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Abstract The ecological resilience of coral reefs depends critically on the capacity of coral populations to re-establish in habitats dominated by macroalgae. Coral reefs globally are under rapidly
increasing pressure from human activities, especially from climate change, with serious environmental, social and economic consequences. Coral mortality is usually followed by colonisation
by benthic algae of various forms, so that algae dominate most degraded and disturbed reefs. The
capacity of coral populations to re-establish in this algal-dominated environment will depend on
direct and indirect impacts of the algae on the supply of coral larvae from remnant adults, on settlement of coral larvae and on the post-settlement survival and growth of juvenile corals. The effects
of benthic algae on coral replenishment vary considerably but the thick mats or large seaweeds
typical of degraded reefs have predominantly negative impacts. Some algae, mostly calcareous red
algae, may enhance coral settlement on healthy reefs. Algal effects on coral replenishment include
reduced fecundity and larval survival, pre-emption of space for settlement, abrasion or overgrowth
of recruits, sloughing or dislodgement of recruits settled on crustose algae, and changes to habitat
conditions. There is a serious lack of information about these effects, which are likely to cause
bottlenecks in coral recovery and significantly reduce the resilience of coral reefs.

Introduction
Globally, degradation of coral reefs due to the impacts of human activity is increasing, raising concerns for the future persistence of reefs and the social and economic goods and services they provide
(Bryant et al. 1998, Wilkinson 2004, Pandolfi et al. 2005). Reefs face an increasing number, intensity and frequency of stresses and disturbances (Hughes & Connell 1999, Karlson 1999, Hughes
et al. 2003), including climatic change in particular (Hoegh-Guldberg 1999, Hoegh-Guldberg et al.
2007). Coral reefs are subject to frequent disturbances, natural or anthropogenic, such as hurricanes/cyclones, crown-of-thorns starfish outbreaks, diseases and mass bleaching of corals. Their
resilience, or capacity to resist or recover from these disturbances, is critical to their long-term
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persistence and contributions to economies (McCook et al. 2001b, Hughes et al. 2007). Recent
research has shown that the capacity of reefs to recover from disturbances is especially vulnerable
to human impacts (McCook 1999, Hughes et al. 2003, 2007, McCook et al. 2007).
The recovery of reefs after disturbance requires the re-establishment or replenishment of coral
populations, either by regrowth of surviving coral fragments or the arrival and settlement of coral larvae and their post-settlement growth and survival (Hughes 1994, Hughes & Tanner 2000). However,
it is important to realise that this replenishment takes place against a background of benthic algal
dominance (McCook 1999, Hughes et al. 2005, 2007, McCook et al. 2007) because disturbed coral
reefs are almost universally colonised by some form of benthic algae (Diaz-Pulido & McCook
2002, 2004) and degraded coral reefs are generally dominated by benthic algae (Table 1; Hughes
et al. 1987, Done 1992, Hughes 1994, Connell et al. 1997, McCook 1999, Hughes et al. 2007).
Indeed, the state of a reef as resilient or degraded is largely determined by whether algal dominance
after disturbance is temporary, because coral populations recover, or becomes long term, precluding
coral recruitment and regrowth. Impending climate change, with increasing sea temperatures and
consequent increases in severity and frequency of mass coral bleaching (Hoegh-Guldberg 1999)
and coral disease (Bruno et al. 2007), inevitably followed by coral mortality and subsequent algal
overgrowth, will seriously reduce the capacity of coral populations to re-establish before subsequent
disturbances (Hughes et al. 2003, 2007, Diaz-Pulido et al. 2007b).
Algal inhibition of coral replenishment has the potential to cause a serious bottleneck for reef
recovery, depending on the nature of the algal assemblage. Diaz-Pulido & McCook (2002) found
algal colonisation, after the 1998 mass bleaching on the Great Barrier Reef, to be distinctly different
on two reefs within 15 km of each other, with one reef dominated by fine, filamentous algal turfs,
the other by larger, fleshy upright algae. Subsequent work at the first reef (Orpheus Island; Hughes
et al. 2007) showed that the nature of the algal assemblage (turfs vs. larger seaweeds) had major
effects on coral recruitment and on the resilience of the reef. Thus the effects of benthic algae on the
processes of coral population recovery are critical to the resilience of coral reefs, and increasingly
so with impending climate change.
Algal effects on coral recovery can be separated into competitive effects of algae on surviving coral colony fragments and effects on coral population replenishment, including reproduction
(fecundity) and recruitment (including larval dispersal/supply, settlement and post-settlement survival and growth). Previous work has considered competitive effects in some detail and specifically
identified algal effects on coral recruitment as a critical aspect and one for which there is little direct
evidence (e.g., McCook et al. 2001a).
The present review focuses on effects of benthic alga on larval supply and recruitment, particularly on (1) habitat for coral replenishment, (2) production of coral larvae and their dispersal,
(3) coral settlement and (4) post-settlement survival of corals. It is important to note that effects
on different coral life-history stages are cumulative because corals must pass through every stage
successfully to re-establish populations (Hughes & Tanner 2000, Hughes et al. 2000). Given the
considerable diversity of forms of algal assemblage (Table 1; Figure 1), the review emphasises the
need to consider the effects of different forms of algae separately. Despite the importance of this
topic, there are surprisingly few published studies (McCook et al. 2001a and see the section ‘State
of knowledge’, p. 31). This review therefore has two aims: to review existing research and to provide
a framework and context for future research.

The diversity of algae and their effects on coral replenishment
The benthic algae of coral reefs are extraordinarily diverse, ranging from small filaments a few millimetres high, through thick mats of tough algae, to large forests of leathery macrophytes (Figure 1;
Steneck & Dethier 1994, Walters et al. 2003). The nature of algal assemblages dominating degraded
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Table 1

Comparison of algal communities resulting on degraded reefs

Case study

Disturbance(s)

Kaneohe Bay,
Hawaii

Siltation (dredging & land
clearing) and eutrophication
(sewage)1

Discovery Bay,
Jamaica

Hurricane Allen (1981) and
reduced herbivory
(overfishing)3
Further reduction of herbivory:
mass mortality of Diadema
antillarum)5
Chronic nutrient pollution from
groundwater and overfishing
— mortality to corals from
algal overgrowth 6
Dredging for building material
(siltation)7, coastal development (sedimentation and
sewage)8, agriculture (terrestrial run-off), overfishing,
Acanthaster planci (1982)9,10
Silt-laden wet season run-off2
Mass bleaching12

La Saline Reef,
Reunion

Moorea, French
Polynesia

Malidi, Watamu,
Mombasa &
Kisite Marine
National Parks,
Kenya (protected)

Dominant
macroalgal taxa

Dominant macroalgal
functional group

Dictyosphaeria
cavernosa (also
suspension- and
filter-feeding biota)2
Turf algae (controlled
by grazing of
Diadema antillarum)4
Dictyota, Padina,
Halimeda and
Lobophora4
Padina, Gracilaria
crassa6

Pulvinate or cushion-like

Boodlea siamensis,
Sargassum sp. and
Turbinaria ornata11

Filamentous (cushion-like), leathery
macrophyte

Not reported

Filamentous and diminutive algae,
fleshy algae; mass bleaching led to
an increase of turf algae by 88%
(31% ± 3.7% to 58.5% ± 3.6% mean
± SEM), increase of fleshy algae by
115% (4.5% ± 1.6% mean ± SEM to
9.8% ± 2.3% mean ± SEM)12
Filamentous and diminutive algae,
fleshy algae; mass bleaching led to
an increase of fleshy algae by 222%
(4.0% ± 31.2% to 12.9% ± 4.3%
mean ± SEM) and no significant
change of turf algae after bleaching
disturbance12
Corticated foliose, leathery
macrophyte13

Vipingi, Kanamai,
Ras Iwatine &
Diani reefs
(non-park,
unprotected)

Mass bleaching and overfishing12

Not reported

Glovers Reef,
Belize, Caribbean

Disease & reduction in herbivory
(by diseases and overfishing)

San Salvador,
Bahamas
Experimental
simulation of
overfishing

Bleaching & hurricanes

Lobophora variegata,
Dictyota, Turbinaria,
Sargassum
Not reported

Mass bleaching of corals,
experimental exclusion of large
fishes

Sargassum spp. (also
Padina, Lobophora)

Filamentous/EAC

Corticated foliose, articulated
calcareous
Corticated foliose, corticated
macrophyte

Algal turfs, macroalgae and
encrusting algae14
Leathery macrophyte, corticated
foliose15

Note: Macroalgal functional groups are based on those in Steneck & Dethier’s (1994) categorisation with pulvinate or cushion-like alga as an additional group (R.S. Steneck personal communication). Superscript numbers indicate references
as follows: 1Smith et al. 1981, 2Done 1992, 3Hughes 1994, 4Hughes et al. 1987, 5Lessios 1988, 6Cuet et al. 1988,
7Gabrie et al. 1985, 8Salvat 1987, 9Bouchon 1985, 10Faure 1989, 11Payri & Naim 1982, 12McClanahan et al. 2001,
13McClanahan & Muthiga 1998, 14Ostrander et al. 2000, 15Hughes et al. 2007 and L. McCook (personal observation).
EAC, epilithic algal community, diminutive (less than a few cm high) algal forms growing on the reef substratum.
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Figure 1 (See also Colour Figure 1 in the insert following p. 250.) Different algal assemblages dominating
reef habitats, creating large differences in the suitability of the habitat for coral replenishment. A. Crustose
calcareous algae, especially from the Order Corallinales, form a calcified crust over the substratum and are
generally associated with habitats that promote coral recruitment.
(continued on facing page)
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reefs can differ enormously, depending on factors such as the extent and cause of degradation or
propagule supply (Table 1 and references therein; Done 1992, McCook 1999). Clearly, such different
forms and assemblages have very different characteristics (Littler et al. 1983, Olson & Lubchenco
1990, Steneck & Dethier 1994) and consequently vastly different effects on coral replenishment
processes (Figures 1 and 2).
Addressing this diversity is a key challenge for understanding algal effects on reefs. With an
estimated 600 species of algae on the Great Barrier Reef (Diaz-Pulido & McCook in press), species-level treatment is not practical and higher taxonomic distinctions are not well correlated with
ecological traits (e.g., a small area of filamentous turfs may include 30–50 species from a wide
range of families and phyla). Algal characteristics most relevant to ecological processes are not the
traits linked to taxonomic categories but include physical (e.g., height, structure, growth form) and
chemical traits (e.g., production of allelopathic chemicals). Most of the relevant physical attributes
are effectively captured in the commonly used ‘functional groups’ (Littler 1980, Littler & Littler
1980, Littler et al. 1983, Carpenter 1990, Olson & Lubchenco 1990, Steneck & Dethier 1994),
which have been previously used to summarise and simplify algal-coral interactions (McCook et al.
2001a). Chemical traits are more difficult to simplify because secondary metabolites are often species specific (e.g., Walters et al. 2003, Kuffner et al. 2006). The algal functional groups of Steneck
& Dethier (1994), listed in Table 2, are used primarily in this review, with reference to individual
taxa where necessary.

