
boundary for a wide general class of models, which includes the Hassell function.
For the modified model, he then finds the value of that corresponds to the same
equilibrium population size as the unmodified model somewhere on the stability
boundary. The value of is always higher for the modified model than for the simple
unmodified one. Hence, Scheuring (1999) concludes that if parameter values are
modified so that the equilibrium value is held constant even though an Allee effect is
introduced, then this will tend to move the system towards stability. We show (albeit
only numerically) that the same is true more generally as stronger and stronger Allee
effects are introduced, dropping the constraint of keeping the equilibrium population
size a constant. Analogously, Scheuring (1999) demonstrated increasing stabilisation
of a host-microparasite system, as an Allee effect was strengthened. Avilés (1999)
performed limited numerical investigations of the stability properties of a model of
demographic Allee effects. In every example shown, increasing the Allee effect is
stabilising. In contrast, Wang et al. (1999) have shown that Allee effects reduce the
likelihood of co-existence of competitors in predator-prey models. Our result,
showing that if the Allee effect is strong enough then increasing the competition

parameter b can have a stabilising effect (fig. 3), is quite unexpected, since

32



Chapter two

increasing this parameter can only be destabilising in the equivalent model without
an Allee effect (see Hassell 1975).

We show that, even when the Allee effect does not formally stabilise the population
dynamics, it does act to restrict the amplitude of oscillations. This occurs because
oscillations around the upper equilibrium that involve the population size falling as
low as the intermediate equilibrium inevitably lead to the population crashing to
extinction (the trivial equilibrium).

This paper adds to a small but growing body of work, suggesting that Allee effects
‘can have important dynamical effects in very simple models of single unstructured
populations. The next challenge will be to explore their effects in more complex

systems.
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THE RELATIONSHIP BETWEEN POPULATION DENSITY AND

INDIVIDUAL FITNESS IN THE PEA APHID,

ACYRTHOSIPHON PISUM
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ABSTRACT

Density-dependence is an important regulating factor in population dynamics that is
commonly considered to reduce individual fitness at high densities. Recently,
interest in mechanisms that reduce fitness at low population densities, a phenomenon
known as the Allee effect, has grown. Here we study the effect of a wide range of
population densities on different measures of fitness in the pea aphid, Acyrthosiphon
pisum. By subjecting aphids to predation pressure, we find that fitness at very low
population densities can be reduced. Comparisons of the data to different non-linear
models of density-dependence suggest that aphids may in fact be subject to an Allee
effect. We discuss some of the implications of this and possible mechanisms driving

it.
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Introduction

It is well known that intraspecific competition reduces aphid fitness when the
number of individuals feeding on the same plant is large (Dixon 1998). In many
species, heavy infestation by aphids leads to plant death and a subsequent extinction
of the aphid population. In contrast, the effects of density on fitness at low aphid
colony sizes are less clear. In some studies, aphids within small clusters gained
increased fecundity over isolated aphids (Way & Cammell 1970, Dixon & Wratten
1971, Lopez et al. 1989). Other studies have found no such synergistic effect
(Messina 1993, Hodgson & Godfray 1999). In some aphid species, immigrants
actively cluster on a plant (Ibbotson & Kennedy 1951, Michaud 1999), suggesting
that aggregation is of benefit at low aphid densities. One possible reason is a reduced
risk of predation with larger aphid densities (Turchin & Kareiva 1989): the larger an
aphid colony, the more predators aggregate in the colony, but the per-capita-risk for
the aphids may decrease. However, the precise relationship may depend on the type
of predator attacking the colony. Syrphid flies (Diptera: Syrphidae) or predatory
gallmidges (Diptera: Cecidomyiidae) are able to eradicate even large aphid colonies
so that predator dilution may not be a successful strategy to reduce predation risk.
Additionally, there are other potential benefits of aggregation. Aphids create a sink
to which plants channel nutrients. At least at small colony sizes, aggregations may
create a disproportionately large sink such that more nutrients are available for each
individual aphid.

The morphological plasticity in many aphid species means they can be used as an
ideal test organism when studying the effects of various treatments on their life
history. Adult individuals may have wings (alates) or lack them (apterae), the

presence of which is determined by the parent. A parent's decision over whether to
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produce alates or apterae has long been known to be affected by environmental
conditions (Sutherland, 1969a & b), such as poor host plant quality, high levels of
intraspecific competition (Bonnemaison 1951, Lees 1966) or the presence of
predators (Weisser et al. 1999). Of particular interest are decisions relating to
dispersal, which requires the development of wings. Alates have been shown to take
a longer time to reach maturity, as well as having a reduced fecundity (Zera &
Denno 1997, Dixon 1998). Thus, these costs of dispersal must be balanced by the
benefits gained by moving to new areas by alates.

So far, no study has attempted to look at density-dependent aphid performance over
a wide range of initial colony sizes, nor has anyone investigated the mechanisms that
are responsible for any positive effect of density on fitness at low densities. Here we
describe an experiment with two clones of the pea aphid, Acyrthosiphon pisum,
designed to address these points. We focus on fecundity (the number of offspring

surviving to maturity) and alate production as components of fitness.

Materials & Methods

General experimental approach: Aphid colonies were initiated with a varying
number of first instar pea aphids (Acyrthosiphon pisum) on bean plants (Vicia faba
var. '"The Sutton'). At most, two clones of the aphid were used in each experimental
colony, differing only in colour. In each colony, the 'target individual' was of the red
clone BP (Weisser ef al. 1999) whereas all other individuals were of the green clone
SG. This approach made it possible to measure the reproductive success of the target
aphid without having to estimate reproductive success of all aphids on a plant.

Colonies were reared for two generations in the laboratory (split into greenhouse and
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climate chamber experiments), where individual colonies were isolated by being

caged in polypropylene bags.

Experimental design: Aphids of the clones BP and SG were propagated for two
generations at low density to avoid alate formation. Plants used in the greenhouse
experiment were at least two weeks old with a minimum of four leaves.

One day before the start of the experiment, adults of both clones were placed in low
density groups of up to 10 individuals on plants and allowed to reproduce for 24
hours. The offspring were collected and used to initiate experimental colonies. To
minimise maternal effects, care was taken to mix offspring of different mothers (of
the same clone) from different plants before using them to initiate colonies. Plants
were inoculated over several days. At least one full replicate (i.e. the full range of
densities for each treatment) was completed on each day, so that 'day of set-up' could
be used as a blocking variable in the analysis.

Ten replicates of each treatment were set up in the greenhouses, giving 20
experimental colonies, with a further 5 replicates being initiated in the constant
climate chamber. Both sites were run by the Institute fiir Okologie, Friedrich-Schiller
Universitit, Jena, Germany. Replicates (each colony caged with polypropylene bags)

were placed in blocks of 10 colonies, of one full replicate per treatment.
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Table 1: Treatment, for both greenhouse & climate chamber experiments:

No. of 1* No. of 1% No. of Total number
Density
instar SG instar BP replicates SG needed
1 0 1 25 0
2 1 1 25 25
3 2 1 25 50
5 4 1 25 100
10 9 1 25 225
20 19 1 25 475
30 29 1 25 725
50 49 1 25 1225
75 74 1 25 1850
100 99 1 25 2475
Totals 250 7150
No of plants used: 100 x 2 (control, predator treatements)
+ 50 (climate chamber) = 250
No of SG aphids used: 7150
No of BP aphids used: 250

Observations and variables measure: Previous experiments (Weisser et al. 1999)
have shown that survival of aphids in laboratory treatments should be high (close to
100%). From day six until the last individual matured, replicates were checked daily
and the day of first reproduction (assumed to be the day of maturation) was noted for

each colony in all replicates. In order to analyse the data describing the length of
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time taken for the aphids to mature in both experimental areas (greenhouse and
climate chamber), maximum and minimum temperatures were recorded daily. This
information was used to create a measure of time, "degree-days", which incorporated
the midpoint temperature between the maximum and minimum daily temperatures
and the length of time (in days) since that experimental colony was initiated. Degree-
days were used to remove the effect of daily temperature variations as a confounding
variable on the length of time taken for aphids to mature (taken as the day when the
first offspring of the target aphid were produced). All data from the greenhouse
experiment (control and predator treatments) have been grouped together to increase
sample size in the following analyses of time taken to mature, as there was no
difference in the treatments of these two groups before maturity.

The colony size of each replicate was recounted at maturity, and a single 2-spot
ladybird larvae, Adalia bipunctata, was introduced to each of the Predator treatment
colonies 24 hours after that colony's target aphid had matured. The predators were
removed from the colonies after 24 hours (+ hour). Replicates were harvested 10
days after maturity of the target aphid and the total number of live offspring of the
target aphid was determined (i.e. approximately 8-12 days of reproduction for each
BP aphid). The proportion of winged individuals among the mature offspring of the

target aphid was also determined at this point.

Analysis and Expectations: The effect of start date and density on the following
variables were analysed (using non-parametric tests when the variance between
groups was highly unequal, or data was non-normally distributed): Age of maturity;
total fecundity; proportion of winged individuals among offspring; and impact of

predators on colony (on the above factors). In the laboratory experiment we expected
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a negative effect of high density on aphid reproduction and maturity, and possibly a
positive effect of density on reproduction at low densities (per capita fecundity of the
aphids was expected to be between zero and 100 offspring). Statistical analyses were
carried out using MINITAB for Windows Release 11.21 and SPSS for Windows

Release 9.0.

Results

Time taken for Target Aphid to Mature.

The results of the analysis of the time taken for target aphids to mature are as
follows. Figure 1 shows a comparison of the time taken for target aphids to mature
(in degree-days) of colonies of different sizes and colonies initiated on different
days. There was no significant effect of initial colony density (Kruskal-Wallis test; H
=4.71, df =9, p = 0.859), but while there was a significant effect of start date on
the time taken for the target aphid to mature (H = 71.91, d.f = 6, p < 0.001), there
was no obvious trend in the result. This is supported by the result of a correlation
between time (in days) after start of the experiment the colony was initiated, and
time taken for the target aphid in that colony to mature in degree-days (Pearson's r =

-0.142, p = 0.085).
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Figure 1: Time taken for target aphids in different colonies to mature. Here we compared the
median time taken for the target aphid to mature in colonies of different initial density (1a),
and found no significant effect of colony size on the time taken for the aphids to mature.
However, there was a significant effect of start date of the experimental colonies (shown
here as the days after the first experimental colony was initiated, 1b), although there was no
obvious trend to this result. All times to maturation standardised to degree-days; error bars

show first and third quartiles; data taken from greenhouse colonies.

