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Abstract A combination of small-scale transplants and
herbivore exclusion was used to test the importance of
herbivory, physiological tolerance limits, and recruit-
ment and dispersal in regulating the distribution and
abundance of the genus Sargassum on two nearshore
fringing reefs of the central Great Barrier Reef, during
1992/1993. Sargassum (predominantly S. oligocystum
and S. tenerrimum) were transplanted from reef-flat
zones where they normally grow, to a seaward coral
zone where they are not normally found. At Great Palm
Island, coral-zone transplants only survived if protected
from herbivores. At Brook Island, survival of uncaged
coral-zone transplants was more variable but not sig-
nificantly lower than plants returned to the Sargassum
zone. Thus herbivory may be a major cause of the
zonation patterns of adult Sargassum on these fringing
reefs, but the importance of this factor varies between
and within reefs. Since protected Sargassum survived
and grew for up to 6 mo in the coral zone, the adult
algae are not physiologically limited by any physical or
chemical differences between zones. However, Sargas-
sum recruitment to the coral zone was very low (mean
2.7 recruits m~> over 13 mo), and was not significantly
affected by herbivores. Since rates of herbivory were
relatively slow, effective exclusion of Sargassum from the
coral zone by herbivores may depend on low recruitment
of the algae. In a broader context, the distribution of
Sargassum may depend on the combined spatial patterns
of herbivory and recruitment.
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Introduction

The abundance of algae, particularly macroalgae, is
an important aspect of coral reef status (e.g. Lapointe
1989; Done 1992; Hughes 1994), yet very little is known
about patterns or causes of macroalgal distributions on
the Great Barrier Reef (McCook and Price 1997a,b).
Nearshore fringing reefs of the central Great Barrier
Reef, GBR (Fig. 1) generally have abundant macroal-
gae, particularly of the genus Sargassum. In contrast,
Sargassum is virtually absent from mid-shelf and outer-
shelf reefs in the same area (McCook and Price 1997a;
McCook et al. 1997). There is concern that these dif-
ferences in macroalgal abundance indicate degradation
of the highly accessible nearshore fringing reefs. An-
thropogenic changes in water quality or fish stocks may
be causing shifts from coral to algal dominance, and
mid-shelf reefs may also be at risk (reviews in Yellowlees
1991; Baldwin 1992; Bell 1992). The present paper ex-
amines the causes of small-scale (100 m) zonation in
Sargassum abundance within fringing reefs, in order to
better understand any algal role as a cause, indicator, or
symptom of reef degradation.

Nearshore fringing reefs of the central GBR often
have distinct zones of macroalgal and coral abundance,
including reef-flat areas dominated by macroalgae such
as Sargassum, and reef-slope areas containing abundant
corals (Done 1982; McCook and Price 1997a). The ex-
periments described here examine the causes of zonation
of Sargassum on these fringing reefs, and test three of
the factors which elsewhere cause such zonation: differ-
ences in recruitment; physical-chemical environment
including water quality (physiological tolerance limits);
and herbivory. The paper focuses on why Sargassum
does not occur in, or invade, the “coral zone” of these
fringing reefs. The specific hypotheses ask whether adult
Sargassum can survive and grow in the coral zone;
whether Sargassum can recruit to the coral zone; and
whether herbivores affect either recruitment or adult
survival.
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Materials and methods

Reef descriptions and study sites

High islands in this area (Fig. 1) often have extensive fringing reefs
with distinct ecological zonation. In general, intertidal reef flats
have a landward zone of sand and mud flats, merging into rubble
and then hard carbonate substrate, which support large stands of
fucalean macroalgae, predominantly Cystoseira and then Sargas-
sum species. Between mean low-water spring-tide level and lowest
astronomical tide, this zone merges into an area of abundant live
coral, with filamentous algal turfs, often with an intermediary zone
of soft corals. Substrate complexity increases markedly with coral
abundance. Corals continue to a distinct reef edge, which slopes
down to soft sediments at between 6 m (Great Palm Island) and
15 m (Brook Island) depth (Morrissey 1980; McCook and Price
1997a; McCook and Done unpublished data). Spring tidal ranges
in this area reach 4 m. The presence of a sharp reef edge means that
currents, wave action and turbidity can often vary dramatically
with a few metres (McCook personal observations). In this paper, I
refer to the “Sargassum zone” and “‘coral zone” for simplicity, but
it should be realised that these zones are subjective, highly variable,
and diverse in species composition. Herbivore abundances vary
considerably between these zones (McCook personal observations;
see also Russ 1984b for offshore reefs). Herbivorous fish, pre-
dominantly scarids, acanthurids, siganids and territorial poma-
centrids are scarce compared to offshore reefs, but are more
common in and near the coral zone than closer to shore (Williams
1982; Williams and Hatcher 1983; Russ 1984a). The sea-urchins
Diadema setosum and D. savignyi are locally common in coral-zone
areas with high substrate complexity, but are rare on the open reef
flat, even at night (McCook personal observations).

