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Because of its unwieldy complexity, under-
standing organization at the community
level has been an elusive, often frustrating
enterprise. This survey concentrates on
the assembly process itself, and examines
whether there are mechanics to community
assembly that provide the foundation for a
general theory of organization at the com-
munity level.

Whether ecological communities
are patterned structures, popu-
lations that respond independently
to environmental gradients, or
idiosyncratic, random collections of
species has long been a central
issue of ecology'-®. Arguably,
such distinctions form the most
fundamental aspects of ecological
thought and knowledge. Yet, de-
spite considerable attention and a
variety of approaches'™", neither
an empirical nor a theoretical frame-
work has emerged that adequately
describes phenomenology at the
community level. Reasons abound
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for this lack of progress, ranging from
the sheer complexity of ecological
systems'*!>, to the belief that there
are insufficient grounds for thinking
that harmonious processes occur at
the community level. Here I discuss
the phenomenon of community as-
sembly and evaluate whether the
mechanics of assembly might pro-
vide the desired framework. | ex-
plore the evidence for the existence
of community assembly rules, for
example rules that govern the dy-
namics — or produce an ‘apparent’
lack of dynamics - of community
change between states.

Before one can begin to ask
whether rules of assembly exist —
and by extension whether general
principles exist —one must first have
an adequate community definition.
This is a seemingly simple task.
However, a perusal of the ecological
literature shows that insect, lizard,
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Communities As Assembled
Structures: Do Rules Govern
Pattern?

James A. Drake

plant or bird communities exist, or
that the species comprising a guild
{e.g. frugivorous birds) or inhabiting
a location (e.g. benthos, parasites)
have been considered as communi-
ties. However, it is clear that such
diverse entities cannot simul-
taneously satisfy a community defi-
nition based on phenomenology
(Box 1).

This is not simply a semantic
problem. Inconsistent usage is risky
in at least two ways. First, many of
these ‘communities’ do not possess
even a hint of community properties
or, at best, possess only a portion of
these properties. For example, if a
few species (e.g. bacteria, birds or
beetles) vary in abundance through
time while the vast majority of the
species and community biomass
(e.g. vegetation) remains approxi-
mately constant, does the system
tend towards equilibrium dynamics
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or not? This is a critical question,
and serves to illustrate the scale
problems inherent in whole-com-
munity analyses'*'>. If our ‘com-
munity’ is composed of only birds or
insects, we might conclude a lack
of equilibrium dynamics??'. If our
view of the community includes all
species, we may decide that the
system is stable overall with some
variation among minor components.
This is a crucial distinction, but
which view is correct? While organ-
isms operating at disparate levels of
scale (e.g. soil bacteria versus forest
trees) may appear dynamically un-
coupled, they are clearly not, and
strong functional relationships exist
regardless of vast differences in
generation time.

Second, given that various com-
munity components (e.g. species,
guilds, locations) are all studied
under the guise of ‘communities’, it
is not surprising that general prin-
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ciples — if indeed they do exist —
have gone largely undetected. This
is not to say that all communities
and their components are governed
by the same processes and rules;
simply, that comparative analyses
using such data are of limited value.
The analysis of community compo-
nents can yield valuable insight into
ecological structure. Clearly, much
can be learned by concentrating
on intra-guild interactions. To date,
however, the search for generality
among widely differing levels of or-
ganization has done little to suggest
general principles. if further pro-
gress is to be made in understand-
ing communities, communities must
be studied rather than their com-
ponents.

The detection of pattern and historical
relics

The first step in determining
whether rules of assembly exist is
to demonstrate that a community
exhibits pattern in excess of that
expected by chance. There has
already been considerable dis-
course on the construction of null
models used to detect a departure
from a random expectation’222,
This issue remains unresolved. For
example, several studies have
shown that the detection or denial
of pattern can be complicated by
historical variation in the manner
in which the community was as-
sembled?-% (Fig. 1). Alternative
states are commonly observed
among communities, and such states
are likely to be the rule rather than
the exception?-%. Comparison of
patterns observed among some set
of extant communities, and a null
model of that community, cannot
partition historical from contem-
porary effects.

Because communities are histori-
cally derived entities, an analysis of
extant community properties alone
may be unable to discern among:
{1) pattern generated by processes
that no longer operate - the ‘ghost
of processes past’’; (2} pattern
produced by currently functioning
mechanisms; {3) an apparent lack of
pattern, which is nonetheless deter-
ministically produced (e.g. chaos);
and (4) true randomness. Essen-
tially, any past ecological process,
such as a species invasion or extinc-
tion, or environmental perturbation,
may have had a strong effect on
subsequent community organiz-
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ation. Without a knowledge of those
events, it may not be possible to
attribute mechanism to pattern?.

