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Patchiness in marine and terrestrial systems:
from individuals to populations

S. A. LEVIN

Department of Ecolagy and Evolutionary Biology, Princeton University, Princeton. New Sersey 08544, 7.5 . A,

SUMMARY

The phenomencn of patchiness is critical to understanding biological diversity. Individuals respond to
patchiness in their environments by movement patterns. by allocation strategies. and bv other
mechanismns. On an evolutionary timescale, these responses to variability change the scaies on which
organisms perceive the environment: and through the effects of individuals on their environments. such
evolutionary responses alter the ecological and evolutionary context experienced by other organisms,
Understanding the causes and consequences thus requires an understanding of individual responses, and
of how those responses lead to non-uniform patterns of distribution.

In this paper. the dvnamics of aggregation are explored from both a terrestrial and a marine
perspective. Through a spectrum of modeis that are individual-based. aggregations are seen to deveiop.

and macroscopic descriptions are derived.

1. INTRODUCTION

The phenomenon of patchiness is kev to the genera-
ton and maintenance of biological diversitv both in
marine and terrestrial sysiems. although the mechan-
isms and evolutionary responses differ from habitat to
habitat, Patchiness impiies heterogeneity, and hetero-
generty is central to diversity. In homogeneous sys-
tems, the number of wavs to exploit resources is
limited. and diversity is low. Hererogeneitv, in space
or in time, creates opportunities {or diversification.
and fosters coexistence. This observaton is hardlv
new. and numerous reviews exist that expiore the
mechanisms from a community viewpoint see. for
example, Levin [980: Marquet et al. 1993). For
purposes of making marine-rerrestrial comparisons.
however, an individual-based approach is especially
usetul. In this paper. [ will explore the issue of how
individuals respond to patchiness. how their beha-
viours contribute to patchiness. and the consequences
for diversity. In particular, I will discuss how aggre-
gations — non-uniform clustering of individuals in
space — develop as a result of the responses of indi-
viduals to environment, and to each other.

To recognize that patchiness and heterogeneity can
contribute to diversity does not suggest that ‘the more
patchiness, the more diversity’. The details of the
reiztionship between patchiness and diversity are far
from clear. For example, it is evident that some
fragmentadion can lead to niche diversification and
coexistence, but that disturbance or fragmentation
rates that are too high can contribute to increased
rates of extinction. Furthermore, species do not exist
independently of one another, and factors that contri-
bute 1o the existence of some can by that very effect
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lead to the demuse of competitors, prev. or hosts: that

is. factars that are favourable to the persistence of

natural enemies will therebv have an opposite effect

on their victims. Thus, for example. patterns of

disturbance can have simultaneousiy positive and
negative influences on the persistence of particular
species. and contradictory influences on species diver-
sity. No simple answers are available to questions such
as what patterns of disturbance or patchiness lead
to the highest diversity for any particular group. and
the experimental and theoretical literature provides
examples to support almost anv hvpothesized etfect.
No general formulas are available. no simple recipes.
to guide such appiied imperatives as reserve design or
land use practice. where the maintenance of biodiver-
sitv is a goal. To inform such enterprises. therefore, we
must achieve better mechanistic understanding of the
responses of individuals and popularions to patchiness
at diverse scales.

The background for understanding heterogeneity in
the distribution of species is the dynamic matrix of
heterogeneity in the physical environment. Variation
in soil quality in grassiands and forests, warm core
rings and Langmuir cells in the oceans. and patterns
of wind and water movements provide the context for
understanding biological patchiness, as mediated by
the differential responses of organisms to differing
environmental conditions. But examination of the
scales of physical variation without reference to the
scales on which the focal organisms experience varia-
bility is of little relevance, and those scales are
determined evolutionarily by an interplay between
environmental variability and organismal responses.
Dispersal, dormancy, and other life history adap-
tations represent evolutionary responses to the threats
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and chailenges ot unpredictabilitv. and change the
reievant scales ot environmental variabilicy. Patterns
of patch utlization similarlv represent evolved svn-
dromes. Thev are conditioned bv patterns of back-
ground variabilitv. but bv their very nature change
the relevant scales of variabilitv. Such adapiations
have two kinds of effects: first of all. they modify the
scales on which the evolving species perceives the
environment: secondiy, thev modifv the environments
of both the evelving species and those thar interact
with it. One thus cannot speak of patchiness in the
abstract. but must consider evolutionarvy as weil as
behavioural responses of organisms. and the refevant
perceptuat scales.