Macroalgal abundance is highly seasonal on these fringing reefs,
with a pronounced seasonal dieback (senescence) and regrowth of
Sargassum species and Cystoseira trinodis, as well as blooms of
various ephemeral and turfing species (McCook unpublished data;
see also Price 1989; Vuki and Price 1994). Of the 8 or 9 distinct
taxonomic entities of Sargassum found on these reefs (K. Edyvane
personal communication), most grow rapidly during October to
December, and length and biomass are greatest in summer (January

to March). Plants are most fertile in late summer (March to May).
There is a severe dieback in April to June, whereby most longer
fronds and stipes become necrotic and are lost (Price 1989; Martin-
Smith 1993; Vuki and Price 1994; McCook unpublished data).
Whilst the cues and causes for the annual dieback and regrowth of
Sargassum are uncertain, these two phases may respond differently
to ecological factors such as herbivory or abiotic conditions.

The study sites at Great Palm Island were near the reef edge in
the middle of the extensive fringing reef at Coolgaree (Challenger)
Bay (18°42.6'S; 146°34.5’E: Fig. 1). The reef here is about 1.5 km
wide. The transplant and recruitment sites (Experiments 1, 2 and 4)
were on the landward edge of the coral dominated zone (“‘coral
zone”’), amongst live corals and within range of grazing fishes
(personal observations). Corals in this area are predominantly
massive forms, with flat tops covered by turf algae. Sites with
rubble/sand substrate were chosen to allow stakes to be driven in to
anchor cages. Adult plants were collected from, and “‘return-
transplants” returned to, an area 60 m east (landward), in the
macroalgal-dominated “Sargassum zone” (Experiments 1 and 2).
Both Sargassum and coral sites were in the extreme low intertidal
(~0.5 m above tidal datum), only emerging very briefly most
months and only during daylight in the winter (April to August).
The difference in depth between the two sites was <0.3 m.

The Brook Island study site (Experiment 3) was on the northern
end of the fringing reef, at the northernmost island of the Brooks
group (18°08.7°S; 146°16.5’E: Fig. 1). The reef here is much nar-
rower than at Great Palm Island, and the zones are less distinct,
with a wide area of interspersed patches of algal or coral dominance.
There is a wider coral zone that gently shelves to ~5 m and then
drops abruptly to ~ 15 m. The transplant distance was ~20 to 30 m.

Experiments 1 and 2: Great Palm Island transplant
and caging experiments

Design

The design of Experiments 1 and 2 involved a one-factor ANOVA
with four levels: open (uncaged) transplant; transplant with cage;
transplant with partial-cage control; and a “‘return-transplant”
returned to the Sargassum zone. Three replicate groups of plants



were randomly assigned to each treatment. Comparison of trans-
planted and returned plants tests for effects of environmental dif-
ferences between the two zones. Comparison of caged and uncaged
plants tests for effects of herbivores. Partial cages were identical to
cages except that they had large holes cut in all four sides. By
allowing fish access, these partially control for caging artifacts such
as shading. It was not possible to use a complete factorial design,
testing for herbivory in the Sargassum-dominated zone, since
placement of cage structures in that landward zone would have
been a considerable hazard to small boat traffic. Although trans-
plantation only took a few minutes, “return-transplants” were
qualitatively compared to surrounding untransplanted Sargassum,
to ensure that “return-transplants” represented natural growth and
survival.

Two experiments were run to compare treatment effects during
different seasons. Experiment 1 used adult plants during the period
of maximum size (“mature” phase); Experiment 2 used plants that
were initially dormant and compared their regrowth (“regrowth”
phase; dormant plants have basal holdfasts and short stipes only).