Unfortunately, community as-
sembly or whole-community suc-
cession has rarely (e.g. Krakatoa)
been documented in nature. As a
result, the impact of historical
events often remains unseen. While
such events may be unseen, it is not
because they did not have an im-
pact on the community. In many
cases, it is simply impossible to in-
fer cause and effect with data that
represent, essentially, a thin slice of
ecological time. In these terms, a
community must be thought of as a
continuous sequence or trajectory
of states through time. These states
may not be independent - that is, it
may be impossible to understand
current community conditions with-
out information about previous
states. If the current state is to be
understood, it is essential to ask
how the community arrived at that
state. Are there multiple assembly
routes to a single state, or can that
state be reached only through a
specific set of events? In the final
analysis, the mechanisms that are
currently functioning may actually
have little to do with the pattern at
hand.

Several controlled laboratory
studies — studies using artificial
habitats in nature, long-term field
studies, and studies based on ob-
served patterns of distribution -
have shown that altering the order
of species introduction used to as-
semble communities can produce
communities containing different
sets of species?*3*3¢  This result
holds — theoretically and empiri-
cally — despite equal access by all
species to the assembling com-
munity**3°. What are the impli-
cations of such dynamics? Com-
munities assembled from the same
species source pool can vary con-
siderably and appear, by any
measure (statistical, topological or
otherwise), idiosyncratic upon com-
parison. Without historical infor-
mation, one may rightly conclude
that a given community lacks an
identifiable and general pattern.
However, with historical information
about how the systems were as-
sembled, it is clear that in many
cases powerful mechanisms and
process are operating. Is there any-
thing in the mechanics of com-
munity assembly that might provide
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a framework for understanding com-
munities in general?

Assembly-rule mechanics: constructing a
puzzle

The term ‘assembly rule’ has
been used to describe the mech-
anics of how the species of a com-
munity fit together?*2531323440-42 p
this sense, assembly is much like
fitting together the pieces of a
puzzle, where the rules of assembly
are implicit in the relative shapes of
the pieces (Fig. 2). In ecological
terms, ‘fit' has a variety of meanings,
ranging from trophic accommo-
dation and topological consider-
ations*?, to competitive relationships
with other community members. In
evolutionary terms, however, the
relative shapes of the pieces and
the rates of exchange between ad-
jacent pieces are likely to change.
New species may also be added as
a result of speciation or invasion.
These events serve to create, adjust
or eliminate community assembly
rules and subsequent emergent
properties.

The analogy between a puzzle
and a community lacks an essential
and vitally instructive feature. A
puzzle has but one picture regard-
less of the order in which the pieces
are fitted together. A community may
possess alternative states, replete
with mutually exclusive sets of
species and patterns of abundance.
This has been well documented in
nature, and provides us with a tool
to explore community phenomena.

The mechanisms and processes
behind the production of alterna-
tive states are the devices of as-
sembly rules. These rules, in vari-
ous forms, produce communities
that are differentially vulnerable
to invasion?-34  Certain species
ensembles resist invasion by some
species better than others. In such
cases, competitive dominance hier-
archies have little or no predictive
value®. This may not be because
competition, for example, is strong
enough to preclude invasion in one
system but so diffuse in another
system that the invader is success-
ful. The ensemble itself can possess
emergent properties that deter-
mine invasibility?**2. Emergent prop-
erties may be thought of as the
expression of the set of assembly
rules that operates given a particu-
lar species composition and histori-
cal context.

In numerous field and laboratory
studies, the existence of alternative
community states is a recurring
phenomenon?~*. Are there any
common features among com-
munity types that exhibit alterna-
tive states? Alternative states have
been found in widely disparate
community types. What are the
rules that generate and maintain
alternative states? That is, are there
specific mechanisms, say compe-
tition, that always lead to alternative
states? The answer appears to be
no. Are there particular community
‘architectures’ or topologies that
produce alternative states?43%942?
The answer is still equivocal, and
much work needs to be done in this
area. Nevertheless, current evi-
dence does suggest that alternative
states (whether stable or not) do
exist, as a direct function of as-
sembly mechanics.

