Ecology, 84(11), 2003, pp. 2979-2988
© 2003 by the Ecological Society of America

SPACE PREEMPTION, SIZE-DEPENDENT COMPETITION, AND THE

COEXISTENCE OF CLONAL GROWTH FORMS

SEAN R. CoNNOLLY®3 AND SoyokA Muko?

1Centre for Coral Reef Biodiversity, Department of Marine Biology, James Cook University, Townsville,
Queensland 4811, Australia
2Department of Biology, Faculty of Sciences, Kyushu University, Fukuoka 812-8581, Japan

Abstract. Interspecific interactions that produce nontransitive competitive networks
have been proposed to promote diversity in a broad range of systems, including coral reefs.
In this paper, we model the effect of size-dependent shifts in competitive ability on the
coexistence of canopy-forming and understory coral species, and we predict how these
shifts influence patterns of community structure along large-scale gradients in disturbance
and recruitment limitation. We consider three models, representing a gradient from purely
hierarchical competition in which the canopy-former is dominant, to competition involving
standoffs and reversals between the understory species and juvenile canopy-formers. Anal-
ysis of these models leads to two key conclusions. First, as competition becomes less
transitive, coexistence may be promoted or inhibited, depending upon the extent to which
the canopy-former can sustain itself by clonal propagation. Specifically, when clonal growth
alone is adequate to sustain the canopy-former, increasing nontransitivity promotes coex-
istence. When it is not, nontransitivity inhibits coexistence. Secondly, size-dependent non-
transitivity dramatically changes how gradientsin disturbance and recruitment affect species
coexistence. In contrast to hierarchical interactions, standoffs and reversals do not show
an “‘intermediate recruitment’’ phenomenon, in which coexistence is facilitated at inter-
mediate levels of recruitment. Moreover, under hierarchical competition, the dominant
always benefits more than the subordinate as recruitment is increasingly facilitated. Under
standoffs and reversals, however, increasing recruitment often favors the canopy-former at
some levels of disturbance, but the understory species at other levels of disturbance. These
results differ markedly from previous models of stage-dependent competition, suggesting
that promotion of coexistence by ontogenetic shifts in competitive ability depends upon
the mechanisms by which competition occurs in particular ecological contexts. The results
also indicate that the effects of gradients in disturbance and recruitment on community
structure depend fundamentally on how species compete for space.
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INTRODUCTION

Understanding how species diversity is maintained
when many species compete for one or a few common
limiting resources is a perennial issue in ecology
(Hutchinson 1961, Connell 1978, Hubbell 2001). Much
theoretical and experimental work in community ecol-
ogy has focused on this topic, particularly for sessile
organisms. Because the mobility of such speciesislim-
ited to a specific dispersal phase, access to space—and
the resources that come with it (e.g., light, suspended
particles)—can be limiting to individuals even when
those resources are available elsewhere in the habitat.
As aresult, models of competition for space have been
among the most extensively explored in community
ecology (Yu and Wilson 2001).
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Mathematical theory for assemblages of space-lim-
ited, benthic marine animals has tended to adopt one
of two characterizations of competition: symmetric,
preemptive competition or strictly hierarchical com-
petition (see Sebens [1982] for an exception). Under
preemptive competition, once adults gain access to
space they cannot be competitively displaced, so all
species’ larvae arerestricted to settling in vacant patch-
es of habitat (Chesson and Warner 1981, lwasa and
Roughgarden 1986, Muko and Iwasa 2000). By con-
trast, under hierarchical competition the individuals of
a dominant species always displace individuals of a
subordinate species (Hastings 1980, Stone 1995, Con-
nolly and Roughgarden 1998).

Some benthic assemblages appear well characterized
by hierarchical models (e.g., intertidal barnacles and
mussels, Connell 1961, Paine 1966; but see Dungan
1985); some by symmetric, preemptive models (e.g.,
coral-dwelling reef fish, Sale 1977; but see Munday et
al. 2001); and others by a combination of hierarchical
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overgrowth and symmetric preemption (e.g., many ses-
sile clonal invertebrates, Karlson 1980, 1983, Sebens
1986). However, more complex competitive relation-
ships occur as well. For instance, communities may
exhibit “intransitive loops” in which species A con-
sistently outcompetes species B, B consistently out-
competes species C, but species C outcompetes species
A (Buss and Jackson 1979). In addition, the outcome
of competition between two individuals or colonies
may depend on factors such as angle of attack, relative
size, or physiological condition (Connell 1976, Jackson
1979, Buss 1980). Both of these kinds of more complex
relationships produce nontransitive competitive net-
works, in which there is no clear hierarchy of com-
petitors (e.g., Jackson 1979, Keddy and Shipley 1989).
Evidence for such relationships is particularly strong
for coral reefs (Buss and Jackson 1979, Jackson 1979,
Chornesky 1989, Tanner 1992, Tanner et al. 1994,
1996), and this network-like complexity has been pro-
posed as a mechanism promoting diversity in these
systems (Buss and Jackson 1979, Karlson and Jackson
1981). For assemblages of scleractinian corals, thereis
some debate about the prevalence of intransitive loops
(Lang 1973, Connell 1976, Tanner 1992), but broad
consensus that competitive outcomes depend on colony
state, particularly colony size (e.g., Connell 1976, Lang
and Chornesky 1990). Therefore, this paper focuses on
the latter phenomenon, examining whether and how
size-dependent competition for space can promote co-
existence in assemblages of sessile, clonal organisms
such as scleractinian corals.

