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12.2 A PROPOSED SUSTAINABLE
CORAL-REEF MANAGEMENT MODEL

Mark M. Littler and Diane S. Littler

DUE TO THE GROWING problems associated with coastal eutrophication
and destructive fishing along tropical and subtropical shores, the responses of coral
reefs and macroalgae to both nutrient enrichment and release from predation have
been repeatedly cited as priority areas in need of intense management. The relative
dominance model (RDM) proposed here suggests a useful perspective to resource
managers attempting to protect coral reefs and similar coastal systems from eu-
trophication, destructive fishing, and initiation of harmful algal blooms. Thus, this
approach is timely in proposing a framework and guidelines for improved under-
standing and sustainable management of critical reef ecosystems. Unfortunately,
the recurrent role of modern humankind on coral reefs has been to decrease her-
bivorous fishes (Littler et al. 1991; Littler et al. 1993; Hughes 1994) through trapping,
netting, poisoning, and dynamiting, while simultaneously adding nutrients via
sewage and agricultural eutrophication (Littler et al. 1991; Littler et al. 1993; Goreau
et al. 1997; Lapointe et al. 1997). Unless these anthropogenic effects are curbed, in-
duced shifts from coral to fleshy-algal domination are anticipated to expand geo-
graphically at an accelerated pace (Nixon 1995).

COMPLEXITY

Because of the long history of environmental stability within tropical zones, coral
reefs have evolved astounding levels of complexity and biological diversity. This
complex nature of tropical reef ecosystems makes identifying causative factors
difficult and has contributed to the considerable controversy concerning the roles
of herbivory (top-down factors) versus nutrients (bottom-up factors). Turbulent
water motion and the many uniquely specialized benthic algae and photosynthetic
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symbionts dominating tropical reefs are responsible for some of the most produc-
tive natural ecosystems known. Four groups of benthic primary producers are re-
sponsible for the bulk of coral-reef productivity: cnidarian corals (containing
symbiotic algae), crustose coralline algae, algal turfs, and frondose macroalgae. Of
these, photosynthetic corals create much of the structural complexity and, with
coralline algae, are primarily responsible for accretion of calcium carbonate
(CaCO,) into the reef matrix, making them the most desirable functional groups
from a management perspective.

TOP-DOWN AND BOTTOM-UP CONTROLS

A basic objective in plant ecology is to understand the mechanisms by which natu-
ral and anthropogenic factors may maintain or alter structure and interactions in
biotic communities. Anthropogenic eutrophication and destructive fishing are the
most frequently cited factors correlated with the marked global decline in tropical-
reef communities over the past two decades (see reviews in Ginsberg 1993; Birke-
land 1997; papers in Szmant 2001). The concepts “top-down” and “bottom-up”
controls have been used (e.g., Atkinson and Grigg 1984; Carpenter et al. 1985) to de-
scribe mechanisms where either the actions of predators or resource availability
regulate the structure of aquatic communities. These factors provide a useful per-
spective to assess and manage the interactive mechanisms controlling stable states
and phase shifts among the dominant functional groups of primary producers on
tropical reefs.

In healthy tropical reefs, nutrient concentrations are extremely low, and attach-
ment space is preempted by a broad diversity of epilithic organisms. Given these
conditions, the major tenets of the RDM are (1) that competition for space and light
is important in determining the relative abundances of major benthic photosyn-
thetic organisms, and (2) that the outcome of competition for these resources is
most often controlled by the complex interactions of biological factors and environ-
mental factors. As proposed by Grime (1979) for terrestrial plants and expanded for
marine macroalgae (Littler and Littler 1984a; Steneck and Dethier 1994), primary-
producer abundances and evolutionary strategies are controlled by physical distur-
bances (i.e., factors that remove biomass) coupled with physiological stresses (i.e.,
factors that limit metabolic production). In the conceptual RDM (fig. 12.1), grazing
(top-down) physically reduces biomass of fleshy algae, and nutrients (bottom-up)
control production. The complex interactions between herbivory and nutrients are
most dramatically impacted by large-scale disturbances such as tropical storms
(e.g., Done 1992a), warming events (e.g., Macintyre and Glynn 1990; Lough 1994),
diseases (e.g., Santavy and Peters 1997; Bruno et al. 2003), and predator outbreaks
(e.g., Cameron 1977); however, these accelerate the ultimate long-term phase shifts
postulated in the RDM. Such stochastic events selectively eliminate the longer-lived
organisms in favor of fast-growing early-successional macroalgae, which are com-
petitively superior following disturbances.