Consider a simple model of com-
petitive intransitivity?*28328 inyolv-
ing three species: A, B and C. In this
scenario, species A competitively
excludes or suppresses species B,
which in turn suppresses species C.
Species C, however, is capable of
excluding species A. No state is
stable when the third species colon-
izes, and the sequence of invasion
as well as relative invasion rates
determine the frequency of occur-
rence of each species and perhaps
the community type. Using the same
species, but in the absence of a
temporal component to assembly,
an immutable competitive hier-
archy (A beats both Band C, and B
beats C) can exist?*?.

Given this intransitivity, operat-
ing within a guild embedded in a
community, indirect effects initiated
by the intransitivity may have
numerous further effects. Species
composition may act as a switch,
turning the intransitivity ‘on’ or ‘off’,
and affect the period of various
states. Subsequently, the intran-
sitivity may define much of the
species composition of the com-
munity. One must ask whether it is
the competitive interaction or the
emergent property, manifest as an
intransitivity, that is responsible
for pattern at any given time. The
mechanism of interaction alone
(competition in this case) is clearly
insufficient to explain the dynamics
of the community. This argument
can be extended to many kinds
of ecological phenomenon. Hence,

Extant community
depictod in ‘food
web’ form

ASSEMBLY TRAJECTORIES

&
-

State B

A

State C

Species
Source
Pool

Fig. 1. Differences in extant community configurations
(states A, B, C) that result from variation in assembly
history (e.g. order of species invasion). Despite equal
access by all species to all communities, alternative
states arise as a direct result of assembly history. Here,
four trajectories are depicted: two converge to the same
extant community, and two reach other states. That
variation in an assembly trajectory can lead to alterna-
tive states suggests that ecologists must understand the
trajectory producing the state if that state is to be
understood.

there are mechanics to assembly
that add considerable variation to
the kinds of patterns seen. The
mechanism behind the variation is
the assembly rule.

Fig. 2. Depiction of the 'puzzie’ analogy for community
assembly. If species A colonizes first, then either
species B or species C can colonize — competition is
assumed. Depending on whether B or C is successful,
species D is either a potential colonist or finds the
community resistant to invasion.
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Table 1. Some cases where assembly rules or assembly-rule phenomena have been documented®

System Mechanism or effect Refs

Birds Forbidden combinations or species co-occurrences, 5,7,8,11,12,
character displacement 22,23,44

Amphibians Priority effects, predator reversal of competitive effects 26

Marine Alternative states, invasion resistance 29,33

invertebrates

Ants Alternative states 32

Aquatic Alternative states that were sequence-driven 24-26,31

microcosms

Diptera Alternative states and multiple domains of attraction, 22
priority effects

Lizards Alternative states 45

Trees Alternative states and multiple assembly pathways 27,37,43

Algae Multiple stable states 24

Reef fishes Competitive lottery 30

Small Invasion success as a function of species functional 41

mammals group

Insects Multiple assembly/successional pathways, priority 4648

effects

2Most of these studies illustrate rules for only a portion of the community. In several of the
laboratory studies, species composition was completely known. The table is by no means

exhaustive.
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Species ensembles and higher-order
pattern

Lawton¥ offered an evaluation of
how the direction or trajectory of
succession, defined as the change in
species composition through time,
may be influenced by ‘pair-wise’
interactions. He concluded that
rules for assembly indeed exist, and
that any number of mechanisms
form the basis for such rules. A grow-
ing set of studies provides support
for this conclusion (Table 1). At this
point, the question is whether or not
there are any common features that
offer insight into the mechanics be-
hind community assembly. If there
are, what are these features, and
do they form a viable framework
from which to approach community

"questions?

Diamond's study?**** of patterns
of species coexistence among a
portion of a community in New
Guinea provides intriguing insight
into assembly mechanisms. He con-
cluded that competition was the
force driving species distributions
in the avifauna component. These
results have been variously chal-
lenged and defended®?, but re-
gardless of one’'s perspective, the
mechanics suggested by Diamond
and others for producing pattern do
provide insight. Others have found
similar examples where assembly
mechanics produce alternative

states. Roughgarden®’ showed that
lizard species composition between
islands in the Lesser Antilles could
be explained by the ecological sep-
arations created by the tectonic
movements of the islands. Other
workers, including Drake?*, Robin-
son and Dickerson®, Wilbur and
Alford?, McCune and Allen?, Gilpin
et al®, Barkai and McQuaid® and
Sutherland?®?, have observed strong
historical and sequence effects —
effects strong enough to reverse
normally deterministic outcomes.
Cole?? found alternative stable com-
binations of ant species under dif-
ferent assembly scenarios. Barkai
and McQuaid?® have shown effects
as dramatic as functional reversals
in predator-prey relationships. Such
phenomena continue to be un-
covered, and they offer our best
hope for the development of a
theoretical understanding of com-
munities in general.