For the experimental colonies from the Climate Chamber, Kruskal-Wallis tests show
no significant effect of either start date or initial density on the number of degree-
days taken for the target aphids to mature. Studying the effects of site (greenhouse or
climate chamber) on the time taken to mature, we found a highly significant effect of

the site on the time taken to mature (H = 34.80, 1d.f, p < 0.001), with those colonies
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kept in the constant climate chamber developing at a faster rate than those kept in the
greenhouse (median times to maturity: 220.0 degree-days and 247.0 degree-days

respectively).

Introducing the Predator Treatments: Effect of Initial Density on Colony Size after
Two Generations.

Colonies were harvested 10 days after the target aphid had matured, and the number
of juveniles, adult apterac and adult alates remaining was recorded, and the
proportion of winged adults (as a proportion of the total number of adults) was
calculated.

As neither the Control, nor the Predator data on final colony sizes were normally
distributed, the following parametric tests have been carried out with square root
transformed data (Anderson-Darling test for normality indicates no significant
difference from normality on the transformed data; A* = 0.631, p = 0.09). Figure 2
clearly demonstrates the negative density dependent effects on final population size
that occur at high initial densities, due to increased competition.

Due to the introduction of a predator to half of the greenhouse colonies, a relative
reduction in the final population size could be expected in colonies that underwent
the predator treatment, due to the removal of reproducing adults by the beetle larvae.
Here we use this treatment as a fixed factor to find if there is any effect on the final
colony size, as well as any effect of initial colony density. A two-way ANOVA, with
initial density and experimental treatment (Control vs. Predator treatment) as fixed
factors shows a significant effect of both initial density (p < 0.001) and treatment (p
= 0.017) as well as a significant interaction between these two factors (p = 0.013).

Post-hoc comparisons (Tukey test) show that initial densities of up to 20 individuals
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By looking at the density of colonies at maturity (rather than the initial density), we
can gain a more accurate picture of the effect of competition on the colonies. The
colonies were regrouped in new colony density at maturity classes as follows: colony
size=1,2,3t05,6t010, 11t020,21to50and 51. Minimum sample size for the
new groups was n = 6, maximum was n = 15. In this case, a two-way ANOVA of
square root transformed data shows a highly significant effect of the density at
maturity on the total colony size at the end of the experiment (Fg 13 = 27.204, p <
0.001). There was also a significant effect of experimental treatment on the final
colony sizes (Fi13 = 7.246, p = 0.009), as well as a significant interaction between

these two fixed factors (density at maturity * treatment; F¢ ;3 =2.263, p = 0.033).

The effect of predation pressure on fecundity:

Adults present at the end of the experiment were counted as offspring of the target
aphid that had survived to maturity. Data on the number of adults at the end of the
experiment were not normally distributed, and could not be transformed to fit a
normal distribution, therefore the following analyses were done using non-
parametric tests. There was a tendency for the control treatment colonies to have a
higher density of adults at the end of the experiment. The increase was found to be
non-significant (Sign test, medians: control = 15.0; predator = 11.5 p = 0.099). A
Kruskal-Wallis test of the medians reveals a highly significant effect of initial
density on the adult population sizes at the end of the experiment (H = 53.85, 9d.f, p
< 0.001 for the Control treatment; H = 27.11, 9d.f,, p = 0.001 for the predator
treatment). By looking only at the colonies with an initial density of 30 individuals
or less, we can avoid incorporating the extreme effects of competition found at the

highest initial densities. A sign test on this truncated data set reveals a significant
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aphid (3b). We see the same pattern regardless of which way the data is grouped. At very
high initial density or density at maturity, the final number of adults was relatively low,
compared to lower densities (initial or at maturity). There is also a significant reduction in the
final number of adults when predator colonies were initiated with only one individual, and
when there is only one individual in the predator colony when the target aphid reaches

maturity.

The presence of just one other aphid in the colony has been shown to increase the
final colony size in the predator treatment group, with a relative decrease in control
colonies upon the introduction of one more aphid. We found this reduction in the
control group, possibly through increased competition. The increase in final colony
density in predator treatment colonies with two aphids at maturity could be due to a
predator dilution effect. A further increase in the density at maturity (between 3 and
10 individuals) seems to return to a case where there is a difference between final
colony sizes of different treatment groups. A further increase (greater than 10
individuals present at maturity) shows the effects of competition decreasing both

treatment groups final number of adults, bringing them more in line with each other.

Comparison of data to models:

Further analysis reveals a significant negative trend between population size at
maturity and the colony size at the end of the experiment exists in both the control
(linear regression: R* (adj.) = 0.553, p < 0.001) and the predator treatments (R? (adj.)
=0.251, p <0.001). This is consistent with expectations of a density dependent form
of competition. This type of analysis can be extended further, by comparing the data
from these experiments to theoretical models of fitness in single species systems.

Two well-known examples of such models are the often-used modification of
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Maynard-Smith & Slatkin’s (1973 [referred to as M-S & S]) model (e.g. Ruxton &

Rohani, 1998 - eqn. 1)

A
SW,)=—7—,
( ) I+(aNr)b (l)

and the Hassell (1975) model (eqn. 2), which both describe the effects of density
dependence in single species populations.

A

fW,)=——,
(1+an,)Y @

In addition, a third function (eqn. 3), which includes a factor that allows for a
reduction in fitness at low population sizes, termed the Allee effect (Fowler &

Ruxton 2002, and chapter II of this thesis), is compared to the data set.

1= aenf 5]

(t+anN,)

s

f(Nr)=
3

Some important assumptions of these models are met in this particular experimental
set-up. These are that this is a single, parthenogenetically reproducing species, in a
single patch system, with no dispersal into or out of the patches.

The parameters in these functions are defined as follows. Individual fitness f{N,) can
be calculated according to the population size at a given time (N,). A describes the
per capita growth rate in the absence of competition, a relates to the carrying
capacity of the environment and b describes the form of competition. Specific
discussion of these parameter values can be found in Maynard-Smith & Slatkin
(1973) and Hassell (1975). The new parameters associated with eqn. (3) incorporate
an Allee effect. These are A4, the strength of the Allee effect; and vy, the range of

population sizes under the influence of the Allee effect. Further discussion of these
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parameters and how they affect the model can be found in Ruxton & Fowler (2002,
and chapter II of this thesis).

By considering the colony density at maturity, and the number of adults present at
the end of the experiment, we can use linear and non-linear regressions to compare
our results with the predictions from each of the above models (figure 4). Comparing
the above functions to the data from the Control treatment data, we find the
parameter values shown in table 2. Adjusted R* co-efficients are used, as they correct

for the number of parameters incorporated into the models.

Table 2: Comparison of data (final number of adults present) from the control
colonies to three models describing density dependence in a single species
population in different ways. NA = Parameter not present in model. (Models were

run with limits A 1; 0.001 <a>1;1<5>10;0.001 <A4>1.0;0.001 <y>1.0.).

Function Parameter Name
Name A a b A y R’ (adj.)
Hassell 24.577 0.004 10 NA NA 0.634
M-S & S 23.499 0.048 1.552 NA NA 0.635
Allee 59.283 0.048 2.049 0.6 0.823 0.635

The different functions used here provide relatively different predictions for
parameter values, with extremely similar abilities to describe the data (see discussion
for the biological relevance of these results). In other words, depending on the
function used, the average reproductive output for each adult in the population (in
the absence of competition) is estimated to be approximately either 24 or 59

offspring. The carrying capacity of the environment (each isolated plant) is estimated
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In both treatments, non-linear functions described the data better than a simple linear

equation.

Table 3: Comparison of data (final number of adults present) from the predator
colonies to three models describing density dependence in a single species
population in different ways. NA = Parameter not present in model. (Parameter

limits as in table 2)

Function Parameter Name
Name A a b A Y R” (adj.)
Hassell 16.049 0.004 4.647 NA NA 0.280
M-S & S 15.533 0.025 1.437 NA NA 0.281
Allee 23.270 0.027 1.480 0.329 0.402 0.281

The results from these analyses indicate that all three models are equally capable of
describing the data for both treatments, particularly well in the case of the control
colonies. In all cases, the non-linear functions produce significantly higher R* (adj.)
values than those of a linear regression and thus are able to explain more of the
variation in the data. Also relevant in the predator treatment case is the fact that the
parameter values returned for the Allee function differ significantly from those
returned for the Hassell function. This finding is interesting, as the function
describing a population with an Allee effect is based on the Hassell equation (Fowler

& Ruxton 2002, chapter II).
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These results are confirmed by carrying out Kruskal-Wallis tests (due to non-
normality of data after appropriate transformation), which shows that while there is a
significant effect of colony density at maturity on the percentage of winged adults
present at the end of the experiment (H = 81.81, d.f. = 54, p = 0.009), there is no
significant effect of the introduction of a predator (H = 0.12, d.f = 1, p = 0.725).
Linear regressions of density at maturity and proportion of winged adults show a
significant positive relationship with increasing density in both treatments (control:
R? = 0.082, p = 0.006; predator: R* = 0.201, p < 0.001), however this is a relatively

poor explanation of the variance in the data.

Discussion

The work presented here represents the first study into the effect of density
dependence on aphid fitness over such a wide range of densities. Here, we suggest
that as well as the competitive effects that are known to occur at high densities,
reproductive output may be affected at lower densities, due to a lack of conspecifics.
We propose one possible mechanism for the occurrence of this, while ruling out
another.

Three broad results can be taken from this work. Firstly, density was not found to
influence the length of time taken for target aphids to mature. Secondly, density was
found to have a direct influence on the fitness of the aphids, in two ways - on the
number of offspring produced and on the proportion of offspring that developed
wings. Finally, the presence of predators was found to affect the colony size at the
end of the experiment, but not the proportion of alates produced. Thus, it is likely

that predators had two separate effects in this experiment:
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1) They killed individuals of the target clone and thereby drastically decreased their
reproductive success. In particular, if they ate the initial target adult aphid, there
could be no further reproduction until the first offspring of this individual matured.
2) Predators killed SG (non-target) aphids and therefore reduced competition for the
target individuals. This could have increased the target aphid's reproductive success.
The relative strength of both effects determined whether predation is "beneficial" for
the target aphid. As initial density increased, effect (1) will be reduced in importance
(target aphids are less likely to be eaten due to the dilution effect), and effect (2) may
also have been reduced, especially at higher initial densities when predation does not
reduce total aphid population size as significantly.

While we tried to counter the effect of varying environmental conditions by
incorporating temperature data into the measure of time taken for target aphids to
mature, we still found a significant effect of start date of each experimental colony. It
is possible that the temperature used to calculate degree-days was not fully
representative of the variation in environmental conditions. Alternatively, some other
environmental factor may have influenced the result in other ways. Other insect
species are known to have adjusted their development to counteract adverse
environmental effects, with some studies having been carried out on mechanisms and
reasons for water conservation in Lepidopterans (e.g. Denno & Benrey 1997, Klok &
Chown 1999 and Willmer 1980). It is known that high temperatures affect aphid
developmental and growth rates (Dixon 1998), however the effects of humidity, or
other environmental factors have not been studied in detail.