On undisturbed oligotrophic coral-reef habitats, the effects of top-down physi-
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Figure12a The competition-based relative dominance model (RDM) modified from Littler and Littler
1984a. All of the functional indicator groups are present all of the time on coral reefs, but dominate most
often under the interacting conditions indicated by the four compartments. The complex interacting vectors
of long-term eutrophication and declining herbivory (either naturally or anthropogenically derived) are pos-
tulated to produce competitive shifts (arrows) away from coral and coralline domination on pristine reefs
toward various phases of algal dominance. Hypothetically, one vector can partially offset the other (e.g., high
herbivory may delay the impact of elevated nutrients, or low nutrients may offset the impact of reduced her-
bivory). Latent trajectories are most often catalyzed or accelerated by large-scale stochastic disturbances such
as tropical storms, warming events, diseases, and predator outbreaks. Degree of desirability, from a manage-
ment perspective, is shown by light to dark shading.

cal controls via intense herbivory prevail, resulting in overcompensation by graz-
ers; whereas bottom-up stimulation of productivity is minimal, due to lack of
nutrient availability. Under persistent elevated nutrients, however, consistent coral
declines can occur, concomitant with algal increases that may lead to profound
long-term effects throughout all combinations of herbivory. Changes in bottom-up
controls and their interactions not only alter the dominance patterns of primary-
producer groups, but also can have even longer-term consequences mediated
through structural transformations and chemical modifications to reef systems and
their resident fish populations. In other words, excessive nutrient enrichment not
only increases the productivity and biomass of weedy macroalgae, but, over the
long term, may lead to coral habitat degradation through reduced spatial hetero-
geneity by overgrowth and nighttime anoxic conditions.

The proposed management model addresses the considerable complexity of
coral-reef systems. Much of the overall diversity at the primary-producer level is
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afforded by the interaction of opposing herbivory and nutrient controls. Because of
the sensitive nature of direct and indirect interacting factors, coral reefs are partic-
ularly vulnerable to anthropogenic reversal effects that decrease top-down controls
and increase bottom-up controls, dramatically altering community dynamics. For
example, insufficient nutrients may act directly to limit fleshy-algal domination;
conversely, abundant nutrients enhance fleshy-algal growth, with the opposite
effect on reef-building corals. Furthermore, the effects of controls can be indirect
by influencing competition. Competition between algae and corals can be direct
(e.g., overgrowth) or indirect (e.g., preemption of substrate). Low nutrients and
high herbivory also act indirectly on fleshy algae through reduced competitive
abilities, whereas lowered herbivory and elevated nutrients also indirectly affect
corals and coralline algae by favoring fleshy-algal competition. Other ecologically
important bottom-up factors, such as light regime, abrasion, allelopathy, and sedi-
ment smothering, also can be indirect side effects of algal competition.

STATUS OF KNOWLEDGE

The relevant data on top-down versus bottom-up controls consist of short-term
caging or feeding experiments, as well as circumstantial evidence (e.g., Hallock
et al. 1993), correlative biogeography surveys (e.g., Littler et al. 1991; Verheij 1993),
physiological assays (e.g., Littler and Littler 1990; Lapointe et al. 1997), and long-
term manipulative studies. Top-down control by abundant populations of large
mobile herbivores is particularly well studied for coral reefs, beginning over four
decades ago with the caging study of Stephenson and Searles (1960). As examples,
Sammarco et al. (1974), Ogden and Lobel (1978), Sammarco (1980), Carpenter
(1986), Lewis (1986), Morrisson (1988), and numerous other workers (see review by
McCook 2001) have all demonstrated that lowering herbivory without changing
nutrient inputs most often results in rapid increases in algal turfs. Such low mats
are unique in containing an abundance of nitrogen-fixing blue-green algae
(Cyanobacteria) that can enrich other low-growing members of the turf commu-
nity (Adey and Goertemiller 1987; Adey 1998). A sequence of phase shifts in algal
form groups (from crustose corallines to algal turfs and, finally, to frondose
macroalgae) as a function of declining herbivory was noted by Steneck (1989), who
also pointed out that the biomass of an alga or functional group is ultimately the
result of its rate of productivity relative to the rate at which it is removed by herbi-
vores (see also Hatcher and Larkum 1983; Carpenter 1986; Russ 1987).