Methods

Naturally occurring mixtures of Sargassum species, predominantly
S. oligocystum and S. tenerrimum, were collected as groups of
plants attached to coral rubble rocks. These were counted, sorted
into roughly even groups by frond numbers, and then randomly
allocated to treatments and plots within the two zones.

Open (uncaged) plots were marked with four pegs (0.3 m long,
10 mm steel rod). Cages were 0.75 m high by 0.75 m x 0.75 m, and
were made of 12 mm plastic mesh (Nylex, “Trical” high density
polyethylene), anchored with steel-fence stakes and plastic cable
ties. In the second “‘regrowth” experiment, 8 mm steel-rod frames
were used to attach the mesh. Partial cages were identical to cages,
except that 1 to 2 large holes (40 cm x 40 cm) were cut in each side
to allow access for swimming herbivores. Both partial and complete
cages were scrubbed every 1 to 2 mo, as required, to remove fouling
filamentous algae.

The first “mature” experiment ran from December 1992 until
March 1993, during the period of maximum abundance of the
plants. These plants were initially relatively large, each group in-
cluding fronds in the 15 to 50 cm size class. Frond densities were
counted before allocation, and at 1 and 3 mo afterwards, as
numbers of primary laterals (fronds/plot) in four size classes (0 to
Scm; 5 to 15 em; 15 to 50 cm; > 50 cm). After 3 mo, the plants
were retrieved, dried, and weighed.

The second “‘regrowth” experiment was set up in July 1993, and
used dormant plants with few fronds longer than 5 cm (none > 15
cm). These were retrieved then counted, dried and weighed in
January 1994. Qualitative data included regular observations of
plant condition, and observations of sites and mobile species
composition at night and at different tide levels.

Experiment 3: Brook Island within-reef transplant experiment

This experiment contrasted plants transplanted from Sargassum-
dominated patches to coral-dominated patches and plants returned
to the Sargassum-dominated patches. Five replicate groups of
plants were randomly assigned to each patch type. Coral rocks,
with mixtures of S. oligocystum and S. tenerrimum plants attached,
were collected, counted and relocated randomly to Sargassum or
coral patches in mid-November 1992. Plants were recounted, col-
lected, dried and weighed after only 1 mo. Again, qualitative ob-
servations included plant condition and mobile species
composition, the latter observed at night and at different tide levels.

Experiment 4: Great Palm Island recruitment
and caging experiment

Experiment 4 used a one-factor ANOVA with three replicate plots
randomly assigned to each of three levels: open (uncaged) plots;
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caged plots; and partial cages. Plot markers and cages were id-
entical to those in Experiments 1 and 2. Each plot was chosen to
include a large, flat block of carboniferous substrate (~0.5 m?),
with no Sargassum or other fucalean macroalgae, and little or no
live coral. Blocks were scraped and wire-brushed at the beginning
of the experiment (December 1992) to remove most of the turf
algae and sediments covering them. Quantitative descriptions were
made of algae on each block every 2 to 3 mo until January 1994,
when any Sargassum recruits were counted, dried and weighed.
Cages were scrubbed every 1 to 3 mo, as necessary.

Data analyses

Data in Experiments 1, 2 and 3 were analysed at each date for
treatment effects on biomass (dry weight), total frond numbers per
block (density), and size distribution. Since patterns were consistent
between biomass and density, analyses are only presented in detail
for one variable. Initial densities were comparable (results not
shown), except for density data at Brook Island (Experiment 3),
where data were analysed for changes between initial and final
density. Graphical interpretations of treatment effects on size dis-
tributions were confirmed by statistical comparisons of estimated
mean frond length (details not shown). The data in Experiment 4
were analysed for differences in total frond number.

Analyses of means involved one-way ANOVA and Ryan’s Q-
test (Day and Quinn 1989) for post-hoc comparisons of means,
using Systat™. Magnitudes of effects were estimated by the per-
centage of total variability (sum of squares) attributed to treat-
ments (%SST). All data were tested for homogeneity of variances
(Cochran’s C-test), outliers, and independence and normality of
residuals (graphically), and transformed as indicated by relation-
ships between residuals and estimates. In general, dry weight was
square-root-transformed and density data were log-transformed
(except Experiments 3 and 4). Minor violations of assumptions
were accepted where this clearly would not lead to false conclusions
(Type I errors). However, data for Experiment 3 contained a strong
outlier. Since outliers can increase the chances of Type II errors,
these data were also analysed for effects on variances using an F-
test. Note also that since sites were not randomly chosen from the
entire zone, effects of zone cannot strictly be separated from effects
of sites.