As there was no observable effect of increasing colony size on the length of time
taken for the target aphid to mature under these experimental conditions, we suggest

that the carrying capacity of these plants may be greater than 100 aphids. This would
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result in little competition between individuals for resources at this stage. Thus,
when the colonies were initiated, all densities were likely to be at or below this
critical level. However, as soon as individuals started to reproduce, this would have
led to a rapid increase in the number of aphids feeding on the plant. In those colonies
with higher initial densities, thus would result in the colony suddenly exceeding the
carrying capacity of the environment. This may explain why there was no general
trend with increasing density in the time taken (in days or degree-days) for target
aphids to mature.

When looking at the effect of increasing initial colony density on final colony sizes,
the results demonstrate that at high initial densities, competitive effects are strong
enough to decimate entire populations. This result is not surprising, and as
mentioned before, has been shown previously (Dixon 1998). However, this result
should be taken in context, as the experimental set-up did not allow the aphids to
disperse to other sites as competition for resources increased. The results from the
predator treatment group clearly show that a predator that is only present for 24
hours can have a significant effect on aphid future reproductive success. The main
mechanism here is likely to be the removal of reproducing adults, preventing further
reproduction for several days. In some cases, it is possible that the predator removed
the target aphid. At higher densities, the predator effect ceases to be as important; as
the ladybird larvae ate a maximum of around twenty to fifty aphids per day. Thus, if
the number of reproducing adults is high, maximum daily offspring production
without competition will also be high (number of adults * approximately 8 offspring
over a 24 hour period). In the replicates where more aphids were eaten, the
remaining aphids may have had an increased rate of reproduction, offsetting the

differences very quickly. While it has been shown that the adults of some coccinellid
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species do rely on visual cues, and show a preference for one colour morph over
another in the pea aphid, this has not been found in studies of ladybird larvae
(Harmon et al., 1998, and references within).

The general results were in line with predictions of models for density dependent
competition in single species systems (e.g. Maynard Smith & Slatkin 1973 and
Hassell 1975). Bellows (1981) suggested the M-S & S model was one of the most
flexible available at the time, in particular, more so than the Hassell model. If we
compare the parameter values generated by the regression models for the control and
predator treatments, there is some agreement about the per capita population growth
rate across the different functions under different treatments. These regression
models predict a A-value of approximately 24 in "non-Allee" population functions
when there is no predation pressure. Interestingly, the model describing the Allee
effect actually predicts a very similar value for per-capita growth rate when there is
predation pressure. We suggest that this convergence of results indicate that the
aphid colonies do experience an Allee effect under predation pressure: the presence
of a predator, even for a relatively short period of time, had an unexpectedly high
impact on the reproductive output of target individuals at low densities. The results
from this analysis indicate that the different functions performed similarly at
describing the experimental data. However, the parameter values produced by the
regression models must be taken in context, and we therefore suggest that in the
experimental colonies that are suffering from an Allee effect, this is brought about by

predation pressure.
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Figure 6: Simulated time-series using parameter estimates taken from the non-linear
regressions [eqns. (1) - (3)]. Here we see the form of population dynamics over time that the
parameter estimates for the different functions produce, for both the control (6a - ¢) and
predator (6d - f) treatment groups. The Hassell function parameter estimates produce
unstable fluctuations in the control treatment (6a), and a stable 2-point cycle in the predator
treatment, even after a number of generations. All other parameter estimates, for both the
M-S & S (6b & e) and the Allee function (6¢ & f) produce monotonic damping to a stable
point equilibrium, regardless of what density the population was initiated at. Simulated

populations were initiated with the same densities as experimental colonies.

Interestingly, when incorporated into a plot of the stability boundaries of the Hassell
function (Hassell et al., 1976), the combination of parameter values output by the
regression model suggest dynamics that show unstable fluctuations (see figure 6), a

relatively uncommon finding in real data sets. However, these models do not take
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any exogenous noise into account, an important ecological factor affecting
population dynamics (Ranta et al. 2000). In a study that estimated parameter values
for empirical data sets, Hassell et al. (1976) found only one population within the
chaotic region of dynamics, a lab population of blowflies, Lucilia cuprina
(Nicholson, 1954), with the majority of other populations falling in the region of
monotonic damping. The estimated parameter values for the other functions (M-S &
S and Allee functions) we find indicate monotonic damping of population dynamics;
a common result according to Hassell et al. (1976).

As the results of matching the different models to the data differ between the two
different treatments, we can suggest the following mechanisms leading to this
outcome. The results from the control treatment group appear to be explained
equally well by all three non-linear functions (compared to a linear regression).
However, the parameter values the regressions generated allow us to assess their
biological relevance. As an Allee effect is only present apparent in the populations
under predation pressure, we suggest that the hypothesis that the plants used may be
channelling disproportionate amounts of nutrients to regions where aphids have
aggregated should be ruled out. Further to this, as the predator treatment group
results are explained best by an equation specifically designed to model a reduction
in fitness at low population sizes, we propose that the presence of conspecifics
appears to benefit individuals at the lowest population densities, perhaps due to the
predator dilution effect.

These results may have occurred for a number of reasons. Initially, and perhaps most
obviously, an Allee effect may not have been seen in the control treatment group as
this particular species of aphid does not gain any benefit from being in the presence

of conspecifics at low population densities, when there is no predation pressure.

58



Chapter three

While there are reports studying aggregations in the pea aphid (e.g. Dixon 1998)
none appear to have addressed this issue. Some authors have reported a reduction in
fitness at lower densities occurring in other aphid species, (Lopez et al. 1989,
Messina 1993), however, the methods used in these studies vary from the methods
used here. The hypothesis that there would be negative density dependent effects at
low population sizes (an Allee effect) was not found under the control treatment
conditions. However, we have shown here that the introduction of a predator to the
colonies has been shown here to have an important effect at the end of the
experiment for the low initial density colonies.

Unfortunately, due to the enclosed nature of the colonies in this study, this work does
not fully address the cost of dispersal in this species of aphid. Work by Plantegenest
& Kindlmann (1999) does suggest that there should be a strong selection pressure for
migration in parthenogenetically reproducing species such as aphids, even when
there is a high cost associated with dispersal. Ward et al. (1998) estimated that less
that one percent of autumn migrants of the cherry oat aphid (R. padi) found a
suitable host, highlighting the extremely high mortality risk faced by dispersers.
Sutherland (1969a) points out that aphids will increase production of alates with
increased tactile stimulation, which can in turn be brought about through poor host
plant quality, where aphids will be more unsettled than on a higher quality plant.
Thus we would expect a higher proportion of winged aphids to be produced in
colonies with a high initial density, as this leads directly to increased tactile
stimulation via increased density, as well as indirectly through the faster degradation
of host plant quality.

While Dixon & Agarwala's (1999) work suggests an increase in the proportion of

alatae in the pea aphid due to the perceived presence of a predator, these results have
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not been replicated since (Weisser et al., 1999 & Weisser, unpublished), nor was this
borne out under these experimental conditions, which relied on actual rather than
perceived predator presence. The fact that our results differed from other studies that
have introduced predators into colonies may have been due to the fact that the
predators were only left in each colony for 24 hours, while previous experiments
have left predators in the colonies for a much longer period of time.

It must be noted that the results of this study should be taken in the context of the
different colour morphs used. We may expect to see different results had the colour
morphs been reversed (i.e. if the green morph, SG, had been used as the target
aphid), or even if we had not employed a target aphid, and used only 1 colour morph
for the experiment. Indeed, it has been reported that red and green clones produce
different proportions of alates when placed under the same conditions (Sutherland
1969a, Weisser & Braendle 2001).

Further studies of this nature would be improved by excluding the highest density
experimental groups. This was extremely time consuming, meaning that the
experimental set up had to be spread over a number of days. Limiting the maximum
density to (e.g.) 50 individuals would allow more replicates to be set up in a shorter
time. Furthermore, this would reduce the confounding effect that the start date of
each colony may have on the results. It can be shown that at the end of our
experiment, there was no significant difference between any of the final population
sizes of the three highest density groups (50, 75 and 100 individuals). In the control
treatment, a one way ANOVA returned the following values: F223=1.66, p = 0.212,
while the predator treatment produced F; ;7= 1.08, p = 0.363. As well as saving time
as described here, a maximum density of 50 individuals per block would also allow

more low density groups to be prepared, as the number of aphids available is likely
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to be a further limiting factor. This would allow a higher sample size at the lower
densities, increasing the power of the results. As the competitive effects of aphids at
high densities are already relatively well known, we advise that repetition of this
experiment should take these factors into account when being designed. A further
suggestion would be an earlier count of the colonies, perhaps 5 days after maturity,
before colonies decline due to the die-off of plants. While this will lead to increased
levels of disturbance to colonies, it will yield valuable results and is a valid
consideration.

This study has highlighted the effects of both colony size and predation pressure on
the fitness of the pea aphid, as well as the potential of environmental effects to
influence developmental time. Comparison of the data with deterministic models of
population dynamics suggests that the pea aphid may undergo an Allee effect when
faced with predation pressures. Repetition of the experiment with the suggested
improvements could produce valuable results concerning the propensity of aphids to

produce winged offspring depending on different conditions.

61



Chapter four

DISPERSAL DECISIONS AND THE ALLEE EFFECT
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ABSTRACT

The decision to move between patches in the environment is likely to be amongst the
most important of life history choices an organism can make. Organisms are likely to
base their decision to disperse away from a habitat patch on some cue, which may be
either biotic or abiotic. Here we present a model where an individual's dispersal
decision is based on some density dependent rule. Two different types of these
density dependent rules are studied; with the organism either choosing to leave a
patch to escape the fitness loss brought about by competitive effects, or to escape the
fitness loss due to low densities of conspecifics, commonly referred to as the Allee
effect. I go on to introduce a cost to dispersers, which is expressed in different ways.
Results indicate that basing the decision to disperse on competitive pressures can
strongly stabilise otherwise highly unstable (chaotic) population dynamics. If there is
no cost, dispersing to avoid an Allee effect will not stabilise population dynamics,
sometimes driving global populations to extinction. If a cost to dispersal is
introduced, this can be shown to stabilise populations if dispersal is based on
escaping the Allee effect, and in some cases will prevent populations from global
extinction. I argue that this indicates that dispersal to avoid an Allee effect will only

evolve under realistic conditions, i.e. where there is a cost to dispersal.
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Introduction

Making the decision to remain in the natal patch or move away before breeding is
one of the most important life history choices an organism may have to face.
Dispersal away from a habitat close to its carrying capacity can alleviate the loss of
fitness commonly associated with high levels of competition. However, this may
have to be balanced against any costs involved with these relatively large-scale
movements. The dispersal of individuals between discrete patches in the
environment is, therefore, of great interest to both theoretical and empirical
ecologists, with the implications of theoretical results applicable to management
practices under the appropriate conditions (Kareiva & Wennergren 1995).