Although nutrient data are usually lacking in coral-reef field herbivory studies,
natural background levels in conjunction with ample water motion are often as-
sumed to exceed levels limiting to macroalgal growth. As pointed out by Lewis
(1986), large frondose macroalgae do occur in oligotrophic reef areas of low her-
bivory (see also Littler et al. 1986; McCook 2001); however, many of these peren-
nating forms occupy microhabitats that generate increased current acceleration,
such as the reef crest and tops of patch-reef rocks, implicating higher nutrient fluxes
(Atkinson et al. 2001). Also, some of the large perennial macroalgae are relatively
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slow growing and, therefore, can maintain large biomass under low nutrient con-
centrations. A further consideration is the presence of substantial anthropogenic
nitrogen sources in rainfall worldwide (Vitousek et al. 1997a). The decrease in coral
cover (Pollock 1928), and associated rise in frondose algae (Doty 1971) and coralline
algae (Littler 1971), on the reef flat at Waikiki, Hawaii, was the first phase shift from
coral to macroalgal domination that was postulated to result from increases in eu-
trophication (Littler 1973). Spatial and temporal patterns of nutrients also have
been shown to covary with algal biomass (Adey et al. 1977; Hatcher and Hatcher
1981; Hatcher and Larkum 1983). The primary production and growth of algal turfs
(Hatcher and Larkum 1983; Williams and Carpenter 1988), frondose macroalgae
(Lapointe 1987; Littler et al. 1991), and coralline algae (Littler 1973) generally in-
crease with higher nutrient availability on undisturbed reef systems, suggesting
limitation by nutrients.

Shifts from coral dominance to algal dominance that indicate linkages with
chronic nutrient loading are exemplified by case studies worldwide (e.g., Littler
1973; Banner 1974; Weiss and Goddard 1977; Mergener 1983; Tomascik and Sander
1985, 1987; Cuet et al. 1988; Lapointe and O’Connell 1989; Bell 1992; Littler et al. 1993;
Lapointe et al. 1994, 1997; Goreau et al. 1997; Bruno et al. 2003). Other coral to algal
phase shifts on various types of degraded reefs have also been reviewed (Marszalek
1981; McClanahan and Shafir 1990; Done 1992b; Knowlton 1992; Hallock et al. 1993;
Gardner et al. 2003).

Herbivory patterns, like nutrient levels, alone do not always explain the distri-
butions and abundances of benthic algae on coral reefs (Adey et al. 1977; Hay 1981;
Hatcher and Larkum 1983; Hatcher 1983; Carpenter 1986). For example, several
studies found no significant correlation between grazing intensity and algal bio-
mass (e.g., Hatcher 1981; Schmitt 1997; Lirman and Biber 2000). A dramatic in-
crease in algal biomass due to eutrophication was reported (Fishelson 1973) with-
out any concomitant reduction in herbivore populations. The importance of the
very low nutrient levels involved in eutrophication (either natural or anthropo-
genic) has only recently come to light (Bell 1992; Lapointe et al. 1997; Small and
Adey 2001). Such low levels can sometimes correlate with the phase shifts from
corals toward macroalgal dominance without changing herbivory. These kinds of
biotic phase shifts also have been attributed to overfishing (e.g., see Hughes 1994),
in concert with cultural eutrophication (Goreau et al. 1997; Lapointe et al. 1997).

Smith et al. (2001) rigorously conducted the first appropriate experimental test
of the RDM in a natural oligotrophic coral-reef setting, in conjunction with natu-
ral successional and competitive bouts, to determine dominance among the major
benthic producer groups over an adequate time scale. The results precisely fitted all
tenets of the RDM, confirming its efficacy as an important management tool. In
contrast, a sophisticated nutrient-enrichment experiment (Larkum and Koop 1997;
Encore Group 2001) did not produce results relevant to the RDM because ambient
nutrient levels were well above threshold concentrations and the experimental
organisms were isolated on raised grids, precluding natural encroachment, over-
growth, or other key competitive interactions critical to testing the RDM. Another
short-term study produced equivocal findings that showed herbivory effects, but
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not nutrient effects (Miller et al. 1999); however, the choice of enrichment (chlori-
nated tree stakes) was unfortunate. Highly diverse living model systems of coral-
reef communities (i.e., microcosms), operated for decades (Small and Adey 2001),
have profoundly demonstrated that minute increases in nitrogen and phosphorus
reduce coral growth. In addition, such systems require an abundance of grazers to
maintain a high coral and algal diversity (see section 12.3). Therefore, both the pro-
cesses of productivity (bottom-up) and those of disturbance (top-down) must be
appreciated to manage the mechanisms that mediate the competitive interactions
that determine reef health.