Coral replenishment processes, resilience and terminology
Terminology in this review closely follows that defined by Harrison & Wallace (1990). Coral replenishment makes combined reference to larval supply, settlement, and post-settlement processes. In
the context of this review, effects of algae on larval supply include impacts on reproduction, fecundity and dispersal. Two reproductive modes are distinguished for corals: spawning refers to gamete
release from parent coral polyps followed by external fertilisation and development; brooding refers
to development of planulae larvae within the parent coral polyp, which are generally competent to
settle soon after their release. Settlement involves the attachment of coral larvae to the substratum.
Presettlement behaviour refers to intensive testing and searching behaviour and exploration of the
substratum by larvae that generally precedes settlement. Often used synonymously with settlement, metamorphosis involves morphological changes such as differentiation of aboral epidermis
in preparation for skeleton deposition, and consolidates settlement to form a spat. Settlement can
reverse, with larvae detaching and returning to presettlement behaviour under unfavourable conditions (Sammarco 1982, Richmond 1985, Vermeij & Bak 2002). In this review, settlement and
Figure 1 (continued) B. Filamentous algal turfs, closely cropped by herbivorous fishes and sea urchins, create a low turf (1–5 mm in height), which is compatible with coral recruitment. C. Aggregations of cyanobacteria (microalgae) may form longer filaments (30–100 mm in height) and often generate hostile chemical
conditions. D. Thick mats of larger, more robust corticated algae may create a dense layer over much of the
reef substratum (50–150 mm in height), trapping sediments and generating chemical and nutrient conditions
that may be inimical to coral settlement and early recruits. E. A dense mat of the ephemeral, corticated brown
alga, Chnoospora implexa, covering large areas of reef and live corals (up to 500 mm high). Because this mat
was highly seasonal, and short-lived, it subsequently disappeared, with little apparent impact on the underlying corals. The impact of such a mat on coral replenishment would depend strongly on the timing of the bloom
relative to coral spawning and settlement. F. Dense mat of the corticated, foliose brown alga, Lobophora
variegata, covering corals killed during a mass bleaching event and rendering the substratum apparently inaccessible to coral recruits. G. Canopy of the leathery macrophyte, Sargassum (brown alga), which may reach
heights of up to 3–4 m and densities of 100 plants m −2, pre-empting space for coral recruitment and significantly altering light and hydrodynamic regimes.
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Table 2 Summary of literature on coral recruitment, classified by phase of recruitment, and
type of study, against algal functional groups, environmental and other ecological factors
Recruitment phase

Factors

Larval
settlement

Macroalgal functional groups
Crustose
111–6, 36, 53, 58, 59, 63
Articulated calcareous
36, 60, 63
Microalgae
251, 52
Filamentous
354, 61, 63
Foliose
161
Corticated foliose
252, 53
Corticated macrophytes
34, 52, 61
Leathery macrophytes
261, 63
Environmental factors
Sediment
Light
Pollutants
Depth
Disturbance
Other/spatial variation
(Great Barrier Reef only)
Other ecological factors
Grazer damage
Damselfish territories
Allelopathy

317, 24, 35
222, 34
321, 25, 41
142

Early
post-settlement
(<0.5 cm Ø)
survival

Type of study
Juvenile
(1–5 cm Ø)
coral survival

Recruitment
on artificial
surface

In situ
recruitment
(on benthos)

213, 63
163
314, 57, 63

216, 56

163

5
49, 29, 62
39, 29

9, 29, 55, 62

140
111T
111T
211T, 28

59, 11T, 29, 39
59, 11T, 29, 39
59, 11T, 29, 39

116

219, 42

116

723, 44–49
39, 26, 43
117,33,18,43,23,44,27,48,30,5032,

112
1

10

320, 37, 38

115
213, 28
231

18

Note: Table entries give the number of studies found for each combination of topics; superscript numbers indicate the relevant references as follows:1Morse et al. 1988, 2Morse & Morse 1991, 3Morse et al. 1994, 4Morse et al. 1996,
5Raimondi & Morse 2000, 6Heyward & Negri 1999, 7Hughes et al. 1999, 8Sammarco 1980, 9Hughes 1985, 1989,
1996 (based on related data), 10Potts 1977, 11Miller & Hay 1996, 12Rylaarsdam 1983, 13Sammarco & Carleton 1981,
14Birkeland 1977, 15Brock 1979, 16Bak & Engel 1979, 17Babcock & Davies 1991, 18Babcock 1988, 19Mundy &
Babcock 2000, 20Fearon & Cameron 1996, 21Reichelt-Brushett & Harrison 2000, 22Kuffner 2001, 23Sammarco 1991,
24Hodgson 1990, 25Epstein et al. 2000, 26Mumby 1999, 27Hughes et al. 2000, 28Gleason 1996, 29Connell et al. 1997,
2004, 30Harriott & Fisk 1988, 31Maida et al. 1995a,b, 32Fisk & Harriott 1990, 33Sammarco & Andrews 1989, 34Mundy
& Babcock 1998, 35Gilmour 1999, 36Negri et al. 2001, 37Fearon & Cameron 1997, 38Koh & Sweatman 2000, 39Tanner
1995, 40Fairfull & Harriott 1999, 41Negri & Heyward 2001, 42Babcock & Mundy 1996, 43Dunstan & Johnson 1998,
44Harriott 1985, 45Wallace & Bull 1981, 46Wallace 1985a, 47Wallace 1985b, 48Banks & Harriott 1996, 49Harriott 1992,
50Baird & Hughes 1997, 51Kuffner & Paul 2004, 52Kuffner et al. 2006, 53Baird & Morse 2004, 54Birrell et al. 2005,
55Edmunds & Carpenter 2001, 56Van Moorsel 1985, 57Miller & Barimo 2001, 58Kitamura et al. 2007, 59Harrington
et al. 2004, 60Nugues & Szmant 2006, 61Vermeij et al. in review, 62Box & Mumby 2007, 63Maypa & Raymundo 2004.
Superscript T indicates temperate latitude zone study. Note that studies of recruitment on artificial substrata (e.g.,
ceramic settlement plates) may be confounded by the material of the substrata, and in situ studies may miss many
small and cryptic recruits. Both approaches may confound differences in settlement with post-settlement mortality.
Literature survey post-1978; for environmental and other ecological factors survey is not comprehensive because
recent publications number in the hundreds: survey illustrates proportional research effort; some studies are reported
in more than one reference.
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metamorphosis are treated together. Post-settlement survival refers to the levels of survival and
mortality after settlement (e.g., due to environmental disturbance, competition with other organisms) and may vary strongly with size or age of the coral. Post-settlement survival is generally
used more specifically to refer to the dynamics of corals not visible in situ with the naked eye
(i.e., <0.5 cm in diameter or approximately 6 months after settlement; e.g., Wilson & Harrison
2005), whereas recruit survival generally refers to the dynamics of corals visible in situ (generally
with diameters >0.5 cm and more than 6 months after settlement; e.g., Hughes et al. 2007). In the
literature, data on coral recruitment often refer to identification of corals when visible in the field,
photographs or on retrieved surfaces (i.e., diameter greater than ~0.5 cm; Wallace 1985b), with
limited capacity to distinguish the dynamics of settlement and those of post-settlement growth and
survival. Thus effects reported on recruitment may arise from the effects on either the settlement
or post-settlement stage.

State of knowledge
The effects of benthic algae on coral replenishment are inadequately studied given their importance
to reef ecology and persistence. There are relatively few published studies that directly address these
effects and those few address only a fraction of benthic algal species and provide very uneven coverage of different algal types, environmental influences or coral life stages (Table 2). This makes it
very difficult to detect and describe even preliminary patterns (Table 3).
Although it is widely accepted that benthic algae have predominantly negative effects on coral
recruitment during reef disturbance and degradation (e.g., McCook et al. 2001a, Mumby et al.
2007), research to date has focused strongly on the induction of coral settlement by crustose calcareous algae (CCA*) in the Order Corallinales (Tables 2, 3 and 4), with relatively few detailed studies
of coral settlement using the algae commonly present during reef degradation. In contrast, most
research into algal effects on post-settlement survival and growth has focused on large, fleshy algae,
with turfing and crustose forms under-represented. Importantly, much of the evidence for algal inhibition of coral recruitment stems largely from field surveys of Caribbean reefs using visual or photographic methods that only detect recruits at approximately 6 months post-settlement (>~0.5 cm; e.g.,
Hughes 1989, 1996, Edmunds & Carpenter 2001, Edmunds 2002), preventing distinctions between
effects on settlement and post-settlement survival (see Harrison & Wallace 1990; similar limitations apply even to studies using microscopic examination of artificial substrata if post-settlement
mortality is not monitored). There is even less direct information available on the effects of algal
assemblages on ‘supply-side’ processes of fecundity and larval dispersal and survival.
Another knowledge gap involves interactions and synergies between algal effects and other
stressors on coral replenishment (but see Birrell et al. 2005). Finally, the tendency for under-reporting of ‘negative’ results, showing no effect for a particular factor (Underwood 1999), means that
reviews such as this may under-represent aspects where good research methods have shown the lack
of effects. Overall, there is a need for significant further research into algal effects on coral replenishment, using a broader range of algal types, distinguishing between effects on different coral
stages and exploring the different mechanisms for those effects.
Given the paucity of direct evidence for algal effects on coral replenishment, the review begins
with a summary of evidence for effects of algae on physical and chemical aspects of habitat condition and considers how that evidence may be relevant to coral replenishment. The effects of environmental conditions and pressures on coral replenishment have been reviewed elsewhere (e.g.,
Harrison & Wallace 1990, see also Table 2).
*

Note that throughout this review, CCA is used to include all crustose, calcareous algae, including those in the Order
Corallinales, but also taxa such as Peyssonnelia, from other taxonomic groups; ‘coralline’ is used to specify taxa from
the Order Corallinales.
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Figure 2 (See also Colour Figure 2 in the insert.) Disturbance, algal colonisation and effects of algae on
coral recruitment. A. Colonisation of severely bleached coral tissue by fine filamentous algae. Disturbances
that lead to coral tissue death usually result in colonisation of exposed coral skeleton by some form of benthic algae. Subsequent succession may result in very different algal assemblages, with very different consequences for coral replenishment. B. Overgrowth of damaged corals by the corticated, foliose brown alga,
Lobophora variegata, has dramatically reduced substratum available for coral settlement. C. Healthy coral
recruit attached to a crustose calcareous alga; such algae may enhance settlement of coral larvae. D. Coral
recruit emerging from filamentous algal turf. During settlement and early growth, the smaller coral would
have been more strongly affected by physical and chemical conditions in the turf. (continued on facing page)
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Effects of macroalgae on habitat conditions
for coral replenishment
Just as trees are critical to the nature of a forest habitat, macroalgae may have major effects on
the physical and chemical conditions of the reef environment, which may in turn affect the larval
dispersal, settlement and survival of corals (Harrison & Wallace 1990). Although there is a significant amount of information on such habitat effects (e.g., Amsler et al. 1992, Martin-Smith 1993),
especially from temperate algal beds (e.g., Reed & Foster 1984, Wing et al. 1993, Valiela et al.
1997, Eckman et al. 2003) the focus here is on key aspects relevant to coral replenishment, that is,
benthic space, light availability, water flow and turbulence, benthic sediment regimes and chemical
environments, including nutrient regimes and microbial environments.

