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ABSTRACT: Crustose coralline algae are important
components of tropical reef communities because they
promote successful settlement by corals and contribute
to solidification of the reef framework. We show experimentally that crustose coralline algae are also capable
of suppressing the growth and recruitment potential of
an abundant Hawaiian reef macroalga, Ulva fasciata.
When mixed communities of crustose coralline algae
were absent, relative growth rates of U. fasciata increased by 54.6%. When experimental nutrient additions were used to induce algal spore release, effective
recruitment of U. fasciata approached zero only when
crustose coralline algae were present. Mixed communities of crustose coralline algae are thus capable of
limiting the local abundance of already-established
macroalgae by reducing both their growth rate and
recruitment success. This experimental observation
was confirmed by field surveys. Because crustose
coralline species also induce settlement and metamorphosis in a large number of scleractinian coral species,
their abundance and species composition are expected
to affect the (future) abundance of macroalgae and
corals, which are often used to characterize degraded
and ‘healthy’ reefs, respectively.

Bloom of Ulva sp. on a shallow water reef in Hawaii; germination of Ulva spores is inhibited by crustose coralline algae in a
laboratory setting.
Image: Mark Vermeij

Much of the current debate over processes structuring coral reef communities focuses on factors responsible for the increased abundance of fleshy or macro-

algae on reefs formerly dominated by frameworkbuilding corals (Scleractinia). Two factors are thought
to be primarily responsible for increases in algal
abundance on reefs: reduced predation by herbivorous
invertebrates and fish, and increased algal growth
rates due to eutrophication (e.g. Littler & Littler 1984a,
Hughes 1994, McCook 1999, Goreau et al. 2000, Wilkinson 2000, Szmant 2002, McManus & Polsenberg
2004, Burkepile & Hay 2006). However, the abundance
of algae on reefs (or lack thereof) cannot always be
explained by these factors alone (McCook 1999,
Szmant 2002, Vroom et al. 2006, Vermeij et al. 2009a,
2010). Nutrient loading and herbivore abundance will,
to a certain degree, drive the distribution and species
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composition of algal communities at every location, but
other factors (e.g. seasonality, coral abundance, storms,
invasive species; Williams et al. 2001, Schaffelke et al.
2006) must be considered to fully explain the abundance of macroalgae on reef communities worldwide.
A group that receives relatively little attention in
studies aiming to explain the local abundance of
macroalgae and corals is crustose coralline algae
(CCA; Rhodophyta, Corallinaceae). CCA are capable
of calcification and are potentially important components of reef communities for several reasons: (1) they
were abundant on reefs before coral–macroalgal ‘phase
shifts’ occurred (Sandin et al. 2008, Vermeij et al.
2010); (2) they dominate space not occupied by corals
on undisturbed reefs (Steneck 1997, Sandin et al.
2008); (3) they are beneficial to coral recruitment as
they guide settling planulae to suitable settlement
locations (Morse et al. 1988, 1996, Heyward & Negri
1999, Harrington et al. 2004, Ritson-Williams et al.
2009); (4) they are known to exude chemicals that
serve as antifouling compounds (Suzuki et al. 1998,
Kim et al. 2004); (5) they create refuges for microherbivores that control macroalgal overgrowth (Paine 1980,
Steneck 1982); (6) they can shed their thalli to prevent
macroalgal establishment (Johnson & Mann 1986); and
(7) the microtopography of the hard coralline surface
can prevent macroalgal establishment by exposing
germlings to mechanical dislodgement (Figueiredo et
al. 1997). In summary, CCA can play an important role
during the earliest life stages of both corals (positive)
and macroalgae (negative).
Macroalgae colonize free space by releasing sexual
propagules (‘spores’) (Airoldi 2000, Maggs & Callow
2003) that are often produced in enormous quantities
(e.g. 5.3 × 105 zoospores plant–1 d–1; Maggs & Callow
2003). Algae can also use asexually generated fragments to occupy new space (e.g. Smith et al. 2002, Vermeij et al. 2009b). Observations from marine systems
other than coral reefs show that the earliest life stages
of macroalgae have greater sensitivity and different
reactivity towards factors such as temperature, light,
herbivory, and nutrients than adult stages (Lotze 1998,
Lotze et al. 1999, 2000). Some macroalgae allocate
between 4 and 50% of their annual biomass production to reproductive output (Maggs & Callow 2003).
The recruitment potential for macroalgae is thus
enormous — should germlings escape natural survival
bottlenecks such as herbivory, spatial competition, and
nutrient limitation.
First, we determined whether the presence of established macroalgae decreases with increasing cover by
CCA on shallow-water reef systems on Maui (Hawaii,
USA). Second, we experimentally investigated whether
CCA are capable of suppressing spore germination of
macroalgae using the green alga Ulva fasciata.