Results

Experiments 1 and 2: Great Palm Island transplant
and caging experiments

There was a significant, pronounced and consistent ef-
fect of transplantation, but only in the presence of her-
bivores. The results for both times of year, and both
biomass (dry weight) and density, show that Sargassum
thrived in the coral-dominated zones, but only if pro-
tected from herbivores. Specifically, for mature plants at
Great Palm Island (Experiment 1), the dry weight of
Sargassum tissue remaining after 3 mo was significantly
reduced in open and partially caged transplants, com-
pared to plants protected from herbivores or returned to
the Sargassum zone (Fig. 2, Table 1). Similarly, these
plants had fewer (density; P = 0.0001, %SST = 92)
and shorter (Fig. 3) fronds, although the differences in
density were not significant at 1 mo (P = 0.01,
%SST = 74, but multiple comparisons not significant).
Regrowing Sargassum showed similar patterns (Experi-
ment 2). Dry weight (Fig. 4, Table 2) and density
(P < 0.0001, %SST = 94) were lower in unprotected
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Fig. 2 Sargassum spp. (Experiment 1). Effects of transplantation and
herbivory on biomass of mature plants at Great Palm Island, shown
as dry weight of tissue after 2 mo. Data scaled to v/dry weight, mean
(£SE) of three replicates [O Open plots, plants transplanted to coral
zone; C caged plants transplanted to coral zone; P partial cages, plants
in coral zone; R return, i.e. open, uncaged plants returned to original,
Sargassum-dominated zone; black bar on extreme left indicates critical
minimum difference between two adjacent means using Ryan’s Q-test
(Table 1)]

transplants than in caged plants or those returned to the
Sargassum zone. Importantly, protected plants were able
to regrow from basal tissues in the coral zone, as well or
better than in the Sargassum zone (Fig. 5), but only if
protected in cages. Qualitative comparisons of untrans-
planted Sargassum and return-transplants showed that
transplant artifacts were negligible compared to treat-
ment effects.

Thus, overall growth and survival of unprotected
transplants were poor, compared to plants either pro-
tected from herbivores or returned to their natural zone.
Growth and survival of caged plants were in fact con-
sistently, but insignificantly, higher than plants returned
to the Sargassum zone. Thus, in the absence of herbi-
vores, Sargassum growth in the coral zone was at least as
good, and possibly slightly better (Type II error), than in
the Sargassum zone. Partially caged plants, that were
exposed to herbivores, consistently did much worse than
fully caged plants, and insignificantly (but consistently)
better than uncaged plants. This suggests that herbivory
is important and that caging artifacts, the effect of the
physical structure, are minor. Transplantation and/or

Table 1 Sargassum spp. (Experiment 1). Analyses of transplant
and herbivore effects on biomass of mature plants at Great
Palm Island. Data are transformed to +/dry weight [%SST
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Fig. 3 Sargassum spp. (Experiment 1). Effects of transplantation and
herbivory on size distributions of mature plants at Great Palm Island
for each treatment, before manipulation, after 1 mo and after 3 mo of
treatment. Data are numbers of primary lateral fronds per substrate
plot, counted in four size classes: 0 to 5, 5 to 15, 15 to 50, and > 50 cm,
and are untransformed, mean (£ SE) of three replicate plots

shown as Cochran’s C-statistic; in this analysis, critical value
for C = 0.77. Ryan’s Q-test is used for stepwise comparisons
of means: for adjacent means, rank = 2, and critical value for

percent of total variation (sum of squares) explained by each differences between means is 2.61 (transformed; Day and
factor; MS mean square]. Homogeneity of variance tests are Quinn 1989)
Comparison or factor df) MS F P %SST Conclusions
ANOVA
Treatment 3) 31.38 23.21 0.0003 95% Significant
Residual (n = 3) ®) 1.35 5% treatment effect
Cochran’s C 0.72

Ryan’s Q multiple comparisons

cage ~ return > partial ~ open
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Fig. 4 Sargassum spp. (Experiment 2). Effects of transplantation and
herbivory on biomass of regrowing plants at Great Palm Island,
shown as dry weight of tissue after 6 mo. Data scaled to \/dry weight,
mean (£ SE) of three replicates [Black bar on extreme left indicates
critical minimum difference between two adjacent means using Ryan’s
Q-test (Table 2; abbreviations O, C, P, R as in Fig. 2)]

herbivory contributed much more variability (~90%)
than found within treatments. The consistent magnitude
and direction of treatment effects between the two ex-
periments is strong evidence for the validity of these
effects.