However, there remains some disagreement in the literature as to differences
between theoretical models and empirical data series. Simple population models can
be shown to display a wide range of behaviour, from stable equilibrium dynamics,
through simple two- and four-point cycles, and on to more complex dynamics such
as chaos (May 1974, May & Oster 1976). While there are good examples of
populations that demonstrate regular (cyclic) fluctuations in their density over time
(e.g. Elton 1927, Elton & Nicholson 1942a & b, Krebs & Myers 1974, Lindstrom et
al. 2001) and even those with so-called quasi-cyclic behaviour (Nisbet & Gurney
1982, Potts et al. 1984), there is little evidence from real data sets for any of the most
complex of these dynamic behaviours - i.e. deterministic chaos (Hassell et al. 1976,
Berryman & Millstein 1989, Hastings 1993, Kareiva 1995; but see Constantino et al.
1995, Dennis ef al. 1997 and Dennis et al. 2001 for elegant examples of complex
behaviour arising from experimentally manipulated 7ribolium populations).
Dispersal has been shown to have a wide range of effects on population dynamics,

from a situation where individuals moving between different populations do not alter

64



Chapter four

dynamical properties when compared to a single, isolated population (Rohani et al.
1996); to dispersers either stabilising (e.g. Taylor 1990, Hastings 1993) or
destabilising (Bascompte & Solé 1994 - but see Hassell et al. 1995 and Ruxton
1996) population dynamics. It should be noted that in this sense, stability refers to
increasing or decreasing fluctuations in population dynamics, rather than any
mathematical criterion of stability.

Ruxton & Rohani (1998) have previously studied dispersal where it is dependent on
local competition without any explicit cost to dispersers. They called this a "fitness-
dependent dispersal rule". However, as fitness in this context is not an entirely
unambiguous term, and as our focus is on the population dynamical consequences of
dispersal rather than on the evolution of dispersal, we refer to dispersal based on
such a rule as density-dependent dispersal throughout this report. Ruxton et al.
(1997) included dispersal mortality in a model where dispersal was density
independent. Both of these works demonstrated a stabilising effect of dispersal.
While the second of these studies may be a relatively simple, effective way to model
a population, it may lead to misleading results due to the biologically unrealistic
assumptions associated with a fixed fraction of individuals dispersing. In other
words, a density dependent form of dispersal would seem to be more reasonable for
many species from an evolutionary perspective, where more individuals will leave a
population that has a higher density to escape competitive pressure. Here I introduce
a cost to density dependent dispersal in single species population models in a number
of novel ways to explore the dynamical behaviours of biologically realistic spatial
models.

Initially, a simple mortality risk is applied to dispersers, where some fixed fraction of

all emigrants are lost before arriving at a new patch. These simulations are
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contrasted under different boundary conditions. This is extended by including an
accumulative mortality risk with each dispersal event between generations. I go on to
consider a cost that is incurred by limiting the maximum possible number of
dispersal events taken by individuals seeking to minimise the cost of competition
within each generation.

Due to the current increase in interest, and realisation of the importance of the Allee
effect (Amarasekare 1998a & b,, Courchamp et al. 1999a & b, Perrin & Mazalov
1999, Scheuring 1999, Stephens & Sutherland 1999, Stephens et al. 1999, Etienne et
al. 2002, Fowler & Ruxton 2002), I then ask what happens if individuals choose to
migrate when a population drops below some critical density? In this case,
population dynamics are governed by a function that incorporates any reduction in
fitness (in this case, reproductive output) due to low densities, known as the Allee
effect (Allee 1931, Fowler & Ruxton 2002). An Allee effect can be brought about
due to factors such as inbreeding avoidance (Perrin & Mazalov 1999), increased
extinction risk from demographic stochasticity (Lande 1998), or the loss of co-
operative benefits from conspecifics when there are low numbers in the population
(Courchamp et al. 1999a). The latter of these may include such diverse interactions
as co-operative breeding (Courchamp et al. 1999b); relief from predation pressure
due to a dilution effect (Heubeck et al. 1997); or even decreased efficiency in social
thermoregulation during hibernation (Stephens et al. 2002). If individuals within a
patch experience a reduction in fitness (in terms of reproductive output) in any of
these ways, they may be expected to leave the patch and search for another patch
with a higher density of conspecifics, in order to increase their own reproductive
output. This is contrasted with results from an Allee population with density-

independent dispersal, including a cost to dispersal. Evidence from a study by
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Kindvall et al. (1998) suggests that such directed movements away from areas of
low density allow the bush cricket, Metrioptera roeseli, to escape an Allee effect.
Another such examples is the six-spot burnet moth (Zygaena filipendulae), that has
shown biased movements away from small populations (Menendez et al. 2002)

Finally, we examine what happens when dispersal decisions are based on both an
upper and lower threshold density, and discuss how life history decisions based on

these choices can affect individuals and populations.

The Model

1. The Hassell function with An Upper Critical Threshold

In this study, within-patch reproductive processes are governed by a commonly used
function that models density dependence in single species populations (Hassell 1975,
eqn. 1),

A

f(N,)=m,

1)

where N, is population size in the current generation (), 1 is the maximum potential
growth rate per individual, a scales the patch carrying capacity, and b describes the
strength and type of competition, where b = 1 is scramble competition, tending
towards contest competition as we increase the value of b (parameters A, a and b
were held constant across all patches within simulations, giving a homogenous

spatial environment).
The population is positioned on an L*L array of spatially separate patches, within
each of which a single reproductive phase is followed by the dispersal phase in each

discrete generation.

67



Chapter four

The number of individuals in each patch of the lattice (with co-ordinates i,j) can be
calculated at the start of consecutive generations by multiplying the above function
(egn. 1) by the density of each patch at the end of each generation as follows:

AN

it

Ny = .
ot (l+aNi,j,t )ﬁ o

Each patch's population was initiated with a density chosen at random from a
uniform distribution with limits [0,1]. In order to determine the number of
individuals that will emigrate from each patch after the reproductive phase, it is
necessary to identify a critical (or threshold) population density, which can be
calculated by defining some fraction (A) of the maximum growth rate (A). An
individual will only leave a patch if its expected per capita growth rate [{N,)] drops
below this fraction (A). The critical population density, N, can be derived from

equation (1), giving us

e — 3

Thus, whenever any patch exceeds this critical population density dispersal will
occur. The number of emigrants leaving a patch will be equal to the difference
between the current patch density (N;; 1) and the threshold density (N,). Following
this initial round of dispersal, some patches may find that their density has again
exceeded N,. If this is the case, the dispersal phase is repeated, leading to a situation

where individuals may end up at any patch in the lattice (effectively global
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dispersal). Individuals dispersing over the edge of the lattice are lost from the
population (dissipating boundary conditions). Thus, dispersal phases are repeated
until all patches in the lattice are at a density equal to or below N..

We go on to introduce an explicit cost to dispersers in two different ways, through
dispersal mortality; either some fixed proportion of dispersers is lost with each
dispersal attempt, or the mortality cost to dispersers increases with consecutive
dispersal attempts, and through a limit to the maximum number of dispersal attempts
allowed (analogous to limiting the "sampling time", or the maximum dispersal
distance away from the natal patch). A mortality cost to dispersal ( ) can be included

in the model by multiplying migrants during the dispersal phase by some proportion
(1-¢), representing those migrants that remain following dispersal mortality. An
accumulative cost (&) can be introduced by multiplying all dispersers by a fraction
that increases with consecutive within generation dispersal events (in this study & =

1-[number of dispersal events/100]).

2. The Allee effect

The underlying form of this second component of the study is based on a function
describing population growth where reproductive output increases with increasing
population size at low densities, termed the Allee effect (Fowler & Ruxton 2002).
Therefore, the expected reproductive output (per capita growth rate) of each

individual can be calculated according to equation 4.
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(el 5

(1+aN,) ' @)

g(N,)=

Parameters 4 and y are related to the strength of the Allee effect and the proportion
of the population under it's influence, and their behaviour is outlined in detail in
Fowler & Ruxton (2002 and Chapter II).

Again, considering an L * L array of patches in the environment, we can calculate
the number of individuals in any given patch in successive generations by
multiplying the current population size by eqn. (4). This function is applied to the

populations in each patch in the lattice (which are then linked through dispersal) as

— aN,._}.,,
1-Aexp —77 LN,.,J.,,
N

it = (l N aN,-h,-,,)h )

follows:

giving us the population size, N, in the patch with co-ordinates (i,j), at generation 7.

The other parameters remain as described above.

(i) The Allee effect: Density-Independent dispersal.
Here we assume that some fixed fraction (nt) of the post-reproductive population in
each patch (N;;) will disperse away from the natal patch, being distributed equally

between the four nearest patches. We then assume that some fraction of the
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dispersers (g) are subject to dispersal mortality, so that the size of the population at

the start of the next generation can be given by

+ @G,

i+1, /.t

+G i, + Gy
4

Gi—l.j,!
Gi,j,H—l =(1- H)Gi,j,t +u(l-¢)
(6)

(sensu Ruxton et al. 1997). We carry out analysis of this to allow comparison with

the results from a density-dependent form of dispersal.

(ii)  The Allee effect: Density-Dependent dispersal, with a lower critical threshold
Following the reproductive phase of the life cycle (eqn. 5), a dispersal stage may
again take place. This time, decisions over whether to move may be based on one or
both of two dispersal rules. Firstly, the decision may be based on the same rule as
outlined before, where an upper density-dependent criterion (N.) determines the
density of individuals leaving each patch. Secondly, we introduce a new rule that is
likely to affect populations under the influence of the Allee effect, where individuals
will move from the current patch if their reproductive output falls below a certain
level. In any population whose dynamics are governed by the Allee effect, there may
be a lower threshold population density below which the loss of reproduction is
severe enough to warrant dispersal away from that patch in search of a patch with

sufficient numbers of conspecifics to overcome such reproductive loss. This can be

cast as follows. The reproductive cost of the Allee effect (according to eqn. 2) is
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g(N)= [1 - Aexp[';'N j] Q

So we can say that an individual will leave a patch if the cost due to low population

density is greater than 3, which has limits [0 <8 < 1]. If we let

g(N,,)z(l-Aexp(“;NA )):5, @)

then the lower critical threshold population density (N4) can be derived as

Ly h{ﬁ)
N = A4 ©)

4 a

Thus, if the current population size (M) is below this value in any patch, all

individuals will leave that patch.