Effects of macroalgae on benthic space
The availability of benthic space, for coral settlement and growth, is strongly limited by algal
assemblages, which occupy much of the substratum on coral reefs. Benthic algae are rapid colonists
of newly available bare space on coral reefs, commencing with diatoms, microbes and cyanobacteria, then simple filamentous algae and CCA, followed by more complex filamentous turfs and perhaps by larger, more robust algal types (McClanahan 2000, McClanahan et al. 2001, Diaz-Pulido
& McCook 2002, Diaz-Pulido et al. 2007a). Most of the apparent ‘bare space’ on reefs is in fact
occupied by variable mixtures of CCA and very short, closely grazed filamentous algal turfs, barely
apparent to the naked eye.
The extent to which this space is unavailable to corals will depend strongly on the nature and
density of the algal assemblage; a sparse, close-cropped turf-CCA assemblage will have very different impacts than a dense algal mat, or a bed of large, canopy-forming Sargassum seaweeds.
Most algal assemblages probably do not completely preclude access to substratum for coral larvae,
given their small size (500–2000 µm in diameter; Harrison & Wallace 1990) relative to the spacing
between algal filaments or the holdfast attachments of larger algae (authors’ personal observation).
However, dense algal assemblages will certainly hinder access to the substratum. It has been suggested that dense stands of filamentous algae prevent spores of other macroalgae reaching the substratum (Hruby & Norton 1979, Olson & Lubchenco 1990). In considering space occupied by algae,
it is important to recognise that many algal assemblages form a distinct canopy, whether at the scale
of tens of millimetres for algal turfs or metres for a Sargassum bed. Space under the canopy may
be relatively bare or occupied by understorey species; on the inshore Great Barrier Reef, beds of the
leathery macrophyte Sargassum often have substantial understorey cover of corals, smaller foliose
macroalgae (e.g., Padina sp.) and filamentous turfs (authors’ personal observation; see also McCook
1999, Hughes et al. 1987, 2007).
Furthermore, not all algal types will preclude coral settlement. Corals can settle and even grow
on several types of macroalgae, primarily calcareous red macroalgae (Morse et al. 1994, Morse
et al. 1996, Heyward & Negri 1999, Raimondi & Morse 2000, Harrington et al. 2004), but also filamentous (C. Birrell personal observation) and articulated calcareous green algae (Halimeda spp.;
Nugues & Szmant 2006). However, most filamentous and fleshy algae will not provide suitable
attachment sites for coral colony formation and many taxa have antifouling mechanisms such as
shedding of surface cell layers (Olson & Lubchenco 1990, de Nys & Steinberg 1999).
Figure 2 (continued) E. Acropora corals emergent from a dense mat of Lobophora variegata (as in B and
Figure 1F). F. Leathery macrophytes (e.g., Sargassum) may form an extensive canopy, but still retain significant understorey substratum suitable for coral settlement and recruitment, such as the filamentous turfs shown
here. G. Trapping of sediments by filamentous algal turfs may enhance stress experienced by coral recruits
and significantly reduce the suitability of habitat for their survival and growth.
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Filamentous & diminutive forms
(<2 cm) including EAC and turf

Articulated calcareous

Crustose

Microalgae

Algal functional group

PS−11, 12, 16, 35, 37
R+~14, 31

PS−20–23

PS−9, 11, 16, 24, 35, 37
PS+~24, 27, 31

Overgrowth/
smothering

L−1, 10, 31, 42
S−1, 42 S+10 S~31
PS−10

L~7
S~7

S+
S~5, 28, 30, 33 S−39
4, 5, 9, 27–30, 32, 34, 36, 38

L−8
S−8 S+32, 36

Chemical
(allelopathy)
Abrasion

L−3
S−3

PS−9, 24

L−3
S−3, 9

Epithallial
sloughing

S−17, 33 S~17

R−

20–23

Space
pre-emption

Mechanism of macroalgal interaction

S−40

PS−20–23

Shading/overtopping

S−17, 33 S~17
PS−2, 11, 33

Sediment
accumulation

S−10

L~10
S+10
PS−10

PS+10

L~10
S+10

Morphology/
hydrodynamics

Table 3 Summary of evidence for algal effects on coral replenishment: available evidence for interactions between different algal functional
groups (rows) and different mechanisms of interaction (columns)
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R−6, 18, 25, 26

PS−6, 20, 22

PS−6, 20, 22
R−6, 18, 25, 26

PS−6, 20–23 PS~31
R−6, 18, 26

L−10, 42
S−10, 42 S+10
PS−10

S−
42

L−42

L−5, 8, 42 L~8, 31
S−5, 30, 42 S+8, 10, 31
S~8, 30, 31
PS−8

PS−14, 15

R−6, 18, 25

PS−8, 41
R−6, 18

R−19, 20, 22, 26

R−6, 18, 25, 26
R−19, 20, 22

R−19, 20–23, 26

PS−6, 20, 22
PS+31 PS~15
R−6, 18, 25, 26

PS−6, 20, 22 PS+31
R−6, 18, 25, 26

PS−6, 13, 20–23, 41 PS+31
R−6, 18, 26

L~10
S−10
PS−10

L~10
S−10
PS−10

Note: Effects are indicated by the stage studied: L, effects on larval survival or dispersal; S, effects on coral settlement; (PS) effects on post-settlement survival of corals; and R, effects
on coral recruitment (i.e., cannot distinguish between settlement and post-settlement effects). Effects also indicated by the nature of the effect: −, negative impact or inhibition;
+, positive effect or enhancement; ~, ambiguous interactions. Greyed areas indicate combinations of algae and interactions that are not relevant or possible. Superscript numbers
indicate references as follows: 1Kuffner & Paul 2004, 2Nugues & Roberts 2003, 3Littler & Littler 1999, 4Heyward & Negri 1999, 5Baird & Morse 2004, 6Hughes et al. 2007,
7Nugues & Szmant 2006, 8Kuffner et al. 2006, 9Harrington et al. 2004, 10Maypa & Raymundo 2004, 11Bak & Engel 1979, 12Potts 1977, 13Fairfull & Harriott 1999, 14Gleason 1996,
15River & Edmunds 2001, 16Sammarco 1991, 17Birrell et al. 2005, 18Carpenter & Edmunds 2006, 19Connell et al. 1997, 2004, 20Hughes 1985, 21Hughes 1989, 22Hughes 1994,
23Hughes 1996, 24Harrington 2004, Steneck et al. (unpublished data), 25McClanahan et al. 2005, 26Miller & Hay 1996, 27Morse et al. 1988, 28Morse & Morse 1991, 29Morse et al.
1994, 30Morse et al. 1996, 31Birrell 2003, 32Negri et al. 2001, 33Petersen et al. 2005, 34Raimondi & Morse 2000, 35Van Moorsel 1985, 36Webster et al. 2004, 37Sammarco & Carleton
1981, 38Kitamura et al. 2007, 39Kitamura et al. 2005, 40Birkeland 1977, 41Box & Mumby 2007, 42Vermeij et al. in review.
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Peyssonnelia sp.

Mesophyllum sp.
Neogoniolithon
brassica-florida
Neogoniolithon fosliei

Lythoporella
melobesioides

Live
Dead

Dead

Live fragment

Live

Live, dead
Live, dead
Dead

Live
Live, dead
Live fragment

Dead, live,
extract

CCoA
CCoA

CCA

Corticated
foliose
CCoA

CCoA
CCoA
CCoA

CCoA
CCoA
CCA

CCA

Pacific
Pacific
Pacific,
Caribbean
Indian

Pacific
Indian
Indian

Pacific,
Caribbean
Pacific

Indian

Pacific
Pacific

CCoA

Hydrolithon onkodes
(Porolithon onkodes)
Hydrolithon reinboldii

Hydrolithon sp.
Lithophyllum
insispidum
Lithophyllum
kotschyanum
Lobophora variegataa

Caribbean
Caribbean
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific

Live intact
Dead
Dead
Live, dead
Dead
Extract, dead
Extract
Live fragment

CCoA

Indian
Caribbean

Dead
Extract

Artic. CoA
CCoA

Amphiroa anceps
Hydrolithon boergensii

Region/ocean

Form

Group

Lab

Lab & field
Lab & field
Lab

Lab & field
Lab
Lab

Lab & field

Lab

Lab

Lab
Lab

Lab
Lab
Lab & field
Lab & field
Lab
Lab
Lab

Lab
Lab &
field6

Study

Acropora millepora1

Acropora millepora7
Acropora tenuis7, A. millepora7
Acropora digitifera5

Acropora tenuis7, A. millepora7
Acropora millepora1
Acropora millepora1

Acropora digitifera5, A. nasuta5, A. tenuis5, A. florida5, A. gemmifera5,
A. formosa5, A. hyacinthus5, A. sp. 15, A. sp. 45 & A. sp. 65
Acropora millepora7