Why organisms aggregare represents a question of

deep evolutionaryv interest 1e.g. Hamulton 1971; Norrs
& Schilt 1987 resource acquisition. predator avoid-
ance or defence. and maung behaviour are the most
familiar hvpotheses. The probiem is compiicated and
made tnteresting by tradeoffs between what is good
for an individual and what is good for a group.
whether a kin group or simply an aggregauon.
Consider. tor exampie, the dilermma of an individual
taced with joining ar not a group whose size 15 close w0
that which wiil maximize the fitness ol the individuals
in it. The individual. trom its awn perspecave. should
join the group: the group should repel the individuai.
Whose interests will prevail wiil depend on the
particuiar siruauon. [n terreserial svstems. with small
group size and a rerritorv that is easilv detended. 1t
will be easier tor the group 1o have 1ts wav than in
OPen Marme svstems. or in situattons where group size
is very large and sirangers are iess easily idenufied. By
this argument. the size of a monkev troop should more
nearty approx:mate an optimal group size than should
a larger aggrezation such as a wildebeest herd or fish
school. especially in sttuations where there s no
territory that 1s being defended. From an evolutionary
perspective. one might expect that in the tormer
situation Iroup S1Ze s an imporiant evolutionary

parameter. wmie n the latter a iocal measure of

density is more relevant. [t seems iikelv. for example,
that gnus and krill can sense locai densites, but

unlikelv that thev might be able o esumare the size of

the aggrezaton to which thev belong: indeed. the
further implicaton s that group size iself is both
irrelevant ana aniv tuzzilv defined for such organisms.

Organismai responses 1o environment can smooth
or aggravate existing inhomogeneites. Diffusion and
other mechanisms for redistribuuon are naturaliv
thought of s untformizing; but where there are
mismatches herween scales of redistribution. as in
diffusive instabilities (Levin & Segel 1976%, non-
untform pattern can result even in environments that
are apparentlv uniform. Indeed. understanding how
partern can arise in homogeneous svstems is one of the
fundamental cheoretical questons in science: closely
related. both substantively and mertaphorically, is the
question of how svstems can self-organize through no
other source of information than the local interactions
among their units or agents.

Whar are the main mechanisms contributing to the
generation and maintenance of patchiness, and how
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does thetr importance compare across terrestrial and
marine svstems? In open (convex; and homogeneous
environments. conventional {diffusion-reaction; models
suggest that non-uniform pattern cannot arise except
through the acuon of differenrial diffusion. For the
open ocean. this would seem to restrict substantally
the number of routes 1o pattern. Diffusive instabili[ic's
have been suggested as sources of pattern in phyio-
piankton-zooplankton svstems | Levin & Seget 1976:
Okubo 1974 but liutle evidence exists o support this
notion. Indeed. a substantial body of available daca.
demonstrating paichier distributions of zoopiankion
than phvtopiankion on fine scales. runs counter 10
what would be required for an explanation of diffusive
instability to apply (Levin e a/ 1989: Grunbaum
1992). In such cases. one must turn instead to seek
more detailed understanding of the behavioural re-
sponses ot individuals to physical and biological cues.
In the sections that tollow. a brief treatment will be
given of sorme examples.

2. FRONTS

One ot the most serking patterns seen in the vast
African grassiands are the great herds of wildebeest.
moving xt umes in single Ale. at others with broad
fronts exhibiting hnger-like protrusions : Sinclair 1977
Scow 1988° Conveational mathematical models of
movement. simpie diffusion models e.g. Qkubo 1980;
Andow et ad. 1992, 1993, cannot account tor such
patterns. As we will see in the next three sections.
diffusive or more general Eulerian descriptions can be
derived for virtually anv rules ot movemenr: but unless
they are obtained bv extrapolation from individual-
based considerations. the chance of happening upon
the correct macroscopic descriprion is smaill.

For wildebeest. Gueron & Levin 11994) bhegin by
considering the one-dimensional movement of the
front. Specificaily, they assume that the individual ac
abcissal position r speeds up or slows down in the g
direcunn depending on whether its position 1s ahead
or behind the average position of its neighbours. In
parncular. the velocitv of individual ¢ is

dyer di=rvt —F Ayiia. ..

where r1i: is the mean speed in the absence ot cues.
and 4 is

A=yttt —y i,

and where § is the average position of individuals is a
specified neighbourhood. Through analvtic approxi-
mations and simulations, Gueron & Levin expiore the
dependence of front pattern on the individual res-
ponse function F, and on the number of neighbours
sampled. Figure | demonstrates a typical front pat-
tern, mimicking the wavy fronts that are sometimes
observed in the field. If higher order terms in 4 are
discarded, a diffusion limit can be obtained for this
model, with negative diffusion in the case that gives
rise to aggregation. This is not surprising in itself] as
negative diffusion is known to be one problemarical
route to aggregarion. However, the discrete model,
in which individual identities are maintained, avoids
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Figure 1. Front patern generated by Iocal model. After
Gueron & Levin . 1994,

manv of the problems of well-posedness associated
with the diffusion limit. and the higher order terms tn
A remain to stabilize the front patterns.