Increasing & leads directly to an increase in the critical threshold density, the
P

opposite effect to increasing A. Furthermore, if ZNi, i+ <N, then the species is
i,j=1

assumed to be doomed to extinction across the whole environment, as even if all

individuals were to arrive in the same patch, the density can never exceed the critical

value, and the population will eventually dwindle to extinction through a

combination of Allee and edge effects. Alternatively, if the sum of all migrants

moving patches in any given dispersal events is < 10, then these are considered

insufficient to provide a density great enough to overcome any loss from the Allee

effect, and these migrants are lost from the population. We then go on to introduce

an explicit cost to dispersers as previously described.

The order in which the models examined within this work are presented in the results

is summarised in table 1.
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Table 1: Summary of the different models studied in this report.

Model Population Regulation of
Dispersal costs included
No. regulation dispersal
a) None
No Allee effect ~ Density-dependent, b) Fixed mortality
1
(eqn. 2) Upper threshold: A ¢) Increasing mortality risk
d) Limit to dispersal events
Allee effect Density- a) None
2
(eqn. 5) independent b) Fixed mortality
a) None
Allee effect Density-dependent, b) Fixed mortality
3
(eqn. 5) Upper threshold: A ¢) Increasing mortality risk
d) Limit to dispersal events
a) none
Allee effect Density-dependent, b) Fixed mortality
4
(eqn. 5) Lower threshold: 8 ¢) Increasing mortality risk
d) Limit to dispersal events
Density-dependent,
a) None
Allee effect both upper and
5 b) Limit to dispersal events
(eqn. 5) lower thresholds: A
¢) Limit & fixed mortality

&3
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Results

1. A population with no Allee effect (the Hassell Model):

The results of model simulation illustrate clearly that it is possible to simplify
complex population dynamics through the introduction of some threshold population
size above which individuals will leave a patch (figure 1). Parameter values were
chosen that would yield unstable (chaotic) fluctuations in population density in a
single unconnected patch, over a time period long enough to overcome the effect of
transient dynamics (500 generations). We can see from fig. 1 that if dynamics exhibit
chaotic fluctuations when there is no upper threshold population density (A = 0),
these dynamics can be simplified by gradually introducing a threshold population
size above which individuals will disperse. Furthermore, originally chaotic dynamics
can be simplified to a stable equilibrium if the threshold population size is reduced

sufficiently (by increasing A).
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Thus, with no explicit cost to dispersal (other than boundary effects), introduction of
a critical population size below which individuals will disperse can alter the stability
properties of population dynamics. When the critical threshold population size is
relatively high (low A values), we find that all patches will settle to their final

densities within a small number of dispersal events.

INTRODUCING MORTALITY:

1b) Proportional mortality

Here we introduce a mortality cost to a fixed proportion of dispersers within each
dispersal event. To do this we hold the density-dependent criterion (A) at a constant
value, and ask if varying the proportion of dispersers that are lost when moving
between patches will change the population dynamics compared to a situation where
the only mortality is through edge effects. Figures 2a & b reveal that introducing this
form of a cost to dispersers does not qualitatively alter the dynamics, i.e. the
ensemble dynamics are highly insensitive to varying €. Increasing the proportion of
dispersers that are lost between patches simply reduces the number of dispersal
events it takes for each patch density to fall to a level equal to or below the critical

threshold patch density (fig. 2b). This result holds over different values of

A, whether the global population dynamics are fluctuating or stable.
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even when all dispersers are lost when travelling between patches ( = 1). A contrast of
dissipative boundaries (2¢) with periodic boundaries (2d), shows no difference in the final
dynamical pattern. Although both models suffer the same overall proportion of dispersal
mortality with each dispersal event ( = 1/7 when boundary conditions are periodic), by
losing a constant fraction from each patch in the lattice (rather than only those at the edge
suffering), a lattice with periodic boundaries will arrive at the final dynamical outcome in
fewer dispersal events (2f: Solid line = dissipative boundaries; Dashed line = periodic
boundaries - Parameter values in 2c - f are the same as those used in figure 1). By
introducing an accumulative cost of dispersal, we do not qualitatively change the dynamics
of the system (2e). Again, however, we arrive at this outcome with fewer dispersal events
than when the model is run without any cost of dispersal (2f Dotted line = increasing
mortality to dispersers). In this case the model is run with absorptive boundaries only and
then with a cost of dispersal that increases with each consecutive dispersal attempt in each

generation.

Comparison of Boundary Conditions:

Here we run the model on a lattice where the boundary conditions are absorptive (i.e.
migrants that disperse over the edge of that lattice are lost from the population), with
no further explicit cost of dispersal (fig. 2c). We go on to compare the dynamics of
this to a simulation run on a lattice with periodic boundaries, with a simple fixed cost
of dispersal (fig. 2d), where some constant proportion of all dispersers experience
mortality (€). In this case € =(1/7), as this is approximately equal to the total
proportion of emigrants that are lost to edge effects with each dispersal event in the
absorptive boundaries case. We can see from figures 2¢, d & f'that once again, while
there is no qualitative change in the final dynamical outcome for the population, this

outcome is achieved in approximately half the number of dispersal events when
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there is a fixed cost to dispersers rather than dispersers only being lost through edge
effects.

In a model where individuals can only be lost by dispersing over the edge of the
lattice, it is not necessarily surprising that it takes more dispersal events
(approximately twice as many) to arrive at the final dynamic outcome. As emigrants
leave patches in four different directions, there will always be a constant source of
migrants travelling towards the centre of the lattice (as well as those moving towards
and over the edge). It will therefore take some time for central patches with a high
density to finally drop to a sufficient level that will allow them to satisfy the density
dependent criterion, and continue onto the next generation. In a lattice with periodic
boundaries where all emigrants leaving each patch experience the same proportion of
mortality, it will require fewer dispersal events for each patch in the lattice to drop to
a density equal to, or below the critical value. The only effect changing this form of
cost has on these results is to reduce the number of dispersal events required to arrive
at the final global population density, as the cost is increased. This is true regardless

of the boundary conditions applied.

Ic) Introducing an accumulative dispersal cost

In this case, the number of dispersers is multiplied by a factor that increases with
each consecutive dispersal event, within each generation ( = 1-[number of dispersal
attempts/100]), which can be motivated as follows. Dispersal can be an energetically
expensive process. Therefore consecutive dispersal attempts may deplete reserves at
an increasing rate, which can be expressed as an increasing mortality risk with
increasing dispersal attempts. For a comparison of this form of dispersal cost on a

lattice with periodic boundaries and the absorptive boundaries case (and no other
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dispersal cost), see figure 2. Once again, adding this type of cost to the model does
not qualitatively affect the population dynamics, but it again reduces the mean
number of dispersal events required to reach the final dynamical outcome.

In fact, there is no way in which introducing a cost to dispersal in this form (either a
constant mortality or an accumulatively increasing proportion of mortality) will alter
the population dynamics. This form of a dispersal cost simply serves to reduce the
(global and local) population density until it is low enough that all patches can
reduce their densities to a size equal to or below the local critical patch density (V).
Therefore, introducing this form of dispersal cost can only reduce the number of
dispersal attempts required to arrive at any predetermined dynamical outcome.
Including dispersal costs of this form in a lattice with dissipating (absorptive)
boundaries would simply reduce the number of dispersal events required even

further.

1d) Limiting Dispersal Events

Dispersing individuals may have a finite amount of time to sample the environment
before they decide to settle in a certain area. Therefore we limit the maximum
number of dispersal events each individual can take within a generation. We find
that doing this makes it possible to generate more complex dynamics compared to a
simulation where dispersers are allowed to take as many dispersal events as they
require to find a suitable patch (i.e. a patch at or below the threshold patch density).
This is achieved particularly when the number of dispersal events permitted is
relatively low (figure 3). An important assumption of the model here is that
individuals will settle in the patch they find themselves in after the maximum

number of dispersal events has taken place, and bear whatever reproductive loss
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arises from competitive effects in that patch. There is no mortality cost to dispersers

under these conditions (other than edge effects).
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Figure 3: Limiting the maximum number of dispersal events can lead to more complex
dynamics arising in the population, but allowing a high number of dispersal events will not
simplify non-equilibrium dynamics. 3a - ¢ exhibit the differences that arise when the
population is in different dynamical states before the limit is introduced. All figures have the
same parameter values as figure 1, differing only in the values of as follows: a) =0.1, b)

=0.005, ¢) = 0.001. Figure 3d shows us that the unstable dynamics that arise when the
number of within generation dispersal events are limited can be simplified upon the inclusion
of the other costs to dispersal studied earlier. Here parameter values used are the same as

those in figure 3c.
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Combining different types of costs

Figure 3d highlights the simplifying results when all the different methods of cost to
dispersal are combined. This includes a minimum fixed mortality cost to all
dispersers, an increasing cost to dispersers with consecutive dispersal attempts, as
well as a limit to the number of dispersal events allowed within each generation.
Thus, when there is a considerable cost to dispersal, population dynamics that would
have been destabilised (by limiting the number of dispersal events) can be returned

to their original dynamical state.

2. Introducing the Allee effect, with density independent dispersal.

Here we modelled population dynamics according to a function that describes a
population experiencing an Allee effect (Fowler & Ruxton 2002). Again, the
population is positioned in patches on an L*L lattice (this time with periodic
boundaries), which are linked through a fixed dispersal rate (i). The dispersers are
exposed to a cost of dispersal, where some constant fraction of those dispersing
experience mortality (g). The results of these simulations are shown in figure 4, and
are presented mainly for comparison with the density-dependent dispersal results
that appear later. We can see from figure 4 that the introduction of density-
independent dispersal to a population under the influence of an Allee effect does not
alter the dynamics qualitatively (fig. 4b) unless some cost to the dispersers is

included (figs. 4¢c & d).
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Figure 4: Introducing density independent dispersal to a population experiencing an Allee
effect will only stabilise dynamics if there is a cost associated with dispersal. Here we plot
the final 20 generations (from a single patch) of a 500-generation simulation of a population
with an Allee effect under different conditions. In all cases, A=1, =0.1,a=1and b=6.In
4a we vary the intrinsic population growth in a closed population. Fig. 4b shows that
dispersal on it's own cannot simplify otherwise unstable population dynamics (A = 40).
Introducing a mortality risk to dispersal does stabilise dynamics (figs. 4¢ & d). Fig. 4c shows
that introducing dispersal (u = 0.6) with a cost (€ = 0.75) can dramatically simplify otherwise
unstable dynamics. The greater the dispersal cost, the more the dynamics are stabilised

(Fig. 4d - % = 40, p = 0.6)

As it is not possible to determine the equilibrium population size of the function we
use to describe population growth here, it must be done numerically. The bifurcation

diagrams shown in figure 4a & c indicate that at low population growth rates, the
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population can remain in a stable equilibrium state. Increasing A gradually leads to
increasing population fluctuations from two-point cyclic fluctuations, with periodic
doubling leading eventually to chaotic dynamics appearing (fig. 4a). If we select a
value of A that produces such chaotic fluctuations, we can ask if introducing
dispersal between patches changes the dynamics. Varying the (fixed) proportion of
individuals that move between patches does not simplify complex dynamics (4b).
However, by introducing a cost to dispersal, we can lead to a direct reduction in the
rate at which simple dynamics become more complex (fig. 4c), indicating the
stabilising effect of dispersal mortality on a population with an Allee effect. The
higher the proportion of dispersers that experience mortality, the more complex
dynamics become simplified (4d). It seems likely that the intrinsic rate of population

growth (A) can be reduced by a factor (approximately) equal to the rate of dispersal

multiplied by the cost to dispersers (p.€).