Among scleractinians, eight different kinds of com-
petitive mechanisms have been observed or implicated
(Lang and Chornesky 1990), and these can be divided
into indirect and direct interactions (Connell 1976). In
indirect interactions, the tissues of competitors do not
come into direct physical contact. The most prevalent
case is overtopping, in which a three-dimensional
branching, tabular, or foliaceous coral occupies the
space above a colony in the understory. Other growth
forms (encrusting and submassive corals) cannot over-
top, but they do engage in direct competitive interac-
tions, such as digestion and smothering by overgrowth
where tissues of different colonies come into contact
(Lang and Chornesky 1990). Direct and indirect com-
petition may both lead to the displacement of one col-
ony by the other, as the loser is digested, smothered,
or overtopped. However, direct competition may also
result in cessation of growth along the margin of con-
tact between two colonies (‘‘standoffs”), or in *“com-
petitive reversals”’ in which one colony temporarily
displaces a portion of another colony, then the pattern
is reversed (Connell 1976, Chornesky 1989, Lang and
Chornesky 1990).

Although much of the empirical literature on coral
competition focuses on competitive encounters be-
tween adults, corals also compete by preempting one
anothers' larvae. Propagules require space on which to
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settle, and adults occupy that space. As a result, re-
cruitment decreases as space occupied by adults in-
creases (Hughes 1985, Connell et al. 1997). At the
population level, thisinhibition of recruitment decreas-
es a species’ per capita population growth rate, and
thus contributes to competitive-interaction strength
(Connolly and Roughgarden 1999). Because both lar-
val preemption and adult—adult interactions occur
among scleractinian corals, competitive relationships
between species can be quite complex. For instance,
colonies of an overtopping species, such as a tabular
Acropora, and a digesting understory species, such as
a mussid or favid, will preempt one another’s larvae.
Mussid or favid colonies are likely to be able to digest
small, juvenile Acropora (Lang and Chornesky 1990).
Conversely, canopy-forming Acropora can overtop
mussids and favids (Stimson 1985, Baird and Hughes
2000).

The competitive interactions described above occur
between nearby individuals, but the extent to which
they influence species coexistence depends upon how
important those interactions are at the population level.
In particular, the extent to which available space can
be monopolized by potential community dominants is
limited by the frequency and intensity of mortality
events (e.g., disturbances), and by the rate at which
recruits colonize unoccupied space (Connell et al.
1997). Models of hierarchical competition suggest that
the outcome of competition varies along gradients in
mortality and recruitment because competitive ability
influences how species respond to such gradients (Con-
nolly and Roughgarden 1998, 1999, Dial and Rough-
garden 1998). Thus, it is reasonable to expect that the
effects of gradients in mortality and recruitment on
community structure will differ between hierarchically
structured communities and communities with more
complex networks of interactions.

In this paper we extend classical models of com-
petition for space to incorporate key aspects of the size-
dependent competitive relationships that characterize
scleractinian coral communities. Specifically, we in-
corporate the preemption of space from larvae by
adults, digestion and overgrowth interactionsin the un-
derstory, and overtopping of understory colonies by
canopy-formers. Our objectives aretwofold. Firstly, we
examine whether and how the kinds of size-dependent
relationships that exist in scleractinian coral commu-
nities can promote coexistence. Secondly, we examine
whether and how size-dependent competition mediates
the effects of recruitment and disturbance on coexis-
tence. Analysis of the models uncovers fundamental
differences between hierarchical and size-dependent
nontransitive competition, and the analytical tractabil-
ity afforded by the models’ relative simplicity allows
those differences to be comprehensively characterized.
We find that size-dependent competition for space may
promote or inhibit coexistence, depending on the extent
to which the canopy-former can sustain itself by clonal
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Summary of competitive effects in the three models.