In extensions of this approach. Gueron er al. 1994
consider a genuine two-dimensional model in which
individual movements are permitted in both horizon-
tal and vertical forward. not upi directions. Based
on knowledge of how individuals respond to other
individuals. the model incorporates both long-range
attraction and short-range repulsion. with an inter-
mediate neutral zone. The existence ot multiple scales
artses naturailv from observadons of individual beha-
viour. bur is reminiscent ot the need for sitert-range
Lcrivation (here. repulsion: and long-range mnhibition
here. attraction: in more general models of pattern
tformation. Such behaviours also explain why traffic
jams are much less likelv as tor exampie in fish schools.
where stmilar models apply. than in human-operated
automobile aggregauons. in which rail-gating is a
commen maladapuve response to high densites.
Another important difference s that in  trathe
schools’. individuals appear 1o respond primarnily to
the veloctties of neighbouring individuals. speeding up
ar slowing down whnen their neighbours do.

3. XRILL SWARMS

The kev feature of the modeis described in the last
~ection 1s that thev iead o pauerns that depena oniv
nn local decisions bv individuals. For swarming or
«chooling marine organisms. as tor herding and flock-
ing terrestrial animals. pattern is neither determined
purelv externaliv nor purelv mternallv. To model
aggregations across scales. one must find wavs to meld
external forcing and internal dyvnamics. [n marine
swvstems. broad-scale pattern is determaned by fuid
motions: thus. a logical starung point is the Navier-
Stokes svstem of equactions trom which can be denved
a Lagrangian descniption tor the forces acting on
individuals (Hofmann 1993%, On finer scales. the
acrive swimming behaviour of individuals assumes
importance, and leads to patterns of partchiness that
differ from passive markers such as temperature or
from phytoplankron activity. To represent such active
swimming behaviour. and responses to other organ-
isms. one may amend the fluid mechanical description
bv adding 1o the Lagrangian equations terms repre-
senting behavioural ‘forces’, active responses to other
individuals’ positions or movements. From this indi-
viduai-based approach, one may derive aggregate
Eulerian descriptions (Grunbaum 1992). Although
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the end resuit is similar in spirit to the inital
description, or to a diffusion model, it is quite different
in detaii. In partcular. in Grunbaum'’s model. which
is similar in its assumptions to the models described in
the last section. individuals adjust their positions in
response to the positions (or movements) of other
individuals within a neighbourhood. If individuais
find themseives in aggregations above a ‘target den-
sity”, thev move down-gradienc: if they are below the
target density, thev move up-gradient. Because the
neighbourhood is finite in size, the resulting Eulerian
description is not envrely local but. as in the previous
section. involves an average integrali over the sensing
neighbourhood: the machemartical form is of a parual
differential-integral equation.

The general approach described in this and the
previous section fits within a framework developed
in earlier work Sakai 1973: Suzuki & Sakai 1973:
Okubo 1986: see review in Grunbaum & Okubo
1993}, Such approaches recognize a varietv of kinds of’
forces: locomotorv. grouping :attraction and repul-
ston). arraval velocity equalization) and random
e.g. turbulence . By ignoring or emphasizing parucu-
lar classes of forces. one obtains a guide to their influence
on pattern. [n Grunbaum'’s extension of existing models.
patterns of patchiness emerge that are suggestive of the
distributions seen n nature. Ulumatelyv. the challenge
will be ro see how closelv the predicted distribunons can
mimic those seen in the fteld. and to attempt to denve
macroscopic parameters for fusion and fission rates ot
groups from measurements made on individuais.

4, HAWKS AND DOVES: THE IMPORTANCE
OF BEING DISCRETE

Models that attempt to describe the process of aggre-
gation must 10 some wav come to grips with the
spaual distribution of organisms. Different modeiling
approaches capture different ieatures ol the spanal
distmbution. and the search tor the best such descrip-
tion 15 also a search tor understanding what details at
the fine scale are essenual tor understanding the
problem of pattern tormation. [s the lacal nature of
interactions kev. the discreteness of individuats. the
patchiness of space. or must one account for every
detail of the spanal distribuuion of organisms? VWhat-
ever answers apply to these guestions. a modelling
approach can be found to tit. [n an attempt o provide
guidance for addressing such gquestions. Durrect &
Levin (1994} invesugate the differences among tour
basic modelling approaches: -1; mean field models, in
which spauai information is rtotallv ignored: .ii)
reaction-diffusion models (see Levin 1974), formed by
adding diffusion terms to the mean field descriptions;
fiii) patch dynamic models (Levin & Paine 1974,
Chesson 1981), in which individuals are assumed to be
grouped into clusters or patches. with random mixing
within and reduced mixing with other patches; and
(iv) interacting particle models. in which individuais
are assigned to patches with fixed spatial positions. In
this approach, interactions occur within neighbour-
hoods, and multipie scales of interaction are possible.