Qualitative observations showed that plants exposed
to herbivores lost their softer distal tissues (“‘leaves”,
vesicles and smaller stipes) before their basal stipes and
holdfasts. These plants were generally less healthy: they
were often very heavily fouled and necrotic, the stipes
were bare and stringy, and often all that remained were
basal holdfasts. Plants either returned to the Sargassum
zone or never transplanted also appeared marginally less
healthy than caged plants in the coral zone. These pat-
terns were quantified by comparisons of size distribu-
tions (Fig. 3 and 5) and of mean stipe length. Stipes were
significantly smaller in open and partial treatments
(P < 0.001 and 0.03, %SST = 87 and 66 for mean stipe
length for Experiments 1 and 2, respectively). Thus
longer size classes decreased more than smaller size
classes in these treatments: i.e. larger fronds suffered
most damage, presumably because they were grazed first.

These effects appear to take ~3 mo, since at 1 mo the
differences in density were smaller, and although treat-
ment effects were significant, the differences could not be
resolved in multiple comparisons. Analyses of initial
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Fig. 5 Sargassum spp. (Experiment 2). Effects of transplantation and
herbivory on size distributions of regrowing plants at Great Palm
Island (further details as in Fig. 3 legend). All plants were initially
<15 cm long; note that caged plants in coral zone had more long
fronds than plants returned to Sargassum zone [Ryan’s test of
estimated mean frond length gave C > R ~ P ~ O (see legends of
Figs. 2 and 4 for O, C, P, R explanations)]

densities preclude possible confounding premanipula-
tion differences (for Experiment 1, P > 0.84, %SST = 1;
see also Fig. 3).

Table 2 Sargassum spp. (Ex-

periment 2). Analyses of trans- Comparison or factor df) MS F P %SST Conclusions

plant and herbivore effects on

biomass of th at Great ~ ANOVA

Al Toland. Dot transforma_ Treatment 3) 6829 1216 0002 8% Significant

tion, abbreviations and proce- Residual (n = 3) ®) 0.562 18% treatment effect
; Cochran’s C 0.38

dures as for Table 1, except that
critical value for difference be-
tween adjacent means in Ryan’s
QO-test is 1.68

Ryan’s Q multiple
comparisons

cage ~ return > partial >~ open
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The time series (Fig. 3 and corresponding density
data not shown) suggest that caging artifacts were real,
although statistically insignificant and relatively minor
(i.e. Type II error). Decreases in density in partial cages
were not only consistently smaller, but took longer than
in open plots. Thus, partial cages may only provide a
limited control for cage artifacts, presumably because
herbivore access is different from that in open plots.

Experiment 3: Brook Island
within-reef transplant experiment

There was no clear effect of herbivory in the coral zone
at Brook Island, but there were some differences be-
tween zones, differences which may have been due to
herbivory. Mean Sargassum biomass (Fig. 6, P = 0.179,

NN
o o
T 1

[any
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Dry weight (g)
5
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0
Open Return
coral Sargassum

Fig. 6 Sargassum spp. (Experiment 3). Effects of transplantation on
biomass at Brook Island, shown as dry weight of tissue after 1 mo
transplantation. Data are scaled to 1/dry weight and are mean (+ SE)
of five replicates (Open coral open plots, plants transplanted to coral
zone; Return Sargassum open, uncaged plants returned to original,
Sargassum-dominated zone)

Table 3 Sargassum spp. (Experiment 3). Analyses of transplant
effects at Brook Island. Data are (untransformed) difference be-
tween initial and final density. Changes in density were used since
comparisons of initial densities showed initially higher numbers in
coral transplants. Otherwise abbreviations and procedures as for
Table 1, except that critical value of Cochran’s test here is 0.906. A

%SST=11) and density (Table 3, Comparison A), al-
though lower in the coral zone, were not significantly so.
Plants in the coral zone were significantly more variable
than those in the Sargassum zone (Table 3 Comparison
C). Size distributions showed that coral-zone transplants
had fewer long fronds, and most transplants were in
poorer condition, with fewer leaves, vesicles and fine
branches, than plants returned to the Sargassum zone.