Competition model Indirect effects

Direct effects

Standoff C overtops J and U
Reversal C overtops J and U
Hierarchical C overtops J and U

standoffs between J and U; all populations preempt larvae
U displaces J; all populations preempt larvae
C and J preempt larvae; J recruits to and overgrows U

Note: Key to abbreviations: C = canopy-former, adult stage; J = canopy-former, subcanopy juvenile stage; U = understory

population.

propagation. We also find that the qualitative effects
of gradients in disturbance and recruitment on the out-
come of competition depend fundamentally upon how
species compete for space.

MODELS

We formulate and analyze three models (Table 1).
All include overtopping of understory corals by can-
opy-formers, but they differ in their characterization of
direct competitive encounters in the understory, and of
interactions between larvae and adults. In standoff
competition (Model 1), adults preempt larvae: larvae
cannot settle on space occupied by adults, regardless
of species. Similarly, direct competition between col-
onies in the understory is preemptive: colonies cannot
competitively displace one another. In reversal com-
petition (Model Il), adults also preempt larvae, as in
the standoff model. However, in the reversal model the
understory species can digest and overgrow colonies
of the canopy-forming species before the canopy-for-
mers have matured to canopy height. These standoff
and reversal models are formulated to approximate
competition between canopy-formers and understory
species whose competitive ability in direct encounters
is weak or strong, respectively. By contrast, hierar-
chical competition (Model I11) represents a hypothet-
ical interaction that is strictly hierarchical: the canopy-
former displaces the understory species, regardless of
life stage. By explicitly comparing this model with the
standoff and reversal models, we are able to unambig-
uously characterize the effects of size-dependent shifts
in competitive ability on species coexistence.

Sngle-species demography

In standoff and reversal competition, the outcome of
competition can depend upon the means by which space
is colonized (e.g., a digester can overgrow inferior
competitors, but its larvae can recruit only to unoc-
cupied space). Therefore, we extend the classical
space-colonization framework (e.g., Hastings 1980,
Tilman 1994) to differentiate between clonal expansion
(colony growth and fragmentation) and larval recruit-
ment in the dynamics of an understory species:

du

o by(1 - U)U + gy(1 — U)U — myU. (1)
U is percentage cover (explicit indication of time-de-
pendence, i.e., U(7), has been omitted throughout the

paper to make the equations more readable); by is re-
cruitment ability: the proportional rate at which avail-
able space is occupied by recruit cover, and g, is clonal
growth ability: the proportional rate at which available
space is colonized by clonal expansion. Recruitment
and clonal expansion exhibit density-dependent, logis-
tic dynamics: both are zero when there is no existing
cover to sexually or clonally reproduce (U = 0), but
both are also zero when there is no free space to col-
onize (U = 1). Partial and total colony mortality is
density independent, occurring at rate my, per unit area
of cover.

We divide the overtopper population into two stages:
asubcanopy juvenile stage, which growsvertically, and
a canopy-forming adult stage, which expands horizon-
tally (cf. tabular Acropora growth, Stimson 1985):

? = b.CF — v;J — mJ — g.CJ (29)
-
(;_C =vJ+g.Cl-C) - m.C (2b)
.
F=1-C-J (20)

J and C represent cover of juvenile (subcanopy) and
adult (canopy-forming) colonies, respectively, at time
7. Successive terms in Eq. 2a represent recruitment,
maturation to canopy height by vertical growth, den-
sity-independent mortality, and overtopping by adults,
respectively. Because reproduction is usually initiated
after the subcanopy phase (Wallace 1985a, Hall and
Hughes 1996), we model the production of potential
recruit cover as a function of adult canopy cover, but
not juvenile subcanopy cover (b.C). Recruitment is
proportional to free space, F (corals do not recruit to
living coral, and rarely recruit underneath canopy cov-
er; Wallace 1985b, Baird and Hughes 2000). Overtop-
ping by tabular corals is typically associated with sub-
stantially elevated mortality rates (Stimson 1985, Baird
and Hughes 2000), so we model overtopping as a
source of juvenile mortality (final term in Eq. 2a). Sub-
canopy juvenile cover matures to canopy height at rate
v; (first term in Eqg. 2b), and adult colonies expand
horizontally into available space at rate g (second term
in Eg. 2b). Mortality from sources other than compe-
tition (e.g., predation, disturbance) occurs at density-
independent rates m; and m¢ for juveniles and adults,
respectively.
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Model 1: Standoff competition

Standoffs are a likely outcome of direct encounters
in the understory between vertically growing juvenile
canopy-formers (e.g., staghorn or tabular Acropora, fo-
liaceous Turbinaria) and understory species that lack
strong digestive ability (e.g., Montipora, Porites, en-
crusting Acropora). We model such interactions as fol-
lows:

du

E = (pBu + YYUF — Buy + vcCOU (33
dJ

a = pBcCF — (L + dpy + vcC)J (3b)