3. Introducing the Allee effect, with density-dependent dispersal.

3a) Upper critical threshold density, N,

Again, we modelled population dynamics according to a function that describes a
population experiencing an Allee effect (Fowler & Ruxton 2002). This time, we first
introduced an upper critical population density for dispersal as previously described,
whenever the population in any given patch exceeded an upper threshold value,
individuals would emigrate from the patch to escape the reduction in reproductive
output associated with density dependent competitive effects. The results, perhaps
expectantly, do not differ qualitatively from the results of a population not
influenced by an Allee effect (compare figs. 1 & 5). As the threshold density tends

towards zero, we find the global population density is simplified (but reduced),
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before eventually being forced to extinction before the threshold population density
actually becomes zero due to the inability of the population to establish itself at such
low densities. [It should be noted that introducing an Allee effect of sufficient
strength will increase the dynamical stability of a population, in the case of this
model by simplifying otherwise chaotic dynamics (Scheuring 1999, Ruxton &
Fowler 2002) and therefore although the parameter values used here are the same as
those used previously where possible (A, & & a), the dynamics produced when the
upper threshold density is infinite (i.e. no dispersal occurs) may be less complex.]
Patches that are initiated at a very low density may not become established due to the
Allee effect, but these can be recolonised through dispersal from other patches.

Parameter values used for 4 and y yield a 2-point cycle across the ensemble
population. The results remain unchanged when parameter values yielding chaotic

dynamics are used (4 = 1; vy = 0.4 - Figs. Se & f).
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Chapter four

Here we ask whether introducing an explicit cost of dispersal to a population with an
Allee effect will alter the dynamics in any way. We start by looking at the effect of
introducing a mortality cost to some proportion of dispersers (¢) whose decision to
move is made according to the upper density-dependent criterion (A).

When a cost of dispersal is introduced by having a fixed proportion of migrants
facing mortality, there is no qualitative change in the population dynamics compared
to simulations when there is no dispersal cost of this form (as is the case with the
Hassell populations). Furthermore, introducing a mortality cost that increases with
consecutive within generation dispersal events does not alter the dynamical outcome.
Limiting the number of (density-dependent) dispersal events individuals can take
will produce more complex dynamics (results not shown as they are the same as

those from a Hassell population - figs. 2 & 3).

4. An Allee population with a lower critical threshold, N4

4a) No cost to dispersal

If a new threshold population density is initiated, below which individuals will
migrate away from a patch (due to the reduction in reproductive output caused by
low patch densities), we do not find the same results as above. Two important
assumptions of this form of the model are as follows. Any ensemble population
density that does not exceed the critical population density for one patch will be
considered globally extinct (This is due to the fact that even if all individuals were to
reach the same patch through dispersal events, their density would be so low as to
require dispersal away from the patch, the density eventually dwindling further due
to Allee and edge effects.); and secondly, that if the sum of all migrants is less than

10°%, then these migrants are considered insufficient to alter the outcome of the
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model and are thus lost from the population. This second assumption is required to
prevent infinitesimally small numbers of migrants dispersing between patches over
many dispersal attempts.

As we introduce this lower critical threshold (N4) to the model, there are two
possible outcomes for each patch (fig. 6). Firstly, the patch population may establish
successfully, the density remaining above N, (either in stable equilibrium, or with
regular cycling fluctuations - fig. 6a). Secondly, a patch may become extinct due to
the interaction between competitive and Allee effects (fig. 6b). This can occur if the
amplitude of fluctuations increases, eventually falling below the threshold - leading
to all individuals leaving the patch to escape the reproductive loss brought on by the
low density. If a patch is initiated at a very low density, individuals will leave

immediately in this manner.
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overcome reproductive losses from the Allee effect. As d is increased (leading to an
increase in Ny), we bring the critical lower threshold closer to the lower limit in the
density of patch fluctuations, and dispersal is initiated. However, this leads directly
to global extinction.

Figures 7c¢ & d highlight the pattern of local patch extinction with an increasing
density-dependent criterion, as the pressure leading to reduced reproductive output
caused by the Allee effect leads to individuals leaving patches in search of a patch
with a greater density of conspecifics. Local patch extinction is often determined by
initial patch density. Examination of the time-series reveals that patches with low
initial densities become extinct within the first few generations. This has very
important implications for global population survival, as initiating all patches with
the same density (perhaps a biologically unrealistic assumption) leads directly to
global population extinction as soon as the patch densities fall below N,4. In contrast,
patches initiated at different (random) densities can persist even when some patch

densities in the lattice fall below the density-dependent criterion
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Figure 7: In a population under the influence of the Allee effect, as well as competitive
effects, increasing the density-dependent criterion does not change the ensemble population
dynamics, and will lead to global extinction (under certain parameter values) if the criterion is
high enough (figs. 7a & b: =70;a=1;b=6; A=1.7a.y=0.01; 7b: y = 1). The dashed
line in figs. 7a - ¢ indicates the global value for N,. Parameter values can be chosen that
yield sustainable global population densities below the global threshold density, although the
global population size does decrease as & increases (figs. 7c. =5,a=1,b=6,A=1,y=
0.1). Under these circumstances, some local patches become extinct, while others in the
environment retain a stable local population. The proportion of empty patches in the
environment is shown in figure 7d. Dashed line corresponds to parameter values used in 73;

dotted line corresponds to 7b; solid line corresponds to 7c.

We can see from figures 7¢ & d that choosing parameter values that produce non-

trivial stable equilibrium dynamics allows dispersal to take place in the model based
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on a lower critical population density, without necessarily leading to global
extinction. These parameter values remain biologically reasonable, although they do
not lead to the population density fluctuating over time. In fact, dispersal only takes
place over the first few generations while the population establishes itself in some of
the patches in the lattice, leaving other patches empty. This occurs as patches that are
initiated below the threshold population size (N4) empty, with individuals seeking
patches with a greater density. Low values of & generate a relatively low critical
density, increasing & leads to a geometric (non-linear) increase in the critical
population density. Patches that are initiated below this threshold (V) empty in the
first generation, the individuals dispersing to surrounding patches in search of areas
with a higher density, to alleviate the reproductive loss incurred by the Allee effect.
As patches reach a density above the critical threshold, the parameter values used
here mean that a stable equilibrium results, therefore once patches reach a density
greater than N4, they will stay at a density consistently above the critical density, and
will not fluctuate (unless there is immigration, which leads to damped oscillations,
returning to equilibrium). At higher levels of 8, more patches are initiated (at
random) below N4, and therefore fewer patches remain viable in the first generation.

Patches that become extinct are unlikely to be recolonised.

4b) - d) A lower threshold density with a cost to dispersal

Once again, there are three different ways we can introduce a cost to dispersal.
Initially, we can introduce a fixed mortality cost to every dispersal event. This does
not change the population dynamics when they are unstable compared to simulations
without any explicit cost to dispersal (Fig. 8a). This result holds if parameter values

are chosen that lead to stable equilibrium dynamics.

92



Chapter four

Secondly, introduction of an accumulative mortality cost that increases with each

within generation dispersal event will not qualitatively change dynamics (Fig. 8b).
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Figure 8: Introducing a cost to a population with a lower density-dependent criterion. By
including either a fixed mortality cost to all dispersers (8a) or an increasing accumulative
cost (8b), dynamics remain qualitatively unaltered. The only type of cost that will alter
dynamics is a limit to the number of dispersal events that can take place within any
generation (8c & d). Here we select parameter values that lead to global extinction ( =70, §
= 0.7), and find that limiting the number of dispersal events (to 5 in this case) can promote

population persistence (8c¢).

Finally, introduction of a limit to the number of within-generation dispersal events
can be shown to allow population persistence, without stabilising the population
dynamics (Figure 8c). Choosing parameter values that would lead to global

extinction if there were no limit to the number of dispersal events allowed, we can
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see that while limiting the number of within generation dispersal events does not
simplify chaotic dynamics, it can lead to global population persistence. An
underlying assumption with this form of cost is that the individuals migrating in the
final permitted dispersal event will remain in the final patch they arrive in, and
accept the fitness cost if the density is below the threshold. If we relax this
assumption, and lose these dispersers from the population through mortality, global

extinction occurs once again (fig. 8d).

5. Introducing both an upper and lower threshold to the population

5a) No cost to dispersal

Here we combine the different threshold densities that have been studied in this
work, N, and N,. This obviously places greater constraints on the population, with a
narrower range of population densities permitted before dispersal will occur (figure

9).
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as figure 8a - except = 0.1), while 9e - h show what happens with stable equilibrium

dynamics (parameter values as 9a - d, except A = 5).

At low values of A and 8, the dynamics (and dispersal decisions) are dominated by
competitive effects (the upper threshold), as the unstable fluctuations are simplified
to a non-fluctuating equilibrium (fig. 9a), which does not occur when only the lower
threshold controls the dispersal rule (figs. 8a & b). As we increase the values of A
and J to the point where N, < N, the dispersal rules become untenable, meaning that
the population is always driven to global extinction. This occurs because the
interaction between the upper and lower critical threshold densities always forces
individuals to disperse, as the lower threshold density (N,) is actually higher than the
upper threshold density (V,). Although the mean number of dispersal events is very
small, high amounts of dispersal take place within the first generation, as individuals
try to find a patch within which they can settle - which obviously cannot happen -
they are therefore lost through edge effects, leading to global extinction (fig. 10).
Here we can see the limits where N. has a value above and then below the
equilibrium population size (N¥). If N, is greater than N*, individuals will tend not to
have to disperse. As we decrease N, (by increasing A), each patch is forced below
the equilibrium population size, and at the start of every generation all patch
densities will tend to exceed N, as their density tends towards the equilibrium
attractor. Dispersal will continue until enough individuals have been lost through
edge effects, and all patches have a density equal to or below N,. It is in this manner
that all patch densities are synchronised.