Comparisons of means and variances were strongly
dependent on a single, outlying transplant (see Table 3).
Although most coral-zone transplants decreased in
frond density, this transplant increased markedly. Den-
sity of plants in the Sargassum zone changed little. The
outlying transplant appears to be the only transplant not
to have been grazed during this first month. Excluding
this transplant gives a highly significant treatment effect
on mean density change (Table 3, Comparison B). Thus,
the data suggest that variable initial success of coral-
zone transplants outweighed a possible effect on mean
survival.

Experiment 4: Great Palm Island recruitment
and caging experiment

Sargassum recruitment in the coral zone was low in all
treatments, so that herbivore effects were undetectable
(Fig. 7, Table 4). After a year, biomass and percent cover
were negligible (<1% and <0.15 g) in all plots, all fronds
were <2 cm long and most were <1 cm. Successful re-
cruitment of Sargassum was unusual, with between 0 and
4 plants per plot [mean = SD = 1.33 £ 1.4 or
~2.7 m~2, whole thalli (frond numbers are higher)]. The
blocks were rapidly colonised by abundant filamentous
turf algae as well several common large macroalgae in-
cluding Lobophora sp., Padina sp., Colpomenia sp.,
Turbinaria sp., Dictyosphaeria sp., Chlorodesmis sp.,
Galaxaura sp., Amphiroa sp. and crustose coralline algae.
However, there were no discernible differences amongst
cage treatments.

single strong outlier (Studentized residual = —3.915), a transplant
which increased when all others decreased, led to significant dif-
ferences in variances between treatments (fails Cochran’s test, sig-
nificant F-test). ANOVA is also shown (Comparison B) with this
outlier omitted, resulting in very different conclusions (see data for
Experiment 3 in “Results” and “‘Discussion”)

Comparison or factor df) MS F P %SST Conclusions
ANOVA including outlier (A)
Treatment @)) 774.4 2.12 0.183 20% No significant
Residual (n = 5) ®) 364.2 80% difference
Cochran’s C 0.94 between means
ANOVA excluding outlier (B)
Treatment @)) 1693 12.98 0.009 63% Highly significant
Residual (n = 5, 4) @) 130 37% difference
Cochran’s C 0.85 between means
F-test (C)
Treatment (n = 5) 4.4) 0.066 0.011 Significant difference

between variances
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Fig. 7 Sargassum spp. (Experiment 4). Effects of herbivore exclusion
on recruitment at Great Palm Island, showing frond numbers after
1 yr. Data are mean (£ SE) of three replicates (abbreviations as in
Fig. 2 legend). Note that most plants (thalli) had several fronds

Discussion

The results of this study show that Sargassum are
physiologically competent in the coral zone if protected
from herbivores, but that recruitment to that zone may
be rare. Without herbivore protection most adult plants
decline within 3 mo. The results at Brook Island show
that the importance of herbivores varies.

Physical or chemical differences between zones ap-
pear to have very little direct effects on survival of adult
Sargassum. In the absence of herbivores, Sargassum
survived at least as well and possibly better in the coral
zone than in the adjacent Sargassum zone. This is a
significant result in the context of GBR algal distribu-
tions, as it indicates that, under these conditions, Sar-
gassum can not invade the coral zone, despite the abiotic
environmental conditions being suitable for their
growth and survival. In particular, this shows that
Sargassum are not restricted between zones by any dif-
ferences in water quality such as nutrient or sediment
levels. This conclusion is consistent with several other
studies, suggesting that Sargassum is not physiologically
dependent on elevated nutrient or sediment conditions.
Transplants across the continental shelf show that water
quality does not directly explain patterns of algal
abundance even at this, much larger, scale (McCook
1996). Although Sargassum is often more abundant on
inshore reefs with high inputs of terrestrial sediments,
sediment manipulations indicate that the algae is di-
rectly inhibited by sediments (J. Umar et al. unpublished
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data). Field and aquarium experiments have indicated
that Sargassum sp. growth is not limited by nutrient
supply on either inshore or offshore reefs (McCook
1996; McCook et al. 1997), although in the laboratory,
S. baccularia does show rapid uptake and increased
production in response to short-term increases in nu-
trient supply (Schaffelke and Klumpp 1997). It remains
possible that abiotic differences affect recruitment or
dispersal or affect adult Sargassum indirectly (see fol-
lowing subsection).