CiIC =J+ vy.C(1-C) — 3pcC (3¢c)
F=1-U-J-C. (3d)

To facilitate analysis, Eq. 3 has been nondimension-
alized using a characteristic rate of v, (t = v,7; Gurney
and Nisbet 1998). Thus, B, v, and p represent rates of
recruitment, growth, and mortality, respectively, rela-
tive to the rate at which juvenile canopy-formers reach
canopy height. Recruitment can occur only to space
that is neither occupied by juvenile or understory cover,
nor shaded by canopy. Standoff competition implies
that growth of the understory species likewise occurs
only to unoccupied space (i.e., the understory species
cannot displace juvenile subcanopy cover, nor does it
grow into space shaded by adult canopy-formers). Mor-
tality of the understory population and subcanopy ju-
veniles occurs as adult canopy-formers overtop them.

To facilitate the characterization of coexistence
along gradients in disturbance and recruitment, we in-
troduce the parameters & and p, respectively (cf. Has-
tings 1980, Sebens and Thorne 1985, Dial and Rough-
garden 1998, Abrams 2001); & represents environmen-
tal effects on mortality rate, and p represents environ-
mental effects on recruitment ability, and thus can be
considered a ‘‘recruitment facilitation” parameter.
(Conversely, its reciprocal, 1/p, can be considered a
measure of ‘‘recruitment limitation,” defined here as
the degree to which environmental conditions inhibit
the rate at which propagules colonize free space.) Note
that 8 and p modify the population-level averages of
mortality rate and recruitment ability. Thus, character-
izing patterns of coexistence along these gradients in-
dicates how community structure would be expected
to change as the population as a whole was subject to
changes in disturbance rates or levels of recruitment
limitation. This approach is appropriate for exploring
patterns in community structure associated with long-
term or geographical variation in average disturbance
rates or levels of recruitment limitation (e.g., cross-
shelf or alongshore on the Great Barrier Reef, Puotinen
et al. 1997, Hughes et al. 1999), but not necessarily
patterns in community structure along small-scale gra-
dients in disturbance or recruitment within local com-
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munities (e.g., along a wave exposure gradient within
a single reef).

Model 11: Reversal competition

A stronger from of nontransitivity is competitive re-
versal, in which the understory population displaces
juvenile canopy-formers by overgrowth or digestion,
but is still susceptible to overtopping by adult canopy-
formers. Such interactions characterize competition be-
tween canopy-formers and encrusting and sub-massive
species with strong digestive ability (e.g., species in
the families Faviidae and Mussidae). We model such
interactions as follows:

du

E = pByUF + yyU(F +J) — Buy + vcC)U (49
dJ

E = pBcCF — (L + 3py + vcC + yyU)J (4b)

dC

E =J+ v.C(1-0C) — dpcC (4c)
F=1-U-J-C. (4d)

This differs from the standoff model in that the un-
derstory species can displace juvenile subcanopy cover
by digestion or overgrowth (second term of Eq. 4a and
final term of Eq. 4b).

Clonal expansion of canopy-formers via fragmen-
tation shares properties with both recruitment and col-
ony growth. Field experiments show that colony frag-
ments can bond to and grow on colonies of species
with poor digestive ability (Tanner 1997). This phe-
nomenon suggests that, for the standoff model, space
colonization by canopy-formers via fragmentation is
best viewed as a component of clonal growth ability
rather than recruitment ability. However, it seems un-
likely that the fragment of a canopy-former could suc-
cessfully attach to and grow on a strong digester—the
fragment would probably be digested. Thus, in situa-
tions better approximated by the reversal model, the
establishment of canopy-former fragments may occur
principally to unoccupied space, and thus may be more
appropriately viewed as a component of recruitment
ability than colony growth.

Model 111: Hierarchical competition

To assess the extent to which nontransitive compe-
tition promotes or inhibits coexistence, we contrast the
above models with a hypothetical system of hierar-
chical competition. To do this, we formulate a com-
petition model for populations whose single-species
demography isidentical to those of the understory and
canopy-forming populations, but whose interspecific
competition is hierarchical:
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du

E = (pBu + YU)UF — Bpy + vcC + pBcC)U  (59)
dJ

a =pBcC(L-C—J)— (1 +3p;+vcC) (B

c(j:l_(t: =J+ v.C(1—-C) - dpcC. (5¢)
F=1-U-J-C. (5d)

This model differs from the nontransitive models in
that the canopy-former can both recruit to and over-
grow space occupied by the understory species. This
approach is consistent with classical hierarchical-com-
petition theory, in which propagules of the dominant
displace subordinates (e.g., Hastings 1980, Tilman
1994). The model is principally formulated for com-
parison with the standoff and reversal models, but it
can also be considered an approximation of interactions
between canopy-forming corals and non-scleractinian
organisms to which coral larvae can recruit directly
(e.g., coraline algae).