INTERPRETATION OF FUNCTIONAL
INDICATOR GROUPS

The fast growth and turnover rates of algae compared to other reef organisms sug-
gest their use as early-warning indicators of reef degradation. The three algal rep-
resentatives of ubiquitous form and function groups are increasingly encountered
as dominants on coral reefs, particularly those subjected to human activities (e.g.,
Lapointe 1989). From a management perspective (fig. 12.1), (1) a predominance of
corals and calcareous coralline algae relative to frondose macroalgae and algal turfs
would indicate a desirable healthy state reflecting low nutrients and high herbivory;
(2) an abundance of frondose macroalgae indicates the least desirable condition of
elevated nutrient levels and reduced herbivory, possibly reflecting pollution in con-
cert with destructive fishing practices; (3) high coverage of coralline algae could
indicate problems with elevated nutrients, but healthy high-herbivory levels; and
(4) domination by turf algae suggests desirably low nutrient levels, but an inade-
quate herbivory component. As with any environmental indicator group, however,
knowledge of distribution, variability and natural history is needed to justify its .
application. To provide such information, the four functional indicator groups have
been characterized in detail.

Macroalgae

With an increase in nutrients, the growth of undesirable fleshy algae is favored over
the slower-growing but highly desirable corals (Genin et al. 1995; Miller and Hay
1996; Lapointe et al. 1997), and the latter become inhibited by competition for space
and light. On some healthy oligotrophic coral reefs, even very low nutrient in-
creases may exceed critical levels that can shift relative dominances by stimulating
macroalgal production. Birkeland (1977) noted that filamentous and frondose algae
can outcompete corals (but see also McCook et al. 2001), some of which are inhib-
ited under elevated nutrient levels (reviewed in Marubini and Davies 1996). Fast-
growing algae are not just opportunists that depend on disturbances to release
space resources from established longer-lived populations, but become the supe-
rior competitors when provided with abundant nutrients (Birkeland 1977). As a re-
sult, frondose macroalgae as a group are now generally recognized as harmful to the
longevity of coral reefs because of the linkage between excessive blooms and coastal
eutrophication (ECOHAB 1995). Potential competitive dominance of macroalgae



268 | Mark M. Littler and Diane S. Littler

is inferred from their overshadowing canopy heights, as well as from inverse corre-
Jations in abundances between algae and the other producer groups (Lewis 1986),
particularly at higher nutrient concentrations (e.g., Littler et al. 1993; Lapointe et al.
1997). Turbulent water motion driven by wind and wave action can be sufficient to
reduce boundary-layer diffusion gradients and can increase delivery rates to sup-
port considerable macroalgal growth (e.g., Atkinson and Bilger 1992), but the
abundant herbivores may mask these effects. The fleshy-macroalgal form group has
proven to be particularly vulnerable to herbivory (see Hay 198y; Littler et al. 1983a;
Littler et al. 1983b) and becomes abundant only where grazing is low or herbivores
become swamped by excessive algal growth. Such overcompensation by herbivory
may explain some of the reported cases (e.g., Crossland et al. 1984; Szmant 1997) of
specific corals surviving high-nutrient reef environments.

Crustose Coralline Algae

Members of the crustose coralline algae tend to be slow-growing, competitively in-
ferior (relative to corals, turfs, and frondose macroalgae) understory taxa abundant
in most reef systems (Littler 1972). Crustose corallines generally are conspicuous,
but not dominant, under low concentrations of nutrients and high levels of her-
bivory (Littler et al. 1991). Accordingly, they do well under both low and elevated
nutrients. Therefore, crustose coralline algae do not require elevated nutrients, as
might be interpreted from the RDM (fig. 12.1); instead, their rise to dominance is
largely controlled indirectly by the factors influencing the abundances of the other
groups, primarily corals and fleshy macroalgae. The key point is that crustose
corallines predominate mainly by default (i.e., under conditions of minimal com-
petition), where either elevated nutrients inhibit corals or intense herbivory re-
moves fleshy algae.