Sargassum dispersal to and recruitment in the coral
zone appear moderately low (Experiment 4; also Scott
and Russ 1987 who did not record any Sargassum re-
cruitment on nearby reefs with abundant adult Sargas-
sum). The colonisation rates found in Experiment 4
would be sufficient for long-term invasion of the coral
zone, but only at very low levels of subsequent mortality.
However, at even moderate levels of subsequent mor-
tality, such low recruitment is likely to strongly limit the
algae’s ability to colonise this zone.

Herbivory has an important influence on Sargassum
distribution on these reefs. Although herbivorous fish
were not demonstrated to be the critical factor excluded
by the cages, they are the most reasonable explanation,
especially given the greater loss of longer fronds in open
and partially caged plots (Figs. 3 and 5; see also
McCook 1996). Neither turtles or sea urchins are com-
mon at these sites, and neither is likely to be able to
graze in partial cages.

The results from Brook Island are a useful test of the
generality of these herbivore effects, suggesting that the
importance of herbivory varies considerably both be-
tween and within reefs. Overall rates of herbivory were
lower and apparently more variable at Brook Island
than at Great Palm Island. Within Brook Island, the
survival of transplants to the coral zone also varied
considerably, in contrast to plants in their own zone.
Over one month, most coral-zone transplants declined,
but one grew. This variation is interpreted as real vari-
ability in the ability of plants to survive in the coral
zone. Given the short duration of this experiment rela-
tive to Experiments 1 and 2, and the decline of all but
one coral-zone transplant, it seems likely that there was
a developing effect of herbivory that was masked by the
variability within transplants. The outlying coral-zone
transplant, that had not declined, may indicate spatial
variation or stochasticity in grazing intensity. Possibly
this transplant had simply not been found (yet) by the
haphazardly roving schools of grazing fish, and given
longer exposure it may have been reduced similarly to

Table 4 Sargassum spp. (Ex-

periment 4). Analyses of herbi- ~ Comparison or factor (df) MS F P %SST  Conclusions
vore effects on recruitment at (ANOVA)

I?Lfr?l;el:: l(r)rfl ésrli?:lladfy]?;tt;:f ¢ Treatment 2) 27.44 0.630 0.56 17% No significant
fronds (untransformed), critical ~ Residual (7 = 3) (©) 43.56 83% treatment
value of Cochran’s test here is effect

0.871, otherwise abbreviations Cochran’s C 0.74

and procedures as for Table 1
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other transplants. This variation clearly overlies a dis-
tinct pattern in which (unprotected) transplants did
generally decline. Thus, although the transplant effects
were variable, the general pattern indicates that Sar-
gassum is physiologically competent in the coral zone of
these reefs, but usually declines unless protected from
herbivores.

Zonation of herbivores and hence Sargassum on
these fringing reefs is correlated with the availability of
refuges from the herbivores’ own predators. Such ref-
uges are abundant in the topographically complex coral
zone and rare in the Sargassum zone. Several previous
studies also found that herbivore restrictions on algal
abundance were linked to the substrate complexity or
other factors that affect the vulnerability of herbivo-
rous fish to their own predators (e.g. Hay 1981a; Hay
and Taylor 1985; Lewis and Wainwright 1985). There
is some evidence that fish abundances are higher on
structurally complex substrates (Randall 1965; Talbot
et al. 1978).

Previous studies of herbivore effects on algal “be-
tween habitat™ distributions (Hay 1985) have all found
herbivory to be critical, as in the current study. Herbi-
vory has been shown to determine macroalgal distribu-
tions on reef slopes, reef flats and back-reef zones in
Haiti, the Bahamas, Jamaica, the US Virgin Islands,
Belize, Honduras and Panama (e.g. Hay 1984 a, b; Lewis
and Wainwright 1985; Lewis 1986; Morrison 1988). The
significance of the herbivore effects in the current ex-
periments is threefold: they are the first demonstration
of the importance of herbivory to zonation of macro-
algae on the GBR, and in particular to the prolific
Sargassum beds on these reefs; they suggest that the
causes of larger scale (cross-shelf) differences in Sar-
gassum abundance (McCook 1996) are very similar to
those found over a distance of 60 m in this study; and
they demonstrate a strong herbivore effect in a zone with
relatively low rates of herbivory and low algal recruit-
ment.