Analysis

We base our analysis on comparison of species co-
existence in the three models. Initially, we conducted
an isocline analysis to identify the range of possible
outcomes of competition for each of the models. We
then addressed our two specific objectives. Firstly, to
determine the extent to which standoffs and competi-
tive reversals in the understory facilitate or inhibit co-
existence, relative to one another and to hierarchical
competition, we contrasted the range of demographic
abilities (combinations of growth, recruitment, and
mortality parameters) that allow an understory species
to coexist with a canopy-former in the three models.
Secondly, to determine whether and how the effects of
gradients in disturbance and recruitment limitation on
species coexistence are altered by nontransitive com-
petition, we contrasted patterns of coexistence along
gradients of & and p, respectively, in the three models.

ResuLTs
Isocline analysis

Isocline analyses indicated that the possible out-
comes of competition are qualitatively different for hi-
erarchical competition than for standoff and reversal
competition (Appendix A). In the hierarchical model,
the understory population has no effect on the canopy-
former (U does not appear in Egs. 5a or 5b), so the
only possible outcomes of competition are exclusion
of the understory species or coexistence. For standoff
and reversal competition, however, the potential out-
comes of competition depend critically upon the re-
lationship between two parameter values. canopy-for-
mer growth ability (yc) and mortality (pc). When ¢
> e, canopy-former persistence is independent of un-
derstory abundance, just as for hierarchical competi-
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tion; therefore, standoff and reversal competition admit
only the same two outcomes as hierarchical competi-
tion: exclusion of the understory species or coexis-
tence. By contrast, when y. < pc, exclusion of the
canopy-former by the understory species becomes pos-
sible. As a result, potential outcomes of competition
include exclusion of the understory species by the can-
opy-former, exclusion of the canopy-former by the un-
derstory species, stable coexistence, or apriority effect.

Sze-dependent competition and coexistence

To illustrate how the size-dependent competition af-
fects coexistence, we define two demographic quanti-
ties: understory colonization ability and understory
longevity. Understory colonization ability is the un-
derstory population’s intrinsic capacity to colonize
space (By + vyu). Understory longevity is the expected
length of time that space occupied by the understory
species remains occupied (1/w). (Becausethisanalysis
focuses on differences between life histories, the en-
vironmental gradient parameters p and § are omitted.)
We can then examine, for each of the three models, the
range of colonization abilities and longevities for
which an understory species coexists with a canopy-
former, and thereby determine whether coexistence is
facilitated or inhibited as competition shifts from hi-
erarchical to standoff to reversal.

For standoff and hierarchical competition, space col-
onization by sexual recruitment and clonal growth are
functionally equivalent: B, and vy, appear as a sum
(Egs. 3 and 5). Thus, colonization ability and longevity
completely describe the understory species’ demog-
raphy. By contrast, under reversal competition, recruit-
ment can occur only to free space, but the understory
species can directly displace subcanopy juveniles by
clonal propagation. Thus, reversal competition can lie
anywhere along a continuum of standoff-like compe-
tition (where space colonization is dominated by re-
cruitment, By > vy), and an extreme reversal (where
space colonization is dominated by clonal growth,
> B). By illustrating the standoff and extreme reversal
cases, we span the range of outcomes possible under
reversal competition.