In concert, these studies provide
a conceptual framework for the
mechanics of how communities as-
semble (Table 1). The pivotal el-
ement in each of these studies is not
a specific mechanism, regardless
of the mechanism involved (e.g.
competition, predation, mutualism,
parasitism). The consequence of
the mechanism (coexistence, extinc-
tion, variation in ensemble proper-
ties and configurations) appears to
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be strongly dependent on historical
context. While specific events dur-
ing community assembly may have
a stochastic element (e.g. which
species colonizes when), the result
of assembly history can define

-which rules operate and which do

not. For example, several exper-
imental studies have shown that
communities assembled with differ-
ent sequences of invasion pro-
duced communities that contained
different species?~26-283132  |n my
own work, | found that a species that
is a good colonist and competitive
dominant under one set of circum-
stances may find itself unable to
survive given a slightly different as-
sembly scenario. The point is sim-
ply that assembly rules have a
strong historical component, which
means that such rules are patently
dependent on context.

In addition to the physical en-
vironment, including effects at local,
regional and global scales, other
variables can be examined for com-
monality, species composition, per-
sistence, distribution and relative
abundance, and any other com-
munity metric. The critical variables
are (1) the context and history of
how the system was assembied,
and (2) the immediate or real time
effect of interactions and ensemble
effects. Both variables are import-
ant; one is a reflection of where the
community has been and the other
offers a glimpse of potential future
states. It is very difficult to under-
stand the reasons behind observed
patterns, or lack of pattern, with only
information about the community
at hand.

In many cases we must rely on
inference to understand observed
community patterns. If we under-
stand the events that directed com-
munity succession and can compare
the dynamics of different situations
(the assembly of communities with
different sequences of species in-
vasion — assembly mechanical dif-
ferences), we should be able to
detect assembly rules. By associating
specific patterns with assembly scen-
arios capable of producing those
patterns, we may be able to under-
stand the reasons for variations
among communities —even when no
historical information is available.
Further theoretical and empirical
studies will be required before any
such inferential base will be useful.

This must be done using an ap-
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proach based on context rather than
through the single-minded pursuit
of some fashionable mechanism.
We still do not understand enough
about community assembly to pro-
duce a catalogue of patterns and
assembly routes to those patterns.
Whether such a rule base will be
specific, say to aquatic systems, or
generalizabie to all systems is un-
known. Careful laboratory and field
work is still needed.

The role of disturbance and stochastic
effects

That stochastic effects or periodic
but drastic seasonal shifts in climate
may regulate community pattern
has been known for some time.
This is an important component of
assembly-rule processes. Clearly,
some systems exist under highly
variable conditions. The frequency
and magnitude of disturbance,
coupled with the generation times
of community members and topo-
logical response, defines the role
that disturbance plays in assembly
processes. The role of disturbance,
and the frequency of its occurrence
in relation to species composition,
may well be pivotal points in com-
munity assembly.

Sale30, Chesson®, Chesson and
Case®? and others have stressed that
stochastic effects can eliminate or
reduce competition (or any other
process) to the point where the
process has no effect on community
organization. How do such effects
influence community assembly and
assembly processes? These may
very well be the only cases where a
null model comparison would hold
up. Here, the characteristics of the
disturbance determine what eco-
logical outcomes or assembly rules
are possible. The frequency of the
disturbance can be vital in deter-
mining the overall effect of the
disturbance. If the frequency of
perturbation is greater than the
survival time of the propagule (or
propagule source), will variation in
species composition increase, de-
crease or be unaffected? This ques-
tion, and how the resulting rules
of assembly are changed, remains
largely unexplored.

Conclusions

There is enough evidence to
conclude that assembly rules can
govern community patterns. While
beyond the scope of this article, a

growing body of theoretical studies
also supports these conclusions.
Admittedly, assembly rules are dif-
ficult to uncover in natural com-
munities because of our inability to
view past events. Inference is often
disconcerting. Pattern may not be
the result of contemporary ecologi-
cal processes but of events that oc-
curred sometime during community
assembly. Given our current level of
analytical sophistication, it may not
be possible to understand pattern
in many communities. This is in-
deed a disturbing conclusion, but
all is not lost. ‘Bundles’ or genera
of assembly rules appear likely
to exist within specific community
types (e.g. Mediterranean-type grass-
lands), and to produce specific pat-
terns regardless of the nature of the
community. Before such a con-
clusion can be drawn, additional
work at the whole-community level
must be done. This work must be
focused on community assembly
mechanics and the specific mechan-
isms involved.
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Evolution of Insecticide
Resistance

In his recent review on the evolution
of insecticide resistance, Mallet!
made some interesting statements
on which we would like to comment.