Our work builds on the idea that CCA are an undervalued functional group that could help maintain coral
dominance on reef communities. The beneficial effect
of certain CCA on coral recruitment has been widely
documented (e.g. Morse et al. 1988, 1996, Heyward &
Negri 1999, Harrington et al. 2004), but the suite of
ecological functions that CCA provide to the wider reef
community is less appreciated. If CCA negatively
affect recruitment and growth of nearby and alreadyestablished macroalgae, they would indirectly contribute to the maintenance of coral-dominated reef
communities.

MATERIALS AND METHODS
Study system and species. All experiments were carried out on the island of Maui between March and
April 2008. Plants used for laboratory experiments were
collected at Kahekili (20° 56’ 12” N, 156° 41’ 35” W),
where the green macroalga Ulva fasciata Delile 1813
(aka ‘sea lettuce’) is abundant at depths of 0 to 2 m. U.
fasciata is locally very abundant in shallow-water reef
systems on Hawaii where it is considered a ‘nuisance
species’. Its presence often indicates freshwater input
or pollution (Magruder & Hunt 1979). For more information on U. fasciata, see www.algaebase.org. The
species is a very suitable candidate for studies of early
life history in macroalgae, as release of spores can be
induced with increases in nutrients above normal levels (Nordby 1977). Rubble pieces covered by multispecific communities of CCA (mainly Porolithon spp. and
Hydrolithon spp.) were also collected at Kahekili. All
collected plants were transported (< 20 min) to the University of Hawaii’s field laboratory in Lahaina (Maui)
where they were used in laboratory experiments.
Benthic surveys. Benthic community composition
was quantified from photoquadrats (0.50 m × 0.50 m)
taken using high-resolution digital photography at 30
random points along the 5 m isobath at each of 10 sites
along the northwestern shore of Maui (see Vermeij et
al. 2010 for survey methods and locations). The total
surface area of CCA and macroalgae was measured
in Adobe Photoshop (v. 8.0, Adobe Systems) and expressed as a percentage of the total area of the photoquadrat. Macroalgae are defined as erect, fleshy algae
larger than 2 cm in height.
Experimental procedures. At the beginning of our
experiment, small sections of collected Ulva fasciata
plants were broken off to generate fragments, each
weighing 0.25 g (after spinning them to constant
weight in a salad spinner). Each fragment was generated from a separate individual. Fragments were subjected to different experimental treatments (see next
paragraph) and weighed using the same method after
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4 d (precision: 0.001 g). Experiments were performed
in indoor, closed aquarium systems, where each fragment was kept in a separate 1 l aerated glass container.
Water temperature and light levels were kept similar
to those observed in the field during the same period
(25 to 26°C and 30% of full sunlight; see Vermeij et al.
2009b for details on the experimental setup).
Fragments of Ulva fasciata (n = 20 treatment–1) were
allocated to 1 of 4 experimental treatments: with (N+)
or without nutrients (N–) cross-factored with CCA
presence (CCA+) or absence (CCA–). Nutrient additions to induce spore release (De Boer 1981) were
made by dissolving ammonium chloride (NH4Cl) and
potassium phosphate (K2PO4) in filtered ambient seawater. The nutrient solution was added to the containers holding the algal fragments to achieve a final concentration of + 3.0 μmol PO4 and + 30.0 μmol NH4
above levels in ambient seawater. All seawater in the
present study was filtered (0.1 μm) before use and refreshed at 2 d intervals to maintain a continuous supply
of nutrients.
Rubble covered with crustose coralline was checked
for other organisms that could confound the outcome of
the experiment (e.g. worms, turf algae) and only rubble
covered exclusively (i.e. 100%) by CCA was used in
the experiments. One piece of rubble measuring approximately 4 × 2 × 1 cm was added to each experimental container. Pieces of rubble scrubbed free of all
epibiota with a steel brush were used as a control in
treatments without CCA. Scrubbing occurred 5 to 7 d
before the start of the experiment to minimize the
negative effects of potentially damaged organisms present in the rubble on the water quality. Growth, spore
release, and spore recruitment success were quantified for 20 algal fragments treatment–1 (i.e. N–CCA–,
N–CCA+, N+CCA–, N+CCA+). Fragment growth was calculated as the relative growth rate (RGR) using the
following formula:
RGR =