Acropora millepora1

Agaricia humilis3
Agaricia humilis5
Acropora millepora1
Acropora millepora7
Acropora tenuis7, A. millepora7
Agaricia humilis5
Favia favus5, Gonioastrea retiformis5, Cyphastrea sp.5
Acropora digitifera5, A. nasuta5, A. tenuis5, 7, A. millepora7, A. florida5,
A. gemmifera5, A. formosa5, A. hyacinthus5, A. sp. 15, A. sp. 45, A. sp.
85, A. sp. 95, A. sp. 105, A. sp. 115
Acropora palifera8, Stylophora pistillata8
Acropora millepora1

Acropora millepora1
Agaricia humilis 2, 4–6, A. tenuifolia2

Coral taxon

Summary of evidence for induction of coral settlement by algal taxon (or microorganisms associated with algae)

Algal taxon

Table 4

S

S
S
S

S
S
S

S

S

S

B
S

B
B
S
S
S
B
S
S

S
B

Reproductive
mode
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Caribbean
Caribbean
Caribbean
Caribbean

Live

Dead
Live, extract
Live

Bacteria/
microalgae

CCoA
CCoA

CCoA sp.1
CCoA sp.4, sp. 5
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Lab & field
Lab & field
Lab & field

Lab & field

Lab

Lab
Lab
Lab
Lab & field
Lab & field
Lab & field
Lab & field
Field
Field
Lab
Lab

Lab

Lab

Lab

Agaricia danai9, A. tenuifolia9
Agaricia humilis9
Agaricia humilis9

Agaricia danai9, A. humilis9, A. tenuifolia9

Acropora microphthalma13

Two mixed species spawning slicks1
Acropora palifera8, Stylophora pistillata8
Acropora palifera8, Stylophora pistillata8
Agaricia humilis9
Acropora tenuis7, A. millepora7
Agaricia danai9, A. humilis9, A. tenuifolia9
Agaricia tenuifolia9
Acroporidae10, Poritidae10, Pocilloporidae10
Agaricidae10, Poritidae10, Favidae10, Acroporidae10
Pseudosiderastrea tayamai11
Acropora millepora12, A. willisae12

Favia favus5, Gonioastrea retiformis5, Cyphastrea sp.5

Acropora nasuta5, A. tenuis5, A. florida5, A. gemmifera5, A. formosa5,
A. hyacinthus5, A. sp. 15, A. sp. 45 & A. sp. 75
Agaricia humilis5

B
B
B

B

S

S
B
B
B
S
B
B
SB
SB
S
S

S

B

S

c

b

a

Lobophora variegata was observed to induce initial stages of larval metamorphosis by Morse et al. (1996); see text p. 43 for further discussion.
Algae on Millepora complanata skeleton.
Algae on settlement tiles.

CCA, crustose calcareous algae; CCoA, crustose coralline algae.

Note: All algae are calcified except Lobophora variegata and bacteria or microalgal communities. Coral reproduction modes are S (spawning taxa) and B (brooding taxa). Superscript
numbers indicate references as follows: 1Heyward & Negri 1999, 2D.E. Morse & Morse 1991, 3Steneck & Morse (unpublished, cited in D.E. Morse & Morse 1991), 4D.E. Morse
et al. 1994, 5A.N.C. Morse et al. 1996, 6Raimondi & Morse 2000, 7Harrington et al. 2004, 8Baird & Morse 2004, 9D.E. Morse et al. 1988, 10 R.S. Steneck et al. (unpublished data),
Harrington 2004, 11Kitamura et al. 2007, 12Negri et al. 2001, 13Webster et al. 2004.
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Impacts of macroalgae on light conditions
Most macroalgae create shade on spatial scales relevant to coral larvae and recruits and so may
affect photosynthesis, as well as factors such as ultraviolet radiation stress, calcification, localised
temperatures and visibility of corals to predators. Although there is little direct evidence relevant to
coral reefs, recent results (Box & Mumby 2007) have shown strongly detrimental effects of shading by the brown foliose algae Lobophora variegata and Dictyota pulchella. The extent and nature
of shading will vary considerably between algal functional groups and will depend more on the
nature and density of the entire algal assemblage than individual algae (Reed & Foster 1984, Wing
et al. 1993, River & Edmunds 2001, Quan-Young & Espinoza-Avalos 2006). Upright algae such as
leathery macrophytes (e.g., Sargassum) and algae with foliose morphologies (e.g., Padina, Ulva)
can individually shade substratum at scales of square centimetres to square metres, yet assemblage
canopies may shade entire reef zones, especially in the case of algal phase shifts (Hughes et al. 1987,
authors’ personal observation). Filamentous algae, articulated calcareous algae (e.g., Amphiroa) and
corticated macrophytes (e.g., Hypnea, Dictyota) are likely to create smaller and less-continuous
areas of shade (10 −2 to 101 cm2). Smaller algal assemblages will generally have less tissue to absorb
light, and hence create less shade, although this will depend on the density of the algal assemblages.
For example, articulated calcareous algae (Halimeda) can form dense enough stands to strongly
block out light (Hay 1981).
Importantly, shading by algal canopies will affect the spectral quality of light transmitted and
reflected, absorbing most strongly in the photosynthetic wavelengths, with consequences for coral
photosynthesis. Both light intensity and spectral quality are cues for habitat selection during settlement of corals (Mundy & Babcock 1998), so that these impacts may also affect larval presettlement
behaviour and settlement preferences.
Furthermore, shading by algae may not be exclusively detrimental. Although light is important
for coral photosynthesis and calcification (Barnes & Chalker 1990), strong light levels can have
energetic costs, due to photoinhibition (Hoogenboom et al. 2006), and in extreme circumstances
may overload the photosynthetic system, causing coral bleaching (Lesser 1997). Thus high light
environments may favour development of coral colonies with self-shading morphologies (Oliver
et al. 1983, Titlyanov 1991, Muko et al. 2000, Anthony et al. 2005), and, in some circumstances,
shading by algae during mass bleaching has been shown to increase survival in mature (Jompa &
McCook 1998) and juvenile corals (up to 130 days old; Birrell 2003). However, it should be noted
that these benefits are probably outweighed by other, negative impacts in the long term.

Impacts of macroalgae on water flow and turbulence
Different algal assemblages may have major effects on water flow speeds, gradients and turbulence, with potentially important consequences for coral replenishment. Water flow, gradients and
turbulence affect the physical dispersal and settlement ability of larvae (reviewed by Abelson &
Denny 1997), and the development and survival of settled individuals, through effects on exchange
of nutrients and other chemicals, important to rates of photosynthesis and respiration (Barnes &
Chalker 1990, Kuhl et al. 1995), and to the intensity of algal chemical interactions (e.g., allelopathy).
Nutrient and carbon exchange may have significant impacts on rates of photosynthesis and respiration, in turn affecting coral energy budgets, potentially critical to the survival of juvenile corals.
Water flow patterns are also critical to sediment deposition or abrasion (see next section) and other
physical interactions (e.g., whiplash by algal fronds; Anthony & Svane 1994, Vogel 1994, River &
Edmunds 2001).
The scale of algal impacts on flow dynamics is largely determined by the height and structure of the algal assemblage and so can be expected to differ markedly between algal functional
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groups. Kelp forests can influence coastal water circulation patterns (Jackson & Winnant 1983)
and leathery macrophytes such as Sargassum spp. can influence water flow within metres to deci
metres of the substratum (Duggins et al. 1990; Sargassum beds, which may reach 3 m tall, are common on coastal coral reefs and may develop during algal phase shifts; e.g., McCook 1996, Hughes
et al. 2007). Filamentous algae affect water flow within microns to millimetres of the substratum
(Carpenter & Williams 1993, Larkum et al. 2003). Indeed Carpenter & Williams (1993) demonstrated filamentous turfs 4.0–6.0 mm in height can have major effects on boundary layer formation,
reducing flow speeds up to 15-fold within 3.0 mm of the surface of settlement tiles relative to above
free-stream flow speeds.
Algal impacts on water flow are also strongly influenced by algal morphology and texture (e.g.,
Abelson & Denny 1997), so that even crustose algae can significantly affect boundary layer water
flow and turbulence. By enhancing the small-scale complexity of the surface, crustose algae generate variable-flow regimes in pressure points, eddies and sheltered pockets (Carpenter & Williams
1993, Vogel 1994, Abelson & Denny 1997). Vogel (1994) discusses algal adaptations to flow regimes
and how roughness of surface features affects drag created in water. Put simply, morphologies with
greater drag (i.e., less streamlined) have larger effects on flow regimes. It is also worth noting that
epiphyte loading in algal canopies increases drag, generating greater downstream turbulence (Vogel
1994) although greater flow speeds can dislodge epiphyte communities (e.g., Bergey et al. 1995).
These effects on water flow occur at scales relevant to coral settlement and recruitment. The
height of coral recruits ranges from microns at settlement, to centimetres after the first few years
growth, so that they will be influenced by the effects on boundary layer dynamics and water flow
gradients of even very short algae (e.g., filamentous turfs; Larkum et al. 2003).