Naturally, these four cases do not exhaust the range
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of possibilities. For example, coupled map lattices
differ from reaction-diffusion models in having dis-
crete spatial patches rather than a continuum of
possible locations: they differ from interacting particle
models in having a continuous state space rather than
integer values. However, for the purposes of this paper,
it is sufficient to restrict attention to the four cases
above; the title of this section is shamelessly stolen from
Durrett & Levin 19941, who also borrowed it from
somewhere.

To catalogue the differences among  these
approaches. Durrett & Levin consider the interaction
between two species. for convenience termed hawks
and doves. and specifically consider three possible
scenarios. In case |. corresponding to the coexistence
of species in the mean feld approach. there is little
difference among the approaches. From virtuailv
any set of initial conditions. coexistence results. and
no non-uniform spatal structure develops. Case 2.
characterized bv inirjal condition-dependent competi-
tive exciusion in the mean field model. is somewhat
more interesting. This case is tamiliar to ecologists as
conungent competition, although other biological
sitcuations fir the same description. In the patch
dvnamic approach. litde changes: one species or the
other wins our. independent of starung condition, and
no spatial siructure develops. Both the reaction-
diffusion and interacting particle approaches lead to
a different conclusion. Coexistence is stifl impossibie,
but the outcome. except in non-generic cases. is
insensitive 1o initial conditions: there is a single best
tvpe, determined by the paramerers.

The previous resuits are interesting, but have no
relevance 1o the problems of patchiness. patch forma-
ton, and aggregation. Case 3 is somewhar different.
In this case. in the mean feld description. hawks
outcompete doves under any conditions. but cannot
sustain themseives in the absence of doves. This
provides the essentials for a classic fugiuve scenario. in
which doves are the colonizers of empty space. oniv 1o
be suppianted by competrnveiv superiour hawks. The
hawks eliminate the doves. and then drive themsetves
to exunction. In the mean field approach. as well as in
the reaction-diffusion extension. that is the whole
storv: the svstem ulumatelv goes exzinct. In the other
two approaches. however. coexistence is possible
through a spauotemporal sharing of resources. The
key is both the localization of effects, and the quan-
tum nature ot an individuai-based approach. Whereas
in the mean field models, infinitesimal numbers of
hawks alwavs are present 10 create difficulties. these
microindividuals are non-existent in the individuai-
based approaches. It is possible again to derive an
appropnate diffusion limit for these systems (Durrett
& Levin 1994}, but that limit is far different than thas
which is obrained by slapping diffusion terms onto che
mean ficld equations. The kev to coexistence is in
the formation of aggregations, clearly evident in the
simulations.

5. CONCLUSION

Patchiness and spatial heterogeneity are major con-
tributors to biological diversity, but the exact relation.

Phel. Trans. R, Soc. Lond. B {1994)

Paichiness in marine and terrestrial Systems

ships are not transparent. A central issue invoives the
relationship between observed heterogeneity and
diversity: how and on what scales should patchiness be
measured?

To address these issues, one needs ro develop
mechanistic theories of diversity, relating individual
behaviours to environment, and patterning to indi-
vidual behaviours. This requires the wedding of
theoretical and observational approaches, and the
development of individual based modeis that link
observations on multiple scales and suggest critical
expertments. In this paper, I have explored the
dvnamics of aggregation from bath a terrestnal and a
marine perspective, and discussed how macroscopic
descriptions mav be derived from spatially expiicit
models.
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Discussion

M. WHITFIELD - Marne Biological Association. Plymoutk, (7K 5.
Pr.ofessor Levin has described some advanced meodeis that
can take account of the influence of interacrions between
individuals on the characteristics of animal aggregations. To
what extent can such models be used to study the influence
of the nawire of the exchange of information between
individuals on the dvnamics and structure of animal assem-
biages? For exampie. could we use such models to decide
which ot the manv signals passing between individuals are
most etfective in generatng the schooling behaviour
observed in fshes?

5. A. Lzviwy, Models of the sort I have described certainly
can provide a framework for incorporating descripeions of
informaton exchange, as in the work of Debarah Gordon
and her cotlaborators. [ndeed. the models presented aireadv
relv an the transfer of one wvpe of information - an indi-
viduai's position or velocity - and it would be straighttor-
ward to extend those models bv generalizing the descnption
ot an individual’s state.
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