ln(WT0 + ΔT ) − ln(WT0 )
(T0+ ΔT ) − T0

(1)

where W is the plant’s weight in grams, T is time in
days, and ΔT is 4 d. Spawning in Ulva fasciata is easily
recognized, as the outer edges of its thalli become
transparent after spore release. Released spores always
formed a thin, but clearly visible green layer at the
bottom of the experimental container. The presence of
released spores was confirmed through inspection of
the container walls, water, and rubble with a BW-1 fluorescence dive light (Nightsea), as the spores’ red fluorescence could easily be detected through a yellow
filter. Recruitment success was measured as the number of viable U. fasciata spores that attached to the bottom of the experimental container, i.e. as percentage
bottom cover. A digital photograph was taken from
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above and the percentage of the bottom covered by
U. fasciata spores was determined in Adobe Photoshop.
Statistical analyses. The possible negative relationship between the occurrence of macroalgae and the
abundance of CCA was analyzed using logistic regression. This approach was chosen to correct for the
inherent negative relationship that exists between
the relative abundance of 2 groups of organisms cooccurring within a fixed space such as a quadrat. We
looked at the probability that macroalgae were simply
present (1) or absent (0) (i.e. without explicit reference
to the amount of macroalgae present) in response to
increased abundance of CCA.
The effect of the 4 experimental treatments on
fragment growth rates was analyzed using factorial
ANOVA. A factorial ANOVA was also used to determine if the coverage of recruited spores differed
among the 4 treatments. Significant interaction terms
between nutrient and time were analyzed using post
hoc analyses (Tukey HSD) after making Bonferroni
corrections to the p-values as described by Rice (1989).
Differences in the mean number of individuals that
spawned in the different treatments were compared
using a Z-test for proportions because the response
variable (spawning) was a binary variable (plants
either spawned or not). Effective sample sizes for all
experiments were determined using power analyses
in preliminary experiments.

RESULTS
In the field, increased abundance of CCA lowered
the probability that macroalgae were present within
the same quadrat (logit regression: β0 = 1.3904, β1 =
–0.1316, χ2 = 24.622, df = 1, p < 0.0001). The relationship between the abundance of CCA and the abundance of macroalgae and the logistic-regression relationship showing the probability that macroalgae are
present as a function of the abundance of CCA are
shown in Fig. 1. Macroalgae that could not be identified
to species level from the pictures were simply classified
as ‘macroalgae’. Macroalgae that could be identified
were mostly Derbesia spp. (17.4% of total), Acanthophora spp. (10.9%), Halimeda spp. (7.3%), and Amencia spp. (4.9%). Ulva fasciata comprised 3.2% of the
total macroalgal cover when all sites were pooled.
In the experiment with Ulva fasciata, the presence of
CCA significantly reduced algal relative growth rates
with respect to controls (Table 1). Relative growth rates
of U. fasciata increased by 54.6% when CCA were
absent (Fig. 2). Nutrient additions had no significant
effect on relative growth rates (Table 1). Within the
context of our experimental setting, relative growth
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Fig. 1. Relationship between crustose coralline algae abundance and macroalgae abundance (left axis) as measured in 50
× 50 cm quadrats (n = 300) at 5 m depth along the northwestern
shore of Maui, and the logistic regression line (y = e1.39 – 0.13x/1 +
e1.39 – 0.13x, p < 0.0001) showing the decreasing probability that
macroalgae are present within a quadrat (right axis) as crustose
coralline algal abundance increases

Table 1. Ulva fasciata. ANOVA showing the direct and interactive effects between nutrient treatment and presence of
crustose coralline algae (CCA) on relative growth rates of
U. fasciata