Compared to the present results, most previous
studies of herbivore effects on coral reefs have found
higher rates of herbivory and more abundant algal re-
cruitment in herbivore exclusions. In the Caribbean,
Hay (1984a) found transplanted species of Sargassum
and Turbinaria to be significantly reduced within days
(see also Hay 1981a,b; Lewis 1985). Upon removing
herbivore exclosures, Lewis (1986) found that most
macroalgae were removed within days. On mid-shelf reef
slopes in the same region as the present study, using
Sargassum from nearby reefs, herbivores reduced tissue
weight within one day (Steinberg et al. 1991). In con-
trast, herbivores in the coral zone at Great Palm Island
and on mid-shelf reef flats (McCook 1996) took months
to significantly reduce transplants. Presumably these low
rates reflect the relatively low herbivore abundance on
inshore reef slopes and mid-shelf reef flats (Williams
1982; Williams and Hatcher 1983; Russ 1984a, b); pro-
cedural differences and temporal or spatial variation
may also contribute. Similarly, when herbivores were

excluded from natural substrate in the Caribbean,
macroalgal blooms occurred within months (Lewis 1986;
Morrison 1988). Although these studies did not use
cleared substrates, they contrast with my results, which
showed no effect of herbivore exclusion on algal re-
cruitment after one year (Experiment 4). The implication
is that relatively low rates of herbivory can still serve as
limits on algal abundance if algal colonisation is also
relatively low.

Causes of Sargassum zonation and distribution

The apparent interaction between herbivory and re-
cruitment in this study supports the suggestion
(McCook 1996) that Sargassum distribution is dictated
by a scale-dependent interaction between recruitment/
dispersal, and herbivory. The large-scale distribution of
Sargassum also appears to reflect interactions between
algal recruitment rates and dispersal distances, and
herbivore numbers and foraging distances: although
herbivores apparently exclude Sargassum from mid-shelf
reefs in general, plants occasionally occur on extensive
mid-shelf reef flats which are closer to inshore Sargas-
sum beds (McCook 1996; McCook et al. 1997). The
presence of these plants may be due to the combination
of large foraging distance for herbivores and more fre-
quent Sargassum dispersal. Between the cross-shelf and
within-reef scales, there is also an apparent gradient
among fringing reefs in zonation and relative abundance
of corals and algae: reefs further inshore apparently
have fewer herbivores and Sargassum zonation extends
further down the reef slope (implying successful re-
cruitment to reef slope; e.g. Magnetic and Goold Islands-
cf. Great Palm and Brook Islands: McCook personal
observations).

Although the transplants showed that adult Sargas-
sum are physiologically competent in the coral zone,
differences in abiotic conditions may still indirectly affect
the algae’s distribution. For example, higher sediment
levels on the reef flat may increase coral mortality (e.g.
Stafford-Smith 1993) and hence increase substrate
availability for Sargassum. There is also potential for
feed-forward interactions involving abiotic factors. For
instance, sediment-induced coral mortality may decrease
substrate complexity and hence herbivore abundance, or
the establishment of algal beds may increase sediment
accumulation and hence coral mortality. Interestingly,
my results do not conform to the model of Littler and
Littler (1984), which suggests that in a high nutrient
area, higher herbivore abundance should lead to in-
creased dominance by coralline algae rather than corals,
as here.

These ideas have implications for reef management in
this area (McCook and Price 1997b). If Sargassum re-
cruitment is in fact generally low, then the algae are
unlikely to invade areas of coral dominance without
prior disturbance to corals or reductions in herbivore
abundances. This in turn implies that large beds of



Sargassum are likely to be a response to, rather than an
initial cause of, coral mortality during reef degradation.
Nonetheless, feed-forward interactions between coral
mortality, substrate topography, herbivore abundance
and macroalgal abundance could magnify and stabilize
these changes. While speculative, these ideas are useful,
as they highlight the need for information in several
specific areas: temporal and spatial patterns of algal
recruitment; the ability of established corals and algae to
exclude each other; and the effects of abiotic factors on
herbivore and coral abundances.

In summary, relatively low levels of herbivory appear
able to prevent Sargassum invasion of coral-dominated
zones, due in part to the rarity of Sargassum colonisa-
tion. In the absence of herbivores, the algae are physi-
ologically competent outside their normal zone on
inshore, fringing reefs.
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