As with the isocline analysis, results differ qualita-
tively depending upon the relative magnitudes of can-
opy growth ability (yc) and adult canopy-former mor-
tality (mne). When yeo > pe, nontransitivity promotes
coexistence. That is, as competition shifts from hier-
archical (Fig. 1A), to standoff (Fig. 1B), to reversal
(Fig. 1C), a broader range of combinations of under-
story colonization ability and longevity allow the un-
derstory species to persist in the presence of a canopy-
former, while the canopy-former persists in the pres-
ence of the understory species, regardliess of the un-
derstory species’ demographic abilities. By contrast,
when yc < e, Nontransitivity inhibits coexistence. Co-
existence under hierarchical competition still requires
the understory species to exceed a threshold combi-
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existence as functions of the understory species’ space-col-
onization ability and longevity for (A, D) hierarchical, (B,
E) standoff, and (C, F) reversal competition. Outcomes of
competition are shown as: understory species excluded (O),
stable coexistence (©), canopy-former excluded (-), and pri-
ority effect (+). The solid lines demarcate boundaries in pa-
rameter space between each of these outcomes of competition.
The left-hand column of panels (A, B, C) illustrates outcomes
when the canopy-former’s clonal growth ability exceeds its
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(D, E, F) illustrates outcomes when the canopy-former’s mor-
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nation of colonization ability and longevity (Fig. 1D).
By contrast, the standoff and reversal models exhibit
a ‘‘coexistence bandwidth’” (sensu Armstrong 1976),
bounded to the left and below by threshold combina-
tions of colonization ability and longevity below which
the understory species is excluded, and above and to
the right by threshold combinations of those quantities
above which the canopy-former is excluded (Fig. 1E
and F). Comparison of the standoff and reversal models
indicates that further increases in the degree of size-
dependent nontransitivity have a qualitatively similar
effect: the coexistence bandwidth becomes narrower,
and coexistence becomes less likely, as competition
shiftsfrom standoff (Fig. 1E) to reversal (Fig. 1F). This
outcome occurs because the upper threshold to the co-
existenceregion isreduced more sharply than thelower
threshold as one moves from standoff to reversal com-
petition. In other words, increasing nontransitivity in-
hibits the canopy-former to a greater extent than it
benefits the understory species.
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Associated with thistransition to a coexistence band-
width is the potential for invasibility thresholds to
cross. This outcome indicates the appearance of a re-
gion of priority effect (Fig. 1E and F). Moving upwards
and leftwardsin Fig. 1, understory colonization ability
decreases and understory longevity increases. Thus, the
location of the priority-effect region above and to the
left of the coexistence region indicates that coexistence
tends to be inhibited by understory life histories that
are characterized by low spatial turnover. Mathematical
analysis further supports this inference (Appendix B).

Coexistence along environmental gradients

In the previous section, we varied the understory
species’ demographic parameters and held the canopy-
former’s constant. This approach indicated how co-
existence conditions were modified as the species’ rel-
ative demographic abilities changed. In this section,
we hold the competitors' relative demographic abilities
constant, and examine how coexistence conditions
change with variation in environmental conditions (the
disturbance parameter 3 and the recruitment facilitation
parameter p). This approach reveals whether and how
the nature of competition mediates the effect of envi-
ronmental gradients on species coexistence.

Competitive outcomes are plotted for cases in which
the understory species has a recruitment advantage (8,
> B, Fig. 2A—C), a growth advantage (y, > vc, Fig.
2D—F), and a longevity advantage (pu, < pc, Fig. 2G—
1). Under hierarchical competition, coexistence occurs
at intermediate-disturbance levels—as disturbance in-
creases, the outcome of competition shifts from can-
opy-former only, to coexistence, to the understory spe-
cies only (illustrated by line 1 in Fig. 2A). For re-
cruitment facilitation, there is a threshold disturbance
value below which the understory species cannot per-
sist, regardliess of the level of recruitment facilitation
(e.g., dong line 2 in Fig. 2D). Above this threshold,
there is a pattern of coexistence at intermediate levels
of recruitment facilitation, with the outcome of com-
petition shifting from the understory species only, to
coexistence, to the canopy-former only as recruitment
facilitation increases (e.g., along line 3 in Fig. 2G).

Standoff and reversal competition produce patterns
of coexistence that differ markedly from those pro-
duced by hierarchical competition. As under hierar-
chical competition, thereis athreshold disturbancelev-
el below which the canopy-former excludes the un-
derstory species, regardless of the degree of recruit-
ment facilitation. However, there is also a threshold
disturbance level above which the understory species
excludes the canopy-former, regardless of the degree
of recruitment limitation (e.g., line4 in Fig. 2H). Thus,
coexistence is confined to a band of intermediate-dis-
turbance intensities. Moreover, within this band, in-
creasing recruitment facilitation does not necessarily
produce a shift from dominance by the understory spe-
cies, to coexistence, to dominance by the canopy-for-
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Fic. 2. Outcomes of competition along gradients in disturbance and recruitment facilitation. From left to right in each

panel, the regions shown indicate canopy-former only (O), coexistence (©), understory species only (-), and neither species
persists (blank region). The first column of panels (A, D, G) shows hierarchical competition, the second (B, E, H) shows
standoff competition, and the third (C, F, |) shows reversal competition. The top row (A, B, C) shows the case for which
the understory species has a recruitment advantage (8, > Bc); the middle row (D, E, F) shows the case for which the
understory species has a growth advantage (y, > v¢); the bottom row (G, H, I) shows the case for which the understory
species has alongevity advantage (., < pc). The horizontal and vertical dashed linesindicate how the outcome of competition
varies along gradients in disturbance or recruitment. Line 1 shows the change in the outcome of hierarchical competition as
disturbance increases. Lines 2 and 3 show the possible changes in the outcome of hierarchical competition as recruitment
increases. Lines 4-8 indicate the additional effects of recruitment gradients possible under standoff and reversal competition.