Decreasing the size of y directly decreases the value of N4, thus when the Allee

effect has an influence over a relatively small population density, the global
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Chapter four

permitted = 5), bringing them back to a non-fluctuating stable equilibrium again if dispersal

mortality is high enough.

It is interesting that parameter values that produce chaotic dynamics without
dispersal, but produce non-fluctuating dynamics when there is density-dependent
dispersal (fig. 115 - A & 6 = 0.5) can lead to stable populations arising with densities
above the upper density criterion. This means that it is possible to have a greater
(global and local) density than would normally be possible if the dispersers were
allowed as much time as they required to find patches that satisfy the density-
dependent criteria. By limiting the number of dispersal events that can be taken,
dynamics clearly become destabilised, which could perhaps lead to an increased risk
of extinction if stochastic events were to influence the population in any way.
However, introducing dispersal mortality will simplify dynamics, returning them to
their original stable state with sufficient mortality even if the number of dispersal

events is limited (fig. 11d).

Discussion

In this study, I have shown that density-dependent dispersal can indeed have a
stabilising effect on population dynamics when dispersal is directly influenced by
competitive pressures. This result is in agreement with previous findings (Ruxton &
Rohani, 1998). The generality of these results is emphasised by the fact that the
results from these different studies have been found using different functions to
model population growth. Ruxton & Rohani (1998) employed the Maynard-Smith &
Slatkin (1973) function to model population growth, while here we use the Hassell

(1975) function for modelling density dependence in a population with no Allee
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effect, as well as the Fowler & Ruxton (2002) function for modelling competitive
and Allee effects within a single species population. We go on to show that if
individuals base dispersal decisions away from a population patch to avoid fitness
loss from an Allee effect, this may lead directly to global population extinction,
which is perhaps a surprising result, and is discussed further below.

Introducing a cost to dispersal in different forms produces different results. Ward et
al. (1998) estimated that less than 1 per cent of autumn migrants of the bird cherry-
oat aphid (Rhapalosiphum padi) found a suitable host, clearly indicating both the
extreme costs involved with dispersal, but also the extremely strong selective
pressure for dispersal ability. Of course, dispersal costs may be expressed in many
forms, including dispersers having a reduced lifetime fecundity (Dixon 1985),
including being unable to breed within a season (Danchin & Cam 2002), and here we
only look at a few relatively simple costs that are easy to include within the model
framework. A simple cost to dispersers, expressed as mortality to some (fixed)
proportion of migrants was not found to alter the dynamics qualitatively, neither was
a mortality cost that increased with subsequent dispersal events. These forms of cost
simply reduced the number of dispersal events required for the dynamics to reach
their final state. Introducing a limit to the number of dispersal attempts made within
any generation was found to destabilise dynamics, although this type of dispersal
cost did permit population persistence over a range of parameter values that would
otherwise lead to global extinction in populations affected by Allee effects.
Combining these different forms of costs lead the "limited dispersal" destabilised
dynamics to return to a simpler dynamic form. This suggests that for dispersal to
evolve, it will only arise under realistic conditions, i.e. when there is a cost

associated with dispersing.
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If dispersal decisions are based on a lower critical population density, and parameter
values produce chaotic fluctuations, local patch extinctions occur readily, leading
eventually to global extinction. Even when individuals move to find patches with a
higher density (leading to local patch extinction), the chaotic dynamics could
produce extremely low densities in the new patch in following generations, leading
to further dispersal. As patches that have become extinct are extremely unlikely to be
recolonised (due to the combination of small numbers of dispersers being distributed
between surrounding patches and the lower threshold density leading to further
dispersal unless it is exceeded) the risk of global extinction through edge effects is
very high. This is supported by the fact that global persistence is permitted when
parameter values that produce stable equilibrium dynamics are used (fig. 7¢).

The fact that we do not use any individual variation, or spatial or temporal
heterogeneity in habitat quality in this model, may have important implications for
these results. By varying patch quality spatially or temporally, we may find global
persistence with more complex dynamics. Although that is beyond the scope of this
report, it is probably a useful extension. By looking at a "time-limited" cost to
dispersal, we can show that limiting the number of within generation dispersal events
(when dispersal is based on escaping the reproductive loss from the Allee effect) can
lead to population persistence, without simplifying population dynamics when they
are complex (fig. 11). This forces individuals to remain in a patch they wouldn't
otherwise inhabit, but we feel that it is still a biologically reasonable scenario. This
setting incorporates the ability of organisms to sense and assess their surrounding
environment, as well as placing pressure on individuals to settle in a patch within a
limited time period. Adding a mortality cost to this limited sampling time is perhaps

the most biologically plausible scenario, and here we show that this can simplify the
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unstable fluctuations brought about by limiting the number of dispersal events within
a generation.

Amarasekare (1998b) recently found that density-dependent dispersal mortality in a
population suffering from an Allee effect was of little or no consequence. We find
similar results, with the only difference comparing dispersal with or without
mortality (other than edge effects) being the number of dispersal events required for
the population to settle. However, the dispersal rule Amarasekare (19985) uses is
somewhat different to ours. Whereas we define some threshold value below (for A —
or above for 8) which no dispersal will take place, there is always some dispersal
away from patches in the Amarasekare (19985) model, regardless of local patch
density. A background level of emigration such as this may have clear benefits for
individuals if patch quality changes over time. Sampling other patches in the
environment would prevent all offspring being lost in local (natal) patch
catastrophes. However, this only tends to hold if there is no cost to dispersal. If there
is a mortality cost to dispersal (as there is in both our model and Amarasekare's) and
no variation in patch quality over time, then forcing individuals to leave a patch
regardless of the local conditions will lead to the unnecessary loss of dispersers when
the local patch conditions are below the critical population density.

An important and novel aspect of the work presented here is the introduction of a
lower critical threshold density, below which individuals will leave a patch. Heubeck
et al. (1997) have suggested that Kittiwakes breeding on the island of Unst, in
Shetland, abandoned low density breeding colonies due to the considerable predation
pressure of Great Skuas. They reported that dispersing Kittiwakes move to other
existing colonies and presumably benefit from a dilution effect on predation risk.

This has occurred at the same time as an overall reduction in the number of breeding
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pairs of Kittiwakes around Shetland. While the structure of our model is not exactly
analogous to the Kittiwake's life history, Heubeck et al.'s (1997) work does show
that dispersal decisions based on a lower critical population density can arise under
natural circumstances. Incorporating such decisions into our model also leads to
global population persistence (as well as a decrease in global population size) with
local patch extinctions (fig. 8) and we find our model results complement this study.

Results from density-dependent dispersal with a mortality cost to some fixed
proportion of dispersers (fig. 2) contrast with the findings from a similar model
where such a cost was included in a population with density independent dispersal
(Ruxton et al. 1997). We found no stabilising effect by including density-dependent
dispersal mortality in this way while Ruxton et al. (1997) found that increasing the
proportion of dispersers that suffered mortality before arriving at a new patch
simplified dynamics considerably. This difference in results was afso found when
comparing results of density-independent and density-dependent dispersal rules with
a population suffering from an Allee effect above (fig. 4). These differences arise
because introducing a cost to density-independent dispersal in this way simply
reduces the realised population growth rate by removing individuals from the
population after reproduction has taken place. While it may be expected that the
same process would occur with density-dependent dispersal, this was not found to be
the case, i.e. population dynamics were generally insensitive to the proportion of
disperses suffering mortality, which can be explained as follows. Running this model
on a lattice with periodic boundaries, and no cost to dispersal, would mean endless
rounds of dispersal taking place if the upper density-dependent criterion (A) lead to a
threshold density below the maximum global density produced for any given set of

parameter values (this could mean the stable equilibrium population size, or the
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upper bound for any form of fluctuating dynamics). Should the global population
size ever exceed the global value for the threshold density, some individuals leaving
patches due to competitive pressures may be able to find patches that are below the
threshold density. By settling in a patch, they will have increased that patch density,
which will eventually reach the threshold value, leading to all patch densities
becoming synchronised. Once this has occurred, any individuals that are still seeking
a patch below the threshold will continue to sample patches - unsuccessfully and
infinitely. It is only by introducing some form of dispersal mortality that the
population can settle to a suitable size. We do this implicitly by including absorptive
(lethal) edge effects in the models (or a fixed proportion of dispersal mortality when
we do use periodic boundaries). While the result from running the model on a lattice
with absorptive boundaries compared to periodic boundaries with a fixed mortality
cost to some proportion of dispersers is interesting, namely that the same qualitative
dynamics can be reached in approximately half the number of dispersal events, it is
not necessarily surprising. In an environment where individuals only experience
mortality at the edge of their habitat range, those in the middle remain buffered from
this mortality risk. However, eventually dispersers will move to an edge patch until
the population density across each patch in the lattice is below the threshold density.
Contrary to this, if all dispersers face a constant likelihood of mortality (regardless of
which patch they are emigrating from) all patches in the lattice will reach the critical
density at a faster rate.

Rohde & Rohde (2001) warn against the possible loss of dynamic information when
averaging multiple population densities, however, results from individual patches in
the models presented here lend confidence to the prediction our global dynamics are

representative of the local patch dynamics. Recent work by Etienne et al. (2002) on a
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model simulating Drosphila population dynamics including dispersal, competitive
and Allee effects, shows a variety of interesting results. They found that "reasonably
smooth" global population dynamics had arisen even when local patch dynamics
were deliberately set to be rather unstable. However, the method they employed to
include competitive and Allee effects were somewhat different to the method used
here. We use a non-linear function to determine future fitness (analogous to the
density of offspring produced) based on the current population size, where
reproductive output is reduced as a direct result of relatively high and low densities
(there is some tentative evidence to suggest that this function can describe
population processes in both aphids [chapter III] and E. coli [Gusev & Fowler, in
preparation] with some accuracy). Etienne et al. (2002) used explicit (fixed) upper
and lower larval population bounds, above and below which larvae could not survive
due to extreme competitive pressure, or mechanisms arising from Allee effects. The
assumption that populations are restricted in their population sizes in such a manner
is likely to have an extreme effect on population dynamics that may not be
biologically realistic. (Furthermore, the time periods used to determine establishment
[2 generations] and persistence [20 generations] of populations may not remove the
possibility of transients affecting their results.) By using explicit upper and lower
population bounds to determine juvenile (offspring) dispersal rather than juvenile
survival, we introduce the possibility for individuals to make a life history choice
based on the trade-off between density-dependent reproductive loss and dispersal
costs.