Impacts of macroalgae on benthic sediment regimes
The effects of benthic algae on water flow may also affect sediment transport, and hence scouring and abrasion, and sediment deposition and resuspension (discussed above; see also Abelson
& Denny 1997). Benthic algae may also trap sediments, enhancing sediment deposition, and may
influence sediment composition and chemistry, with potential impacts on coral life stages ranging
from gamete fertilisation (Gilmour 1999) and larval settlement (Babcock & Davies 1991, Birrell
et al. 2005) to coral growth and survival (Rogers 1990, Riegl & Branch 1995, Fabricius et al. 2003,
Nugues & Roberts 2003, Fabricius 2005).
Generally, increased turbulence and flow speed promote transport and resuspension of sediments (Abelson & Denny 1997). This reduced turbulence and flow may reduce resuspension
between algal holdfasts (Steneck 1997). This from algal surfaces (Stamski & Field 2006), trapping sediments and enhancing deposition, with consequent impacts on coral replenishment. Purcell
(2000) observed that sediment load in filamentous turf and diminutive algal assemblages increased
with assemblage height across reef zones. Indeed, the relationship was approximately linear for all
zones (reef base, fore-reef flat and midreef flat) except the reef crest, where Purcell (2000) suggested
that higher wave energy disproportionately limited sediment accumulation (algal heights <0.2 cm
as opposed to 0.7–0.8 cm in other zones). Note, however, that potential feedback interactions are
possible. In more turbulent areas such as reef crests, wave action may limit the height and density
of algal assemblages, further limiting sediment trapping and accumulation (Cheroske et al. 2000,
Becerro et al. 2006).
In contrast, in less-turbulent areas, sediment trapping by filamentous turfs may serve to anchor
the assemblage, facilitating its growth and promoting algal overgrowth of corals or other organisms. This may even overwhelm defensive processes such as sloughing of coral mucus (McCook
2001, Nugues & Roberts 2003) or epithallial cell layers of crustose coralline algae (Steneck 1997).
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Nonetheless, Purcell (2000) observed sediment loads to be least on substrata with relatively high
coverage of crustose algae, apparently as a result of their limited potential to trap sediments compared with filamentous turfs.
Potential indirect effects of algae on the composition of trapped sediments may arise from
ecological interactions between algae and other organisms such as herbivores. Different grazers
favour different algal assemblages (e.g., Chittaro 2004 for parrotfishes), and grazing patterns can
affect sediment composition through accumulation of faecal material. For example, Petersen et al.
(2005) report the accumulation of faeces from grazing hermit crabs in sediments amidst algal turfs,
and grazing and defaecation by parrotfishes can produce large amounts of carbonate sediments
(Bellwood & Choat 1990, Bellwood 1996).
Finally, algal impacts on sediment regimes may have more complex effects if the trapped sediments bind with chemicals such as nutrients, pesticides or other toxicants, increasing their retention.
These pollutants generally have detrimental impacts on coral survival and replenishment (Epstein
et al. 2000, Reichelt-Brushett & Harrison 2000, Negri & Heyward 2001, Furnas 2003, Negri et al.
2005, Markey et al. 2007) and sediment derived from terrestrial run-off from agriculture often contains high levels of such pollutants (Haynes & Michalek-Wagner 2000, Ramade & Roche 2006).

Impacts of macroalgae on chemical environments,
including nutrient regimes
Macroalgal assemblages can have major effects on habitat chemistry and nutrient regimes, including
effects on waterborne chemicals and nutrients; effects on particulate sediments, either suspended
or as deposits; and effects on the surface area for settlement (e.g., due to surface chemistry of crustose algae; Amsler et al. 1992, Larkum et al. 2003, Walters et al. 2003). Many of these effects will
influence fitness or fecundity of adult corals, or dispersal, survival or settlement and post-settlement
survival and growth of coral larvae. Algal effects on chemical environments may derive directly
from the biological properties of the algae, or from their effects on water flow, mixing and diffusion
gradients, and sediment accumulation. During photosynthesis and respiration, macroalgae use or
produce carbon dioxide and oxygen alternately, simultaneously fixing nitrogen (for cyanobacteria
only), phosphorous and carbon, thereby generating localised gradients in oxygenation and nutrient
concentrations that radiate from individual algae and assemblages (reviewed in Carpenter et al.
1991, Amsler et al. 1992, Larkum et al. 2003). Furthermore, algal alterations of environmental
chemistry (alkalinity-acidity ratios) may affect coral calcification, and non-calcareous algae can
even stimulate calcification in nearby corals enhancing their growth (McConnaughey et al. 2000).
The nature and importance of these effects may be significantly altered by ocean acidification due
to climate change (Diaz-Pullido, McCook et al. 2007).

Impacts of macroalgae on microbial environments
An emerging area of research involves interactions between macroalgae and microbial environments for corals. A series of studies have shown detrimental microbial colonisation of live corals
to be enhanced by macroalgae (Nugues et al. 2004), apparently due to release of organic carbon by
benthic algae (Kline et al. 2006, Smith et al. 2006). Recent work has found complex interactions
between macroalgal and microbial effects on coral larval survival and settlement (Vermeij et al. in
review). A number of studies have suggested coral settlement to be induced by microbial biofilms
associated with coralline algae (Heyward & Negri 1999, Negri et al. 2001, Webster et al. 2004). The
emerging evidence for links between macroalgae and microbial assemblages suggests these effects
are of considerable ecological significance, but current results are extremely limited, precluding
identification of general patterns.
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Effects of macroalgae on coral fecundity,
larval dispersal and survival
Reproduction and successful dispersal of coral propagules are crucial aspects of coral replenishment and hence reef resilience (e.g., Karlson 1999, Hughes et al. 2000, 2005, Hughes & Tanner
2000, Knowlton & Jackson 2001). A wide range of environmental stresses (e.g., turbidity, sediment, reduced light at depth, lesions, bleaching) has been shown to reduce coral reproductive output (e.g., Michalek-Wagner & Willis 2001; review by Harrison & Wallace 1990). Thus, stress or
compromised energy budgets resulting from algal interactions (reviewed in McCook et al. 2001b)
or algal alterations of the habitat (see ‘Effects of macroalgae on habitat conditions’, p. 33) are likely
to reduce coral reproductive output but there is even less published evidence on these aspects than
for effects on settlement or recruitment. Two studies have demonstrated effects of shading and
abrasion (and potentially chemical effects) on coral reproductive output. Experimental clearance of
algal assemblages (dominated by Halimeda spp., Chlorodesmis fastigiata, Peyssonnelia spp. and
Turbinaria ornata) demonstrated that the algae caused a 50% reduction in release of planulae from
the brooding coral Acropora palifera (Tanner 1995). Hughes et al. (2007) observed algal reduction
of coral fitness (measured as tissue thickness) and reproductive output (egg size, number of eggs per
polyp, number of reproductive polyps per square centimetre) in fragments of the spawning coral
Montipora digitata experimentally transplanted close to the large algae Sargassum spp. and Padina
spp. (in contrast to transplants more distant from the large algae, but still close to filamentous turf
algae).
Also relevant is recent work highlighting the potential for proximity to algae to increase coral
disease. Release of organic carbon from benthic algae has been shown to alter microbial colonisation of live coral tissue (Kline et al. 2006, Smith et al. 2006), in some cases causing coral mortality.
In another study, contact with the calcified, upright green alga Halimeda opuntia caused infection
of the coral Montastraea faveolata by ‘whiteplague type II’ disease (Nugues et al. 2004).
Algal effects on fecundity can be expected to vary considerably among coral and algal taxa. For
example, coral taxa vary in capacity to compensate for effects of stress on reproductive output (e.g.,
Cox 2007), algal impacts on mature corals vary considerably (McCook et al. 2001a) and reproductive output varies amongst corals (Hall & Hughes 1996).
The fertilisation and survival of reproductive propagules may be affected directly by algal
release of waterborne chemicals or by indirect environmental effects. Many reef macroalgae have
been shown to release waterborne chemicals (including allelopathic secondary metabolites; Walters
et al. 2003, Gross 2003) and such chemicals have been shown to be deleterious, even lethal, to a
range of invertebrate larvae (Walters et al. 1996, reviewed by de Nys & Steinberg 1999, Gross 2003)
but there are only a few reports specific to corals. Waterborne chemicals from Sargassum polycystum and Laurencia papillosa killed unsettled larvae of Pocillopora damicornis over 24 h (Maypa &
Raymundo 2004). Chemicals released by the cyanobacterium Lyngbya majuscula also killed larvae
of Acropora surculosa and Pocillopora damicornis (Kuffner & Paul 2004). Extracts from some
CCA showed toxic activity against coral larvae (Kitamura et al. 2005). Significantly, recent results
have found macroalgae to have serious, indirect detrimental effects on coral larval survival, apparently due to enhancement of microbial densities in the water (Vermeij et al. in review).
Indirect effects on fertilisation by effects of algae on habitat conditions have not been specifically demonstrated but many of the effects discussed in the previous section have been shown to
reduce fertilisation success of coral gametes. Examples include the effects of sediment regimes
(Gilmour 1999), light and ultraviolet radiation levels (Edmunds et al. 2001), nitrogen and phosphorus levels (Harrison & Ward 2001) and exposure to toxicants such as insecticides, fungicides
(Markey et al. 2007), antifoulants (Negri et al. 2001) and herbicides (Negri et al. 2005).
41

CHICO L. BIRRELL et al.
Larval dispersal is dependent on water movement and circulation patterns (Oliver & Willis
1987, Willis & Oliver 1990, Abelson & Denny 1997, Storlazzi et al. 2006). Water movements may
affect gamete dilution and fertilisation success (e.g., Oliver & Babcock 1992), delivery or retention
of larvae on a reef and larval vulnerability to benthic (Lindquist 1996, Fabricius & Metzner 2004)
and near-reef predators (Baird et al. 2001, Pratchett et al. 2001). Although there is currently no
evidence to suggest the specific nature or importance of these indirect effects, it may be that effects
of algal canopies on larval delivery at small scales explain the pattern of reduced coral settlement
under Sargassum canopies (Jompa 2001).

Effects of macroalgae on the settlement of coral larvae
There is more published research available on algal effects on coral settlement than on the supply-side
or post-settlement stages. Recent work has expanded the geographic scope of such studies, including work from the Caribbean (Kuffner et al. 2006, Nugues & Szmant 2006), Hawaii (Vermeij et al.
in review), Guam (Kuffner & Paul 2004), the Great Barrier Reef (Birrell 2003, Birrell et al. 2005,
in review) and Ningaloo reef in Western Australia (eastern Indian Ocean; Heyward & Negri 1999).
However, this work is disproportionately dominated by studies of enhancement by coralline algae
(Tables 2 and 4). Only relatively recently has there been significant attention paid to the effects of
algae involved in reef degradation, and this work remains insufficient to demonstrate clear patterns
or relationships, such as between algal functional groups and different mechanisms for algal effects
(Table 3; Appendix). Even at the level of functional groups, several mechanisms have not been studied at all. Relatively few algal taxa have been studied, although effects on settlement may be relatively
specific (e.g., Harrington et al. 2004, Maypa & Raymundo 2004, Kuffner et al. 2006, Nugues &
Szmant 2006). For example, crustose coralline algae are often lumped in assemblages, yet one or two
species may play a fundamental role in coral settlement whereas others can be deleterious to coral
settlement or post-settlement survival (e.g., Suzuki et al. 1998, Harrington 2004, Harrington et al.
2004, Kim et al. 2004, Kitamura et al. 2005).
In the few cases that have received repeated attention, effects appear variable, even contrasting
or inconsistent, even for the same alga. For example, the foliose brown alga Lobophora variegata,
widespread on damaged reefs, has been variously shown to have both positive (Morse et al. 1996,
Birrell et al. in review) and negative (Baird & Morse 2004, Kuffner et al. 2006) effects on coral
settlement. Certainly, effects can vary considerably amongst algal taxa (Birrell et al. in review).
There is also discussion about the extent to which enhancement of settlement by crustose coralline algae is due to properties of the algae or of microbial biofilms present on the algae (see next
section). The extent to which these apparent inconsistencies represent different processes, variability among individuals, or differences in methods remains unclear. For example, many studies
use artificial substrata to facilitate microscopic examination, yet recruitment on to such substrata
is often very different from that on natural substrata (often predominantly CCA; e.g., Morse et al.
1988, Mundy 2000, Raimondi & Morse 2000, Birrell et al. in review).