Nutrients
CCA
Nutrients × CCA
Error

df

MS

F

p

1
1
1
73

0.228
1.003
0.017
0.139

1.631
7.195
0.123

< 0.21
< 0.01
< 0.73

Relative growth rate

0.7

0.040

a,b

0.035
0.030

0.020

b

CCA– N –

CCA– N+

CCA+ N –

CCA+ N+

Treatment
Fig. 2. Ulva fasciata. Mean relative growth rates for U. fasciata fragments grown under different experimental conditions
over a 4 d period. Treatments are with (N+) or without nutrients (N–), cross-factored with crustose coralline algae presence (CCA+) or absence (CCA–). Letters above the bars indicate significant groupings based on post hoc analyses (Tukey).
Error bars represent SE
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rates of U. fasciata were thus significantly affected by
the presence of CCA but not by nutrient additions.
Nutrient additions and the presence of CCA both
induced spore release in 65 to 89% of Ulva fasciata
individuals. Plants in all treatments released more
spores relative to the control (i.e. without CCA and
without added nutrients) (Fig. 3). There was no difference in the proportion of individuals that spawned in
each treatment other than the control (Z < 1.43, p >
0.05), from which they all differed significantly (Z >
3.17, p < 0.05).
Recruitment of viable spores was observed in all
treatments, but the highest recruitment occurred when
nutrients were added and CCA were absent (Fig. 4,
Table 2). While plants released spores in all treatments, only a small number recruited when CCA were

a

0.045

0.025

Proportion of individuals spawning

80

Probability of macroalgal presence

Abundance of macroalgae (% cover)

a

CCA– N–

CCA– N+

CCA+ N–

CCA+ N+

Treatment
Fig. 3. Ulva fasciata. Mean proportion of U. fasciata fragments
that spawned under different experimental conditions over a
4 d period. Treatments are with (N+) or without nutrients (N–),
cross-factored with crustose coralline algae presence (CCA+)
or absence (CCA–). Letters above the bars indicate significant
groupings (p > 0.05) based on a Z-test for proportions. Error
bars represent 95% CI

present (Fig. 4). Microscopic examination of the water
column and the rubble on which the CCA occurred
revealed that spores were absent in both of these
potential habitats. Hence, despite the fact that spore
release in Ulva fasciata occurs when CCA are present,
the presence of the latter subsequently reduces the
recruitment success of this macroalga.
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Table 2. Ulva fasciata. ANOVA showing the direct and interactive effects between nutrient treatment and presence of
crustose coralline algae (CCA) on recruitment success of
U. fasciata

b

50
40

Nutrients
CCA
Nutrients × CCA
Error

30
20

MS

F

p

1
1
1
73

9112.98
6215.71
6811.79
385.41

23.645
16.127
17.674

< 0.001
< 0.001
< 0.001

a

10
a

a
0

df

CCA– N–

CCA– N+

CCA+ N–

CCA+ N+

Treatment
Fig. 4. Ulva fasciata. Recruitment success of U. fasciata fragments measured as the mean percentage of the bottom covered by spores after 4 d. Treatments are with (N+) or without
nutrients (N–), cross-factored with crustose coralline algae
presence (CCA+) or absence (CCA–). Letters above the bars
indicate significant groupings based on a non-parametric
Kruskal-Wallis ANOVA. Error bars represent SE

DISCUSSION
In a simple experiment, we showed that mixed communities of CCA are capable of effectively reducing
growth and recruitment success of the green alga Ulva
fasciata. In our experiment, crustose coralline communities were dominated by Porolithon spp. and Hydrolithon spp., 2 common Hawaiian CCA. This experimental finding supports field observations in which
increased abundance of CCA corresponds to a reduced probability of macroalgae occurring within the
same quadrat (Fig. 1). Mixed communities of CCA
therefore appear to serve as yet another biotic factor
capable of limiting the local abundance of macroalgae
in addition to corals, herbivorous fishes, and herbivorous invertebrates (e.g. Williams et al. 2001, Mumby
2006, Mumby et al. 2006, Sandin et al. 2008). While the
limited scope of our experiments prevents broad generalizations, our results help to illustrate the potential
importance of CCA as a factor that helps to maintain
low macroalgal abundance on Hawaiian coral reefs,
especially when coral cover is low. The observation
that CCA negatively affect various life-history aspects
of macroalgae has also been found in temperate
marine systems (Suzuki et al. 1998, Kim et al. 2004,
Daleo et al. 2006). Although by no means a comprehensive test, our results support previous studies in
temperate ecosystems showing that CCA are capable
of decreasing both macroalgal growth and recruitment
success. Coralline algal species can prevent overgrowth
by macroalgae through the production of antifouling