We tentatively suggest that the above results provide theoretical support for the lack
of chaotic-type dynamics found in empirical data-series (excluding the difficulties

associated with finding deterministic chaos in typically short and noisy time series
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[see Bjernstad & Grenfell (2001) for a recent review]). If the adults of a species use
some rule to decide what proportion of their offspring should disperse away from the
natal patch, these findings support density-dependence (through competitive or Allee
effects) as a cue for decision making. The fact that different costs influence the
results in different ways highlights the importance of including biologically
reasonable assumptions into models. A further extension to this work would be to
find the optimum values for the upper and lower critical thresholds through selection
simulations, or tests of invasions by individuals that base dispersal decisions on
opposite density-dependent criteria (i.e. upper vs. lower critical densities). The
results here add to the growing body of work that propose mechanisms that simplify
the complex dynamics often produced by (perhaps overly-) simple non-linear models
(e.g. McCallum 1992, Ruxton et al. 1997, Ruxton & Rohani 1998 and others). These
mechanisms bring theoretical results into line with data from ecological and
experimental time series. Adding even a relatively high density-dependent threshold
to this model simplifies chaotic dynamics (brought about with biologically
reasonably parameter values) to 2-point cycles and reducing the threshold density
further leads quickly to stable single-point dynamics. These forms of dynamics have
been found since the earliest examples of time series analysis of ecological data sets
(e.g. Elton 1927, Elton & Nicholson 1942a & b) and our results point to mechanisms
that can bring about such population fluctuations when including realistic life-history
choices in a simulation model.

This study shows that including density-dependent dispersal rules (including a cost
of dispersal) in relatively simple models of population growth clearly stabilises
dynamics, in some cases from highly chaotic to stable equilibrium dynamics. These

results highlight the importance of including such biologically relevant mechanisms
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in models that may be used in management or conservation practises, in order to
avoid spurious results from over-simplified models adversely affecting species

management decisions.
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SPATIALLY STRUCTURED POPULATION DYNAMICS

FEATURING CONTINUOUS RELATIVE PHASE-SHIFTING
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ABSTRACT

Populations displaying cyclic fluctuations in their size over time have been of great
interest to ecologists for the past three-quarters of a century. Here we present and
examine a spatially structured model that simulates the population dynamics of
Canada lynx (Lynx canadesis) and displays a time varying behaviour we term phase-
shifting, where cycles in different population sub-units move in and out of phase
with each other over time. We confirm that the phenomenon is more than different
patches simply fluctuating at slightly different cycle period lengths; rather it is a new
dynamical behaviour. We go on to demonstrate that this phenomenon can be found
under a wide range of conditions, including some that were previously deemed
unsuitable. The fundamental structure of the model is then altered in different ways,
and we show that phase-shifting can still arise. Given the prevalence of this
behaviour under a wide range of model conditions, it is perhaps surprising that little
attention has been paid to it previously. The consequences of this type of dynamical
behaviour are discussed, as well as discussing reasons why it may have been missed

in previous time series analyses.
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Chapter five

can be plotted over time. There may be a considerable change in the relative amount of
synchrony between different populations over time. Figs. 1b & ¢ demonstrate the change in
synchrony for populations of Canada lynx (between the first and last 30 years of time series;
data for 1a & b from Ranta et al. 1997a) and mountain hare in Finland (first and last 15
years; data from Ranta et al. 1997b). The variation present here indicates a change in

synchrony between patches over time.

In a report analysing data taken from the Hudson's Bay Company records of Canada
Lynx populations (Elton & Nicholson 1942a), Ranta et al. (1997) present the output
of a population model that displays a dynamical behaviour previously unreported in
biological systems: that the degree of synchrony between the cyclic dynamics shown
by different coupled populations changes over time. In other words, the relative
phase of fluctuations in population size between any two local units in the spatially-
structured population changes over time, shifting from being completely in phase to
completely out of phase and back again (figure 2).

Recently, two probable causes have consistently been assigned as possible factors
leading to synchrony arising in population dynamics, namely dispersal and spatially
correlated environmental noise - the latter being termed the Moran effect (Moran
1953a & b, Royama 1992, Ranta et al. 1995, Koenig 1999, Bjernstad & Bolker,
2000 and Ylikarjula et al. 2000). With each of these causes apparently dominating at
a different spatial level (Paradis et al. 1999), these two factors have both been shown
to lead directly to synchrony arising in different populations. Grenfell et al. (1998)
have shown a link between weather patterns and synchronous fluctuations arising in
the dynamics of two isolated sheep populations on small, geographically close
islands, while Ranta er al. (1995, 1999) have reported that dispersal can maintain

synchrony in various different species. It has been suggested that at a local scale
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dispersal will play an important part in promoting synchrony, while the Moran effect
will dominate at a global level (Hudson & Cattadori 1999). Other possible causes
have been suggested as causing synchrony in population cycles. For example,
Ruxton & Rohani (1998) suggest that fitness dependant dispersal has a very strong
synchronising effect, and Jansen (1999) claims that phase locking may act as a
further cause of synchronicity arising in connected populations. However, phase
locking actually appears to develop as an effect of dispersal between populations,
rather than a being a cause of spatial synchronicity (Ranta et al., 1999). Another
important factor associated with cyclical fluctuations is the relationship between
hosts and their pathogens (Grenfell et al. 2001, McVean et al. 2002). Given the
considerable current interest in understanding patterns of synchrony in natural
systems (Balmforth 2000, Holyoak 2000a, Kendall et al. 2000, Schwartz et al. 2002
and others), a greater understanding of the behaviour briefly reported by Ranta et al.

(1997) would seem to be a useful starting point for further research.
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phase-shifting, that is still present up to at least 9900 time steps. Figs. 2d & e describe the
cycle lengths (in time steps) of 50 different cycles from two randomly chosen patches, with

the time series of each displayed in fig. 2f.

In this study we seek to address the following questions. How robust is the phase-
shifting behaviour against perturbations to the particular parameter values chosen by
Ranta et al. (1997)? Studying this will allow us to form hypotheses as to the model
characteristics that promote this behaviour and those that make it unlikely. This leads
us on to the next section, where we perturb the fundamental structure of the model in
a number of ways and across a wide range of parameter values, seeking to establish
which aspects of the model are necessary for this behaviour to occur. Specifically,
we will test the conjecture of Ranta et al. (1997) that such behaviour cannot occur if
the populations in the environment are arranged in a spatially regular pattern.

In the following section, we describe the model used to simulate population changes
over time. We demonstrate that the model can indeed produce the behaviour shown
in figures 1 and 2, that this behaviour is persistent through time and that phase-

shifting is potentially a biologically relevant dynamical behaviour.

The Model

This model is based on a long-term time series of Canada lynx describing a
deterministic single-species model that accurately simulates a 10.8-year cyclical
dynamic of population size that is found in the Canada lynx populations (Ranta et al.
1997). To give the model an increased level of biological realism, the authors choose
a random method of patch positioning within an arena, rather than the more

commonly used regular grid structure (coupled map lattice - CML). A fixed fraction
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(10%) of individuals dispersed in an exponential distance-dependant manner
between the 25 population patches, with the populations renewing after

Xy = A=m)F [X i X i(k—l)]+ M (1)

et
where Xjg+1 is the population size in patch (i) at generation number (k). Patches are
numbered i =1, ... ,n, while k= 1...T, where

FlX,.(,()Xi(k_l)]: Xy explr +a X4 + azx,.(k_l)l 2)

r is the intrinsic rate of population growth (set at 0.47 in simulations, unless
otherwise stated), and a; (0.056) and a; (-0.1) are parameters describing the strength
of density dependent and delayed density dependent feedback respectively. Mg;(k) is

the number of immigrants from patch s to patch i [sensu Hanski & Woiwod (1993)]

M(k) = mFLX,0), X,k - 1) RE< 3)

exp(-cd,)

(d;i is the distance between patches s and i and m = 0.1 and ¢ = 0.75 are parameters
telling the proportion emigrating and distance emigrated, respectively). The
populations were initiated in phase (X;; = Xi> = 10) and left to renew for 1000
generations (again, unless stated otherwise) to remove the transient effect of the

initial conditions, before sampling.

Testing the Time Series

To find out how relevant the phase shifting behaviour we report here actually is, the
time series data for different patches were tested using an autocorrelation function
(Chatfield 1996) to assess the period length of the cycling dynamics. Further analysis
of the time series was carried out by measuring the length (in time steps) of one

complete cycle of the dynamics within different patches. This process was repeated
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50 times within a patch to assess whether the cycle length varied over time, or
between patches. We suggest that variable cycle lengths within patches would

indicate a biologically interesting event, namely phase-shifting.

Positioning Patches on a Coupled Map Lattice

We then go on to apply the above model to a situation where the patches are
positioned regularly on a grid - also known as a CML - to explore whether the phase-
shifting behaviour will not occur under such circumstances. The dispersal kernel is
not changed initially - diffusion of individuals remains dependent on the distance
between the focal patch and all other patches in the environment. We study the effect
of varying different parameters to gauge whether phase-shifting will arise under
these conditions.

The underlying structure of the model is then altered further by changing the
dispersal rule to a simple nearest neighbour mode of migration. In this case, a fixed
fraction of individuals are distributed equally from the focal patch to the four nearest
patches in the lattice, that is, a quarter of the emigrants will travel to each patch
above, below, left and right of their natal patch. Periodic boundaries are used here to
avoid edge effects, which were not included in the other versions of the model due to
the dispersal kernel used. This allows for a fair comparison of results between the
different forms of the model described above. Here we relax the assumption that all
population patch densities are initiated with the same value to see if it is possible to

promote the phase-shifting behaviour in this type of model structure.
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Results

As the phase-shifting phenomenon still appears after more than 9,000 generations
(fig. 2), we can be sure that this is not a transient effect we are seeing, but a
phenomenon that persists over time. This is an important point, as this shows that the
phenomenon we are describing differs from the phase locking described by Jansen
(1999) and exceeds the length of time associated with supertransient behaviours
(Hastings & Higgins 1994, Crutchfield & Kaneko 1998).

Testing the time series generated with an autocorrelation function shows that r, = 9.
Thus, we have found that the conditions producing a cyclic dynamic here show a
periodicity of 9 time steps (years), rather than the 10.8 (~11) year cycle displayed by
the Canada lynx (Moran 1953a & b, Royama 1992, Ranta et al. 1997). We then
tested whether each within patch time series actually varies in frequency over time.
This allows us to rule out the possibility that the phase-shifting phenomenon found
here is simply an artefact produced by different patches cycling at different
frequencies to each other, while maintaining a constant within patch frequency. The
results shown in figure 2d-f show there is a variable cycle length both within and
between patches. Thus, we can say that although the dominant cycle length in the
time series for the tested patches is 9 time steps, the actual frequency of cycling
varies within patches over time, and also between patches. This confirms that the
phase-shifting phenomenon we are describing here is in fact an event of considerable
dynamical interest. Of particular note here is the loss of the cyclical dynamic, and it's
subsequent re-appearance around k = 640, further demonstrating the variability

between the time series both within and between patches.
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