Turf Algae -

Turf algae tend to become dominant under minimal inhibitory top-down and
minimal bottom-up controls. Their relatively small size and rapid perennation
result in moderate losses to herbivory at low grazing pressures. They have oppor-
tunistic life-history characteristics, including the ability to maintain substantial
nutrient uptake and growth rates under low-nutrient conditions (Rosenberg and
Ramus 1984), and contain an abundance of nitrogen-fixing cyanobacteria (Adey
and Goertemiller 1987; Adey 1998) that can enrich other low-growing members of
the turf community. Microcosm studies have consistently shown that nutrient in-
creases can thicken algal turfs and increase the cyanobacteria component, while
lessening the overall productivity (Adey and Goertemiller 1987; Adey 1998). Algal
turfs have been shown to be favored under reduced nutrient-loading rates (Fong
et al. 1987) or episodic nutrient pulses (Fujita et al. 1988) and can form massive
horizontal mats. Numerous studies have shown the expansion of algal turfs, not
macroalgae, resulting from the removal of grazers in a wide variety of sites world-
wide (e.g., Vine 1974; Hatcher and Larkum 1983; Sammarco 1983; Lewis 1986;
Klumpp et al. 1987; Carpenter 1988; Littler and Littler 1997).



A Proposed Sustainable Coral-Reef Management Model | 269

Reef-Building Corals (Cnidaria)

Because of their three-dimensional heterogeneity, which provides habitat for other
reef organisms, their roles in producing the carbonate structure of reefs, and their
aesthetic qualities, corals are the most desirable components of biotic reefs. The
vertical structure and horizontal canopies of branching forms allow abundant
populations of shade-dwelling crustose coralline algae to co-occur. Reef-building
corals, while preyed upon by a few omnivorous fishes and specialist invertebrates
(e.g., the crown of thorns sea star), generally achieve dominance under the top-
down control of intense herbivory (Lewis 1986; Lirman 2001) and extremely low
nutrient concentrations (Bell 1992; Lapointe et al. 1993). Massive corals are resist-
ant to grazing at the highest levels of herbivory. Hard mound-shaped forms show
little colony mortality under high grazing pressure, even though occasionally
rasped by parrot fish. In contrast, some delicately branched corals such as Porites
porites are quite palatable and readily eaten by parrot fish (Littler et al. 1989; Miller
and Hay 1998). However, some corals are inhibited by increases in nitrate, ammo-
nium or orthophosphate (see Townsley cited in Doty 1969; Stambler et al. 1991;
Muller-Parker et al. 1994; Marubini and Davies 1996; Hoegh-Guldberg et al. 1997).
Nutrient inhibition of coral larval settlement has been shown for Acropora longicy-
athis (Ward and Harrison 1997).

CONCLUSIONS

The recent increased awareness of coral-reef degradation worldwide (see Ginsberg
1993; chapters in Birkeland 1997), particularly from coastal pollution (e.g., Windom
1992; Bell 1992) and destructive fishing (e.g., Hughes 1994), makes the RDM timely
and important. To effectively manage the mechanisms that mediate the competi-
tive interactions within ecosystems, the processes of productivity (bottom-up) and
disturbance (top-down) must be considered. The RDM addresses the roles of top-
down and bottom-up controls in the benthic community structure of coral reefs.
The model provides a management perspective for the mechanisms that initiate
and sustain harmful blooms of algae that degrade tropical coral-reef communities.
For example, if managers see a transition from coral to coralline algae, then they
should attempt to limit nutrients; if a transition to turf algae occurs, grazer popu-
lations should be augmented; and a shift to macroalgal domination indicates that
both excessive nutrification and destructive fishing should be curtailed. Because of
global-scale degradation of coral-reef ecosystems (e.g., Ginsberg 1994; Wilkinson
1999), we emphasize the need to obtain relevant information on nutrient and her-
bivory thresholds for bottom-up and top-down controls, respectively. This section
has evaluated the essential literature and addressed this need by providing new
management insights for ascertaining and monitoring the nutrient and herbivore
status of coral reefs.
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