mer, as it does under hierarchical competition. Rather,
the outcome of competition may involve only part of
this sequence, such as from coexistence to dominance
by the canopy-former (e.g., along line 5 in Fig. 2E),
or from dominance by the understory species to co-
existence (e.g., along line 6 in Fig. 2F). Moreover,
which species is favored as recruitment increases may
change. In particular, when the understory species has
a recruitment advantage (B, > Bc), increasing recruit-
ment facilitation promotes persistence of the understo-
ry species when disturbance is low, but it promotes
persistence of the canopy-former when disturbance is
high (e.g., along lines 7 and 8, respectively, in Fig.
2B). In other words, the qualitative effect of recruit-

ment facilitation on coexistence depends upon the level
of disturbance—in marked contrast to hierarchical
competition.

DiscussioN

Size-dependent competition for space between clon-
al animals promotes coexistence when clonal growth
is adequate for persistence of a canopy-former, but not
when clonal growth is inadequate. This context depen-
dence differs qualitatively from previous theory of
stage-dependent shifts in competitive abilities, which
has emphasized the potential for ontogenetic shifts in
competitive ability to promote coexistence via trade-
offs in competitive ability at different life stages (Lo-
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reau and Ebenhoh 1994, McCann 1998). We suspect
that this difference is related to two features of the
models analyzed here: the dual modes of reproduction
associated with these organisms (sexual and clonal
propagation), and the potential for trade-offs between
displacement ability (digestion and overtopping) and
resource exploitation ability (space preemption), as
well as the more commonly modeled trade-offsin rel-
ative competitive ability with size.

Colony growth and fragmentation allows species to
circumvent the increased vulnerability to competition
that is often associated with early post-settlement life,
a developmental option that unitary organisms lack.
When clonal growth ability exceeds mortality among
adult canopy-formers (yc > ), the canopy-former is
immune to competitive exclusion. Thus, increasing
nontransitivity shifts the competitive balance from ju-
venile canopy-formers toward the understory species,
and facilitates persistence of the understory species
without excluding the canopy-former. Thisresult arises
from the possibility for indeterminate growth of adult
canopy-former clones. However, because there are
structural constraints to colony size in overtoppers
(they will fall over if the canopy becomes too large),
this scenario is likely to be most relevant for canopy-
formersthat form multiple attachmentsto the substrate.
For instance, staghorn Acropora, canopy-formers in
reef-flat and lagoonal habitats, often have high frag-
ment production and survivorship (Smith and Hughes
1999). Similarly, in turbid waters the expanding edges
of foliaceous Turbinaria appear to form secondary at-
tachments to the substrate (S. R. Connolly, personal
observation). By contrast, when clonal growth aloneis
inadequate for persistence (yc < pc), Size-dependent
shifts in competitive ability inhibit coexistence. Under
these conditions, exclusion of the canopy-former is
possible, so the coexistence region shifts from being
bounded only on one side, by exclusion of the under-
story species, to a coexistence bandwidth that narrows
as competition shifts from standoff to reversal. This
scenario is likely to better approximate competition
involving canopy-formers that have clear structural
constraints to colony size, and that (a) do not fragment,
or (b) have fragment survivorship and growth that is
too low to compensate for colony mortality (e.g., tab-
ular Acropora, Smith and Hughes 1999).

Our models also differ from existing competition
theory by including both direct interference (digestion
and overtopping) and indirect exploitation (space pre-
emption). Previous models of ontogenetic shifts in
competitive ability have focused on exploitative com-
petition (Loreau and Ebenhoh 1994, McCann 1998). In
these cases, the dominant competitor is the species ca-
pable of persisting when the limiting resource is at its
lowest level (Tilman 1982, Huisman and Weissing
1994). In such systems, stage-dependent shifts promote
coexistence by means of a trade-off between exploi-
tation ability in one stage vs. another stage. By contrast,
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in space competition the competitive dominant is typ-
ically defined as the species whose individuals are ca-
pable of directly displacing individuals of the other
species, while the species capable of most efficiently
exploiting the limiting resource (space) is the one with
the colonization and/or longevity advantage (e.g., Has-
tings 1980). Incorporation of direct displacement
makes possible a trade-off between interference and
exploitation ability, even in the absence of niche par-
titioning, much like the classical competition—coloni-
zation trade-off (Yu and Wilson 2001). This trade-off
is not possible in the purely exploitative systems char-
acterized in previous work. In this study, differences
between models in the effects of this trade-off on co-
existence overwhelm any effects of stage-dependent
shifts in resource exploitation ability, and thus drive
the predicted relationships between size-dependent
competition and coexistence.