Positive effects of macroalgae on coral settlement
As many as 25 algae, primarily calcareous red algae (CRA) and in particular crustose coralline algae
have been observed to induce settlement of coral larvae (Table 4), although some controversy surrounds the identification of specific mechanisms for this induction. Morse et al. (1988, 1994), Morse
et al. (1996) and Morse & Morse (1991) suggested that coral settlement is induced by polysaccharide morphogens found in cell walls of CRA from both the Caribbean and the Pacific. In contrast,
Heyward & Negri (1999), Negri et al. (2001) and Webster et al. (2004) suggest the morphogens that
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induce coral settlement may be less specific and originate from bacterial communities associated
with CCA and possibly coral skeletons. Furthermore, Baird & Morse (2004) noted greater settlement (up to 80% ± 20% mean ± standard error of the mean [SEM]) in unfiltered versus filtered (0.2
µm) seawater, suggesting a role for waterborne molecules. Negri et al. (2001) observed relatively
specific settlement induction by 1 out of 20 bacterial strains (Pseudoalteromonas Strain A3 isolated
from the coralline CCA Hydrolithon onkodes). Indeed, both algal and bacterially derived induction
may operate simultaneously, or perhaps at different timings or spatial scales, and understanding of
this aspect will clearly develop further as new studies emerge. The chemical recognition of settlement cues or morphogens may be common to all scleractinian corals regardless of mode of reproduction (brooder or gamete spawner) or geographic origin (Morse et al. 1996). Table 4 lists records
of observed response to induction by 26 species of corals, and up to 55% of coral larvae collected in
wild slicks were induced to settle in response to crustose coralline algae (Heyward & Negri 1999).
Corals can demonstrate varying degrees of specificity in responses to inductive cues from crustose coralline algae, but some corals do appear to prefer a few specific algae. Baird & Morse (2004)
observed metamorphosis of Acropora palifera in response to 3 out of 10 algal taxa, but metamorphosis of Stylophora pistillata in response to 9 out of 10 algal taxa suggesting a more opportunistic life-history strategy. Heyward & Negri (1999) observed settlement and metamorphosis of
Acropora millepora larvae on seven different CRA, including upright, geniculate, branching corallines (Amphiroa) and non-corallines (Peyssonnelia), as well as on coral skeleton and CRA skeleton.
In contrast, Morse et al. (1988) and Morse et al. (1996) observed algal induction of coral settlement
to be relatively specific to algal species. Settlement and recruitment in the field also appears very
species specific (Raimondi & Morse 2000, Harrington 2004, Harrington et al. 2004, on natural
substratum and settlement plates). Heyward & Negri (1999) also observed approximately half of the
larvae collected from two different mass spawning slicks of coral larvae to settle on a Peyssonnelia
sp. (a non-coralline crustose red alga; Ningaloo Reef, Western Australia).
Examples of positive impacts on coral settlement from macroalgae other than CRA are relatively
scarce (Table 4) but do exist and are supported by evidence of algal effects on other invertebrate
larvae. In a study of waterborne influences of macroalgae on settlement of the coral Acropora millepora on to the crustose coralline alga Hydrolithon reinboldii, water treated with Lobophora variegata, a corticated foliose brown macroalgae, enhanced settlement and substratum testing behaviour
prior to settlement (relative to controls and other algal treatments; Birrell 2003, Birrell et al. 2008),
although other algae had inhibitory effects (see next section). In another study of waterborne effects,
L. variegata apparently induced initial metamorphosis features (elongation) of Cyphastrea sp. coral
larvae (Morse et al. 1996); such transformations precede settlement of a coral larva (Harrison &
Wallace 1990). However, Baird & Morse (2004) report apparent avoidance behaviour of coral larvae
in response to fragmented portions of Lobophora variegata. This apparent discrepancy may reflect
differences amongst coral species or stages, or the effects of compounds released in response to tissue damage from fragmentation of the alga.
Nugues & Szmant (2006) report settlement of as many as half of the larvae of the coral Favia
fragum on surfaces of the articulated calcareous green alga Halimeda opuntia, despite availability
of suitable rubble substrata. Coral larvae have also been recorded to settle on the frondose green
alga Ulva fasciata (Vermeij et al. in press); settlement on algal fronds is likely to lead to dislodgement and mortality of the coral recruit. Maypa & Raymundo (2004) found waterborne influences
from the leathery macrophyte Sargassum polycystum (brown alga) and corticated foliose alga
Laurencia papillosa (red alga) to enhance settlement of Pocillopora damicornis (up to 71% ± 4%
mean ± SEM, approximately 3-fold relative to controls). Walters et al. (1996) found the macroalgae
Padina australis (corticated foliose brown alga), Hypnea musciformis (corticated macrophyte, red
alga) and Ulva fasciata (foliose green alga) from Hawai’ian reefs provided waterborne chemical
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cues that enhanced settlement of a polychaete (Hydroides elegans). Thus algae other than CCA can
provide positive cues for larval settlement. This is a challenging point because many of the above
fleshy algae are characteristic of more degraded reefs, so positive responses may seem counteradaptive. However, it may be that such responses are adaptive if they enhance the chances of larvae
finding reef substratum from open water (off reef). Inducers characterised from CRA are generally
insoluble in seawater (e.g., Morse et al. 1988, 1994, Morse et al. 1996) so it may be that signals from
other algae serve to guide larvae in open water towards a reef substratum, before insoluble cues
from CRA are detectable.
Work with algal-associated microbial biofilms and settlement of invertebrate larvae generally
has suggested that these provide cues for invertebrate settlement, as well as the algae with which
they are associated (Hoffman & Brand 1987, Johnson et al. 1991a,b). As indicated above, recent
work focused on coral settlement has found this to be partly true for at least three species of corals (Acropora millepora, A. willissae, A. microphthalma; Negri et al. 2001, Webster et al. 2004).
Specific bacteria isolated from CCA (Hydrolithon onkodes) have been identified as inducers of coral
settlement (Negri et al. 2001) and diverse bacterial communities alone (i.e., without calcareous or
crustose algal substratum) have induced coral settlement (Webster et al. 2004). Thus, it is possible
that the presence of microbial biofilms may contribute to the occasional surprising settlement of
coral larvae on the surface of upright algae, such as observed for Halimeda opuntia (an upright,
calcareous green alga unlikely to enhance coral survival; Nugues & Szmant 2006 in Curação,
Caribbean; this result probably also reflected the high abundance of planulae in this study, as suggested by the authors, or the presence of epiphytic CCA on the Halimeda). This suggestion is consistent with evidence that waterborne influences from H. opuntia were not found to affect settlement
of the coral Pocillopora damicornis (Maypa & Raymundo 2004, central Philippines).
In summary, although interesting patterns for induction of coral by algae are beginning to
emerge, these patterns are based on relatively few examples with many exceptions, the interactions
appear complex and variable, and reliable generalisations are not yet in reach. Fortunately, this is
an area of active research, with well-established methods and techniques, that promises continued
rapid development.