The idea that herbivores often de-
velop insecticide resistance prior to
their parasites and predators because
of an inherently high activity of de-
toxifying enzymes for handling plant
toxins is appealing. However, there
are, to date, no data suggesting that
the three principal systems of detoxi-
fying enzymes (glutathione S-trans-
ferases, mixed-function oxidases and
esterases) are more active or more
abundant in herbivorous than in car-
nivorous insects. In fact, the results
of an examination of the levels of
mixed-function oxidase activity in nu-
merous insect species showed that
relatively high levels of these detoxi-
fication enzymes were found in om-
nivorous, carnivorous, phytophagous
and nectar-feeding species?. Further-
more, several species now resistant
to a wide variety of insecticides have
barely any contact with plant ma-
terials (e.g. the sheep blowfly Lucilia
cuprina®), and we feel that it is unwise
to extend the theory to encompass
resistance in mosquitoes by suggest-
ing that plant chemicals are leached
into the larval habitat. However, we
would agree that it is possibie that
a relationship exists between the
ability to develop increased detoxi-
fication and the variability of the tox-
icity of the environment.

According to Mallet, a single major
resistance gene is selected in field
conditions {leading to a monogenic
inheritance of resistance), whereas
under laboratory selection several
genes of small effect arise (giving a
polygenic inheritance of resistance).
It is questionable that selection is
weaker in the laboratory than in the
field since (1) the insecticide con-
centration used to select laboratory
strains can be very high, sometimes
reaching the limits of insecticide solu-
bility, and (2} the strength of field
selection is very difficult to determine
accurately.

Polygenic inheritance has mainly
been demonstrated in populations
displaying a low level of resistance
(below tenfold), i.e. in instances
where inheritance is difficult to study
using bioassay data*®. It is therefore
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possible that polygenic inheritance is
assumed because of the statistical
difficulty in distinguishing a linear
dose—mortality curve from one with
a small inflexion at predicted mor-
talities in the F, or backcrosses. An
alternative explanation to that of
Mallet is that the genes conferring
high levels of resistance may not be
available in laboratory strains be-
cause of a low mutation rate and a
reduction in genetic variability (since
strains were maintained for many
generations prior to selection). For
instance, inbred greenhouse popu-
lations of Tetranychus urticae did not
develop resistance to the insecticide
Pentac, despite seven years of selec-
tion, until outcrossed to a wild strain®.
We would like to see some references
for Mallet’s statement that ‘Neodar-
winian theory predicts that novel
traits will evolve fastest when many
loci, each of which has a small effect,
determine the phenotype’.

Mallet’s discussion of models on
the evolution of resistance entails hy-
potheses used in population genetics
at least since Fisher’. Hence these
models were not new, even if ‘insec-
ticide resistance has its own quirks’.
All the results concerning the fixation
of resistance genes, whether recess-
ive, codominant, dominant or with
different initial frequencies, are di-
rectly derived from models in classi-
cal population genetics textbooks.
The very valuable contribution of re-
sistance models, however, was in the
prediction of a quantitative result, for
example in the comparison of the ef-
ficiency of insecticide rotations and
mixtures®?,

Finally, as a comment on the ques-

~ Reply from ].L.B. Mallet

One of the most interesting questions
about resistance evolution is: why do
pests often become resistant before
their natural enemies? Two major
hypotheses have been put forward:
first, pests are helped by having
a greater initial ability to detoxify
foreign chemicals, perhaps in part
because plant chemicals induce de-
fences; and second, insecticidal kills
favour the population dynamics of

tion raised by Mallet on ‘the evolution
of insecticide resistance: have the in-
sects won?’, we would like to mention
the life/dinner principle of Dawkins'®:
‘the rabbit runs faster than the fox
because the rabbit is running for his
life while the fox is only running for
his dinner’. Insect species are devel-
oping resistance to survive whereas
Man is controlling insects to protect
crops and reduce diseases. Has Man
invested as much in control as in-
sects have in resistance?
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pests over those of their natural en-
emies. Neither hypothesis is based
on hard evidence, and | did not intend
to give an impression of certainty in
my review. Tabashnik and Johnson'
have recently reviewed these hypoth-
eses, as well as other impartant
possibilities such as bias in docu-
mentation and differences in genetic
variability, and conclude that evi-
dence for greater detoxification by