Our results also show that the qualitative effects of
disturbance and recruitment depend upon the nature of
competition. Behavior of the hierarchical model pre-
sented here is broadly consistent with that of an hier-
archical model for intertidal barnacles (Dial and
Roughgarden 1998), despite differences in model de-
tail. However, disturbance and recruitment affect co-
existence under standoff and reversal competition very
differently than under hierarchical competition. For
standoffs and reversals, there is an upper disturbance
threshold to coexistence, above which the understory
species excludes the canopy-former. This upper thresh-
old produces a stronger intermediate-disturbance pat-
tern than under hierarchical competition, with thresh-
old disturbance rates below and above which coexis-
tence is impossible, regardless of the degree of re-
cruitment limitation. By contrast, the corresponding
intermediate-recruitment phenomenon appears to be
sensitive to the nature of competition, as it is largely
eliminated by standoffs and reversals. This is not to
say that the degree of recruitment limitation has no
effect on coexistence. In particular, the coexistence re-
gion can broaden as recruitment is increasingly facil-
itated (e.g., Fig. 2B and C), in contrast to the conven-
tional view that recruitment limitation promotes co-
existence by preventing the monopolization of resourc-
es. Numerical investigations indicate that this
expansion of the coexistence region with increasing
recruitment holds whenever the understory species has
a recruitment advantage. It can also occur in the ab-
sence of arecruitment advantage, if the understory spe-
cies growth or longevity advantage is sufficiently
large.

Finally, one unexpected finding is worth highlight-
ing: the tendency for low spatial turnover in the un-
derstory to inhibit coexistence under standoff and re-
versal competition (Fig. 1E and F and Appendix B).
The counterintuitive nature of this result is best illus-
trated by example. For an understory population in the
absence of a canopy-former population (Eg. 1), the
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percentage of unoccupied space at equilibrium is F=
ru/(yy + Bu)- Now, consider two different understory
populations. Both have the same F, but one has high
turnover (i.e., high mortality, balanced by high recruit-
ment and growth ability), while the other has low turn-
over. Under standoff competition, the competitive ef-
fect of the understory population on the canopy-former
is strictly via preemption of larval recruitment by
adults. The amount of space that is not preempted (F)
is the same for both understory populations, so one
might expect the two populations to be equally inva-
sible by a canopy-former. Previous theory for purely
symmetric, preemptive competition supports this in-
tuition: invasibility depends on F of the resident, not
the demographic details of how that F is maintained
(Iwasa and Roughgarden 1986). However, this predic-
tion changes, and intuition is violated, for standoff and
reversal competition: the population with low turnover
is more difficult to invade. This result is especially
counterintuitive for reversal competition: increased
colony growth ability of the understory population
should lead to an increased rate of encounters with,
and digestion of, juvenile canopy-formers. Thus, one
might expect that a digester with high turnover (i.e,,
higher clonal growth, balanced by higher mortality)
would be more difficult to invade. However, we find
precisely the opposite.

Conclusions

Coral-reef ecology has lacked a theoretical frame-
work for assessing how complex competitive interac-
tions influence species coexistence on coral reefs, rel-
ative to environmental processes that mediate the ef-
fects of competition at the population level, such as
disturbance and recruitment limitation (Knowlton and
Jackson 2001). Our results show that, even under re-
cruitment-limited conditions (i.e., space is not exhaust-
ed), and in the presence of high mortality, conditions
for coexistence differ substantially and often qualita-
tively under hierarchical vs. size-dependent, nontran-
sitive competition. Moreover, the nature of competition
can qualitatively alter how gradientsin recruitment lim-
itation and disturbance influence coexistence. Thereis
growing recognition that ontogenetic shifts in com-
petitive relationships can exert substantial influence on
patterns of species coexistence (Werner and Gilliam
1984, Loreau and Ebenhoh 1994, Werner 1994,
McCann 1998), and such shifts are known to be wide-
spread among clonal invertebrates (Jackson and Buss
1975, Buss and Jackson 1979, Sebens 1982, Lang and
Chornesky 1990). These observations, and the results
presented here, call for a renewed emphasis on the
effects of size-dependent competition, and other mech-
anisms that cause nontransitive competitive networks
in benthic communities.
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APPENDIX A
Results of the invasibility analysis are available in ESA’s Electronic Data Archive: Ecological Archives E084-078-A1.

APPENDIX B
Mathematical analysis of the effects of understory turnover rate on coexistence is available in ESA’'s Electronic Data

Archive: Ecological Archives E084-078-A2.