Negative effects of macroalgae on coral settlement
Chemical effects (allelopathy)
Macroalgae may be a source of both waterborne and insoluble (tissue-attached) chemical cues that
may either kill or damage larvae before they arrive and settle or may deter larvae from exploring
a habitat and settling. Such chemical effects have been found in cyanobacteria, microalgae and
macroalgae and have long been accepted to affect settlement of a range of invertebrate larvae (e.g.,
Pawlik 1992, Walters et al. 1996, 2003, de Nys & Steinberg 1999, Gross 2003), although there
are relatively few studies relevant to algal impacts on coral settlement (Table 3). Kuffner & Paul
(2004) observed that the presence of a cyanobacterium, Lyngbya majuscula, reduced larval survival of Acropora surculosa and settlement of Pocillopora damicornis on surfaces with high cover
of a crustose coralline alga (unidentified). Kuffner et al. (2006) reported negative influences of
the cyanobacteria Lyngbya polychroa and L. confervoides and several algae (Dictyota pulchella,
Lobophora variegata, and Chondrophycus poiteaui) on presettlement behaviour of larvae of Porites
astreoides, also in the Caribbean. Maypa & Raymundo (2004), also working with Pocillopora damicornis, observed that, although waterborne influences from Sargassum polycystum and Laurencia
papillosa promoted coral settlement, in both cases unsettled larvae died within 24 h and all spat
died after 10 days in the Sargassum polycystum treatment. Baird & Morse (2004) observed no
settlement of planulae from either Stylophora pistillata or Acropora palifera in treatments with
fragments of Lobophora sp. and planulae stopped swimming, sank and remained motionless for
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the duration of their observations. Birrell (2003) and Birrell et al. (2008) observed that Acropora
millepora larvae avoided substratum testing behaviour in response to waterborne influences from
the alga Chlorodesmis fastigiata, despite the presence of a crustose coralline alga known to induce
settlement (Hydrolithon reinboldii; e.g., Morse et al. 1996, Harrington 2004).
Studies of filamentous algal effects on mature corals have shown some species can cause tissue
necrosis, apparently due to allelopathic chemicals (Corallophila huysmansii and Anotrichium tenue
on massive Porites spp.; Jompa & McCook 2003a,b). It is likely that such effects may inhibit coral
settlement or kill coral larvae upon contact. It is relevant here that species of crustose coralline algae
have been reported to show allelopathic inhibition of settlement of macroalgae (Suzuki et al. 1998,
Kim et al. 2004). Recent work has shown complex interactions between apparent chemical effects
of algae and effects of microbes on coral settlement (Vermeij et al. in press). This area merits further
research effort because chemically mediated inhibition of coral settlement by macroalgae has the
potential to significantly increase the extent of impacts well beyond their occupation of space, with
serious consequences for coral population replenishment and resilience.
Epithallial sloughing
Algae that periodically shed surface epithallial tissue layers, known as epithallial sloughing, can
effectively reduce fouling organisms (including corals) by providing an unstable and short-lived
surface for attachment (Johnson & Mann 1986, Keats et al. 1997, Littler & Littler 1999, Harrington
et al. 2004). Epithallial sloughing is particularly common amongst crustose coralline algae and
effectively prevents fouling by filamentous and other diminutive forms of algae. Algal overgrowth
of such coralline algae can cause tissue death within 2 wk (Keats et al. 1997). This prevention of
algal fouling may explain why live coralline algae are more appealing to coral larvae than dead
corallines (Morse et al. 1996, Harrington et al. 2004). The mechanism of epithallial sloughing is
predominantly reported for the red algal (Rhodophyta) families Corallinaceae, Sporolithaceae and
Delesseriaceae (Johnson & Mann 1986, Littler & Littler 1999). Although sloughing is occasionally
reported for other taxa, including some brown algae (Phaeophyceae; e.g., Moss 1982), these seem
unlikely to play a major role in coral settlement. Epithallial sloughing may explain strong differences in suitability of crustose coralline algae as settlement substratum for corals (Harrington 2004,
R.S. Steneck personal communication). Surveys of larval settlement of the corals Acropora millepora and A. tenuis on a range of crustose coralline algae demonstrated that those which provide
unstable and renewed surfaces (e.g., Neogoniolithon fosliei, see Littler & Littler 1999) tend to have
reduced settlement, whereas greatest settlement is observed on species that do not slough epithallial layers (Harrington 2004, Harrington et al. 2004, R.S. Steneck personal communication). It is
worth noting, however, that these differences may well reflect post-settlement mortality of spat, due
to epithallial sloughing, and that coral settlement may actually be fairly indiscriminate (Harrington
et al. 2004).
Other habitat effects: shading, pre-emption of space and sediment trapping
Many of the effects of algae on habitats previously identified (see pp. 33–40) can be assumed to
have significant effects on coral settlement but published demonstrations of such impacts are scarce
(Table 3). Certainly, the presence of algae has been shown to reduce coral settlement but the effects
are variable and precise mechanisms or causes unclear. Birrell et al. (2005) tested the effect of two
different filamentous algal turfs on settlement of the coral Acropora millepora; in one case the turf
inhibited settlement relative to controls with turfs removed, and in the other there was no difference. Similar results were obtained by Petersen et al. (2005). Experimental removal of Sargassum
canopy enhanced coral recruitment (Jompa 2001) and the development of Sargassum canopy, due
to experimental exclusion of herbivores, caused reduced coral settlement compared with plots dominated by filamentous turf algae (Hughes et al. 2007), although it is possible that these results reflect
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post-settlement mortality rather than differential settlement. It would be very valuable to explore the
relationship between inhibition of settlement and the height and density of algal assemblages, both
within and between different algal assemblage types (e.g., comparisons of coral settlement in different turfs and between turfs and other algal assemblages such as Sargassum canopies). Birrell et al.
(2005) suggested that the differences in turf height and/or thickness may have caused the different
results for two turfs mentioned above.
Algal pre-emption of space and ‘recruitment barriers’ have been widely inferred (e.g., McCook
et al. 2001a and references therein) but it is not entirely clear to what extent the effect is caused by
physical pre-emption of space or by other factors. Dense turfs of the filamentous alga Enteromorpha
intestinalis in culture apparently inhibited colonisation by spores of the alga Ulothrix pseudoflacca
by space pre-emption (Hruby & Norton 1979, Olson & Lubchenco 1990). McCook et al. (2001a)
suggest a continuous macroalgae canopy (e.g., foliose or corticated foliose algae) may reduce larval access to substratum below, and hence inhibit settlement. In the case of crustose algae, closely
adherent foliose forms and thick, dense algal mats, this reduction of access may be effectively
true. However, coral larvae are motile and relatively small (approximately 0.5- to 2-mm diameter; Harrison & Wallace 1990) and so it is questionable whether either a filamentous turf or a
Sargassum canopy could be effectively continuous to coral larvae; theoretically both have sufficient
space between algal thalli for corals to gain access to substratum. Thus space pre-emption may to
some extent be a scale-dependent concept. However, although algal assemblages may not strictly
prevent access of coral larvae to substratum, it is clear that access will be substantially inhibited due
to (1) entanglement, predation or allelopathy within the algal canopy, (2) metabolic costs of actively
navigating through the canopy and (3) habitat effects on chemical and nutrient regimes, oxygenation, hydrodynamics or sediment trapping. The concept of a recruitment barrier may therefore be
more relevant than strict space pre-emption.
Sediment trapping and accumulation by algae are likely to be a major limitation on access to
substratum, potentially acting as a complete barrier, especially on degraded reefs exposed to high
terrestrial run-off. In one of the few studies to consider interactions between human impacts and
algal effects, Birrell et al. (2005) found that sediment trapping by filamentous turfs can reduce
settlement of the coral Acropora millepora.
There is no direct evidence for algal shading affecting coral settlement and many coral larvae
are not photosynthetic (Harrison & Wallace 1990). However, both intensity and spectral quality
can affect coral settlement (Mundy & Babcock 1998) and Baird & Hughes (2000) report that shade
reduced overall coral recruitment by 96% (based on data from underneath plate corals at 2 m depth
on a reef crest approximately 8 wk after settlement, so that differences are probably at least partly
due to post-settlement mortality). In contrast, Kuffner (2001) observed that reduced ultraviolet radiation favoured settlement of the coral Pocillopora damicornis. Thus algal impacts on coral settlement through shading are plausible but they are likely to differ between coral species and to depend
on the extent and spectral quality of algal shading. Shading effects on settlement are probably less
significant than shading effects on post-settlement survival and growth as photosynthesis becomes
more important in later stages.

Effects of macroalgae on the post-settlement
survival and growth of corals
The effects of benthic macroalgae on the post-settlement survival and growth of juvenile corals will
be of major importance to the replenishment of coral populations after disturbances, in part because
coral recruits are more vulnerable to a broader range of impacts than established corals. However,
once again, these conclusions are based as much on conceptual considerations as empirical evidence due to the scarcity of published research (McCook et al. 2001a, Table 3, Figures 1 and 2,
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but see Box & Mumby 2007). In contrast to studies of settlement, studies of recruitment and postsettlement have favoured larger-bodied upright fleshy algae (foliose and corticated foliose, leathery
macrophytes), typical of ‘phase shifts’, mostly as a result of dramatic and long-term degradation of
Caribbean reefs (Table 3). Significantly, coral post-settlement dynamics are of much longer duration, up to years, in contrast to the days to weeks between larval release and settlement (Harrison &
Wallace 1990), so that effects have longer to accumulate.
Algal effects on post-settlement survival of corals seem to be generally negative. The majority
of studies in Table 3 reported impacts varying from mortality to reduced growth. It is important
to consider sublethal effects as well as effects on survival/mortality because reduced growth rates
or fitness may have important long-term consequences for population-level recovery (e.g., Box &
Mumby 2007). Examples of neutral or positive effects include survival of recruits on crustose and
thin filamentous turfs (Birrell 2003, Harrington et al. 2004); algae sheltering or obscuring recruits,
thus protecting them from damage by grazing herbivores or corallivores (e.g., Bak & Vaneys 1975,
Bak 1994, Miller & Hay 1998); and shading of coral recruits from bleaching damage (Birrell 2003,
and by analogy to Jompa 2001 for established corals).
Direct effects of algae on coral recruits (e.g., abrasion, overgrowth, epithallial sloughing) have
received more attention than potential indirect effects, such as changes to physical and chemical
habitat conditions or grazing regimes. However, as shown (pp. 33–40), changes to light levels, flow
rates, chemical and nutrient regimes and sediment accumulation will all have potentially powerful impacts on fitness and growth of juvenile corals, and these warrant direct investigation. Other
examples of possible indirect effects include incidental (‘collateral’) damage to recruits from grazers
feeding on adjacent algae (e.g., Bak & Vaneys 1975, Bak 1994) or obscuring of recruits (preceding
paragraph). Potts (1977) suggested that damselfish behaviour may facilitate algal impacts on corals
by favouring accumulation of algal biomass, although territorial defence may also reduce damage to
coral recruits from larger herbivores (Sammarco & Carleton 1981; see also Ceccarelli et al. 2001).
Note that most of the preceding examples provide circumstantial evidence only and such indirect
effects warrant direct investigation in the specific context of coral replenishment.

Mechanisms for algal effects on post-settlement corals
The mechanisms for direct impacts of algae on coral recruits are essentially those identified for
mature coral-algal interactions (McCook et al. 2001b), namely overgrowth/smothering, shading,
abrasion and chemical effects (but omitting recruitment barriers and epithallial sloughing, both of
which affect settlement and were addressed on pp. 45–46). Table 3 summarises available evidence
for each of these mechanisms, classified against the algal functional groups involved; some of the
combinations are not possible (e.g., crustose algae cannot generally shade or abrade). As indicated
in McCook et al. (2001b; their Table 6), coral recruits are more vulnerable to many of these mechanisms than established corals because they are easier to overgrow or shade and generally more
vulnerable to physiological effects. As suggested in that paper, the properties of the algae are likely
to be more relevant than the properties of the coral recruits, which are still small and have limited
development and differentiation (but see next section).
However, many areas have not received any research attention, and chemical effects, abrasion
and sediment accumulation have been overlooked for a range of functional groups. For example,
chemical or allelopathic effects seem likely for species from all functional groups (e.g., Walters
et al. 2003), including crustose coralline algae (Suzuki et al. 1998, Kim et al. 2004, Kitamura et al.
2005), and the scarcity of reports presumably reflects lack of research (perhaps due to the technical
requirements of such research) rather than indicating that such effects do not occur. McCook et al.
(2001a; their Table 6) list the mechanisms they consider likely to be common for each algal functional group, emphasising overgrowth and shading for most groups, abrasion for the larger groups,
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sloughing for crustose algae and chemical effects for microalgae (such as cyanobacteria). A recent
study by Box & Mumby (2007) specifically tested the mechanisms involved, showing that effects of
the widespread foliose, brown algae Lobophora variegata and Dictyota pulchella can in large part
be attributed to shading and abrasion.
The strength of each mechanism (overgrowth/smothering, shading, abrasion, chemical effects)
will vary with a range of factors including, in particular, the type, height and density of the algal
assemblage. For example, abrasion by leathery and corticated macrophytes (e.g., Turbinaria spp. or
Sargassum spp., both brown algal genera) is likely to be more severe than by foliose (e.g., Padina
spp., brown alga) or filamentous algae (e.g., Chlorodesmis spp. green alga). Indeed Gleason (1996)
observed Turbinaria spp. to completely remove coral recruits from settlement tiles (Turbinaria is a
particularly tough and spiky, upright brown alga). However, a dense canopy of large leathery algae is
likely to shelter coral recruits rather than abrade them. Abrasion from foliose algae (Ulva spp. green
alga, Lobophora variegata, Dictyota menstrualis brown algae) does not appear to be as extreme,
even when combined with shading and potentially chemical effects (e.g., Fairfull & Harriott 1999,
Kuffner et al. 2006). It is not practical to compare the relative strength of the different mechanisms
because their effect will depend on the above factors in each circumstance.
All four mechanisms can be expected to increase in intensity with density, although abrasion
may moderate if the assemblage is dense enough to limit frond movement. Height of the algal
canopy will affect the morphologies that can be overgrown; generally, an algal turf or crust will
not overgrow any but the smallest recruits, whereas a thick algal mat will overgrow most recruits,
except upright, branching corals (Figures 1 and 2). Height will have a major effect on shading, with
larger algae shading larger recruits, and well grazed algal turfs providing little effective shade.
Other factors that will affect the strength of effects include water flow and wave action, which
will increase the impact of abrasion on adjacent corals and recruits (e.g., River & Edmunds 2001,
Eckman et al. 2003).