compounds (Suzuki et al. 1998, Kim et al. 2004), by creating refuges for herbivores that control epiphytes
(Paine 1980, Steneck 1982, Karez et al. 2004), and by
thallus shedding (Johnson & Mann 1986, Keats et al.
1997). Because (micro)herbivores and thallus-shedding were not observed during the short duration of
our experiment, the release of antifouling compounds
is the most likely mechanism by which CCA prevented
successful recruitment of macroalgal spores (Fig. 4).
Biochemicals produced by CCA therefore appear to
negatively affect macroalgae (with which they compete for space) in addition to positively affecting coral
recruitment. Biochemicals (morphogens) associated
with certain CCA species induce settlement and metamorphosis in a large number of scleractinian corals
(Morse et al. 1988, 1996, Heyward & Negri 1999, Harrington et al. 2004). Hence, CCA have the capacity to
structure coral reef communities through both suppression of macroalgae and promotion of coral recruitment, 2 characteristics generally associated with
‘healthy’ reefs. Because CCA also help to create a stable reef substrate by cementing together sand, dead
coral, and debris, especially in shallow water (Adey
1998, Diaz-Pulido et al. 2007, but see MacIntyre 1997),
their importance within the wider reef community is
multifaceted.
CCA are a prominent element of ‘healthy’ reef communities (e.g. Sandin et al. 2008), including those in
Hawaii (Vermeij et al. 2010). CCA occupy most of the
remaining open space on Hawaiian reefs with low
coral cover. If a reef then suffers from human disturbance (e.g. overfishing, pollution, increased sedimentation), fleshy algae become the most dominant
benthic organisms, whereas the abundance of CCA
decreases (Vermeij et al. 2010). The decreased abundance of CCA is correlated with chronic human disturbances on coral reefs worldwide (e.g. eutrophication:
Littler & Littler 1984b, Björk et al. 1995, Belliveau &
Paul 2002; sedimentation: Fabricius & De’ath 2001,
Fabricius 2005; overfishing: Littler & Littler 1984a,b,
Steneck 1997). While many of these human disturbances favor macroalgae (e.g. eutrophication, overfishing) or weaken corals (e.g. by sedimentation) directly,
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their effect on CCA provides a secondary, indirect
route by which these disturbances can be beneficial or
detrimental to macroalgae and corals respectively.
CCA could therefore act as ‘ecological mediators’ of
coral–macroalgae competition, whereby the outcome
of such interaction is partially influenced by the local
abundance and species composition of local crustose
coralline communities.
Species-specific effects were not considered in our
study, as we used communities consisting of various
crustose coralline species in our experiments. Different
CCA species affected macroalgal growth differently in
a Brazilian coastal system (Villas Boas & Figueiredo
2004), and are known to have species-specific effects
on coral recruitment (Harrington et al. 2004). Furthermore, CCA species have potentially beneficial effects
on macroalgal growth in some ecological situations
(Diaz-Pulido & McCook 2004). All these observations warn against making the generalization that the
presence of CCA per se is detrimental for macroalgal
growth. Nevertheless, the present study clearly illustrates the potential importance of CCA in mediating
coral-algae competition in a coral reef setting in Hawaii.
To the best of our knowledge, this is the first time the
ability of CCA to suppress macroalgal growth has been
proposed for tropical reef communities. This builds on
similar observations from temperate marine systems
(e.g. Suzuki et al. 1998, Kim et al. 2004, Villas Boas &
Figueiredo 2004). Because CCA are also important
during the earliest life-history stages of corals (e.g.
Morse et al. 1996, Heyward & Negri 1999, Harrington
et al. 2004, Vermeij & Sandin 2008), the abundance
and species composition of this functional group may
influence the future abundance of macroalgae and
corals, thereby affecting the commonly measured benthic organisms thought to represent degraded and
healthy reefs respectively.
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