Size and morphological development of coral recruits
Although coral recruits are initially relatively small and undifferentiated, as they grow, their size
relative to adjacent algal assemblages and their morphology will both change, with consequences
for their interactions with the algae. Coral survival has been shown generally to increase with
growth, especially in the very early post-settlement period (Rylaarsdam 1983, Hughes & Jackson
1985, Babcock & Mundy 1996, Hughes & Tanner 2000, Wilson & Harrison 2005). Babcock &
Mundy (1996) showed that survival and development of older coral recruits (>5 months) was greatest on upward facing surfaces with more light but that survival of younger corals was lower on these
surfaces, possibly as a result of deleterious impacts of sediments. Thus corals are likely to be most
vulnerable to algal impacts immediately after settlement, and vulnerability to different mechanisms
is likely to change. For example, newly settled spat seem likely to be much more vulnerable to
allelopathic impacts than established juvenile corals.
In particular, as the relative size of coral recruits changes relative to different algal types, the
mechanisms of algal effects will change. Coral recruits greater than a few millimetres in height may
emerge from a close-cropped filamentous turf (Figures 1 and 2), reducing the potential for shading
and abrasion, and reducing the relative effects of flow regimes and chemical environments within
the turf (e.g., Carpenter & Williams 1993, Larkum et al. 2003). In contrast, very small recruits may
be protected from abrasion caused by larger seaweeds by small-scale surface features. An example
is provided by two simultaneous studies of a phase shift caused by experimental exclusion of herbivores. Experimental plots became overgrown by algae, predominantly Sargassum spp. (large, leathery brown macrophyte, up to 3 m tall) and Padina spp. (corticated foliose, brown alga), whereas
control plots were dominated by closely cropped filamentous turfs. Hughes et al. (2007) found the
48

Algal EFFECTS ON Coral REPLENISHMENT and Reef Resilience
larger algae inhibited survival of coral recruits (0.5- to 5.0-cm diameter), naturally recruiting on
to the reef substratum. In contrast, in the same experimental plots, Birrell (2003) observed higher
survival of smaller (diameters <0.5 cm) Acropora millepora spat transplanted within days after
settlement and followed from individual polyps for 130 days. It appears the smaller size of the latter
recruits meant they were less frequently in contact with the larger algae, were less frequently subject
to abrasion and were less affected by shade (as suggested by Babcock & Mundy’s 1996 observations
discussed in the first paragraph of this section). Indeed, algal canopies may have provided some protection to these very small recruits during a mild bleaching (Great Barrier Reef, summer of 2002, as
suggested for adult corals, Jompa & McCook 1998). Increasing size (perimeter, height and surface
area, polyp number) of coral recruits may also increase intensity of competition for space, the range
of other benthic organisms encountered and the range of different chemical and physical features of
the habitat encountered (Jackson 1979).
As coral recruits grow, they increasingly express interspecific differences in morphological
traits and life-history characteristics so that morphology will become increasingly relevant to the
outcomes of interactions with algae. Although algal properties are particularly important (McCook
et al. 2001a), it is also true that different corals interact differently, even with the same alga (e.g.,
Nugues & Bak 2006 using Lobophora variegata). Furthermore, changes in size and morphology
will interact. For example, growth of simple, rounded morphologies (e.g., favids) will be less significant to their interactions with algae than growth of upright branching morphologies (e.g., tabular
or staghorn Acropora spp., which stand clear of the substratum and shade competitors; Baird &
Hughes 2000).

Effects of spatial and temporal scale of algal dominance
Moving from the level of individual coral recruits to the level of populations, the spatial scale
and duration of interactions will have major consequences for the effects of algal assemblages on
coral replenishment and reef resilience. The spatial extent of disturbances is critical to the nature
of the consequent recovery and succession (McCook 1994, Connell et al. 1997, 2004, Folke et al.
2004). Localised disturbances such as storm damage, ship groundings or dynamite fishing can
facilitate algal dominance and invasion on limited scales (102–104 m2; e.g., Schaffelke et al. 2006,
Raymundo et al. 2007). Recovery from such degradation will involve external supply of coral larvae, encroachment from surrounding populations, and control of algal biomass by herbivores. In
contrast, mass bleaching, large-scale run-off or widespread overfishing may lead to macroalgal
dominance throughout entire regions (Hughes 1994, Jackson et al. 2001, McClanahan et al. 2001,
Berkelmans et al. 2004). In such circumstances, larval supply may be seriously reduced at regional
scales (e.g., Hughes & Tanner 2000) and herbivory may be unable to control such large-scale algal
increases, resulting in much more intense and more general algal inhibition of coral replenishment.
Small-scale (25-m2), experimentally induced phase shifts (Hughes et al. 2007) were reversed relatively rapidly (Bellwood et al. 2006) because diverse herbivore populations were present in adjacent
undisturbed habitat, which would not be the case for reef-wide phase shifts. Even where disturbance
is patchy, fragmentation of reef habitats may lead to reduction in overall larval supply, and overall
survival and fitness of recruits, becoming a long-term threat to resilience (Hughes et al. 2005).
Similar considerations are relevant to the duration of algal dominance, with more severe degradation generally involving longer-term reductions in coral replenishment and greater loss of reef
resilience. Decadal-scale algal ‘phase shifts’ on reefs in the Caribbean have led to widespread
reductions in coral recruit survival, as well as death of mature colonies (Hughes 1994, Hughes &
Tanner 2000, Edmunds 2002, Rogers & Miller 2006, Edmunds & Elahi 2007). Indeed macroalgal
impacts in the Caribbean have played a key role in changing reefs, apparently irreversibly, relative to
their geological past (Pandolfi & Jackson 2006). In contrast, experimental herbivore exclusion over
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2 yr reduced but did not completely inhibit recruit survival (Hughes et al. 2007). Seasonal blooms
in algal biomass and overgrowth (on the scale of months; e.g., Diaz-Pulido & Garzón-Ferreira 2002,
Rogers 1997) may have minimal effects on coral replenishment, either because overgrowth is shortlived or because it is asynchronous with key life-cycle stages (e.g., spawning or settlement).
Overall, short-term and more localised dominance by macroalgae is likely to have less severe
impacts on reef resilience, not simply because effects are less extensive, but also because effects
are less intense within the patch. In such circumstances, if macroalgal dominance is localised and
alleviated within years, long-term reef decline may be avoided. However, long-term and large-scale
dominance by macroalgae will generally result in more sustained and more intense impacts on coral
replenishment and consequent serious loss of reef resilience.

Conclusions and overall implications for reef resilience
Overall, it is clear that benthic macroalgae have a wide range of potentially major impacts on the
different stages or processes of coral replenishment and that these effects are critical to the ecological resilience of coral reefs. Macroalgal ‘phase shifts’, especially those dominated by larger, fleshy
algae or thick mats of algae, can hinder coral replenishment by reducing adult fecundity, larval dispersal, settlement and post-settlement growth and survival. In contrast, reef substratum dominated
by crustose coralline algae and fine, closely grazed filamentous algal turfs is relatively well suited
for coral replenishment. Importantly, effects on the processes of fecundity, larval dispersal, settlement and post-settlement growth and survival are cumulative and interdependent because to recruit
successfully, a coral requires each stage to be successful.
Algal effects on coral larval supply, settlement and post-settlement survival are diverse, complex and highly variable, ranging from positive effects, such as induction of settlement on coralline
crusts, to strongly negative effects, such as exclusion of settlement and recruitment by thick algal
mats. In general, negative effects appear more common, especially for larger, fleshy algae or thick
mats typical of phase shifts and degraded reefs. Algal effects on coral replenishment appear to be
often specific to taxa or assemblages and functional groups and may include direct effects, such as
direct overgrowth of coral recruits, and indirect effects, especially changes in the physical, chemical
or microbial nature of habitats due to algal overgrowth.
Although numerous factors and circumstances will influence the outcomes, several key points
are worth emphasising. The different processes or stages of coral replenishment respond very differently to different algal influences. Within each stage, variability in algal effects is strongly related
to key properties of the algal assemblage, especially algal size, growth form or functional group,
density and chemical properties, including nutrient processing, production of allelopathic secondary metabolites or effects on microbial communities. With the exception of chemical effects, most
of these traits are well captured by the functional groups, such as crustose, filamentous and various
upright fleshy groups. However, there is still considerable specificity among both algal and coral
taxa, and the life-history traits of corals, especially their size and morphology, will become increasingly important as the corals grow.
It is clear that existing information on algal effects on coral replenishment is insufficient to
adequately understand this critical aspect of reef resilience. All topics need further research, but
algal effects on larval supply, effects of fleshy algae on coral settlement, effects of algae mediated
by changes in microbial assemblages and several specific combinations of algal type and competitive mechanisms warrant particular attention. Effects of crustose coralline algae on coral settlement
have been better studied than most aspects. There is a real need for careful attention to the nature
and properties of the algae in these interactions and research should aim to resolve the algae studied
to functional groups as a minimum, in addition to the best feasible taxonomic descriptions, and
description of canopy heights, density and growth form.
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Overall, given algal dominance of degraded reefs, the review demonstrates the importance
of more careful consideration of algal effects on coral replenishment to coral-reef resilience, in
both scientific and management contexts. The nature of the algal assemblage arising from disturbances can vary from filamentous algal turfs to beds of large, canopy-forming algae (Table 1;
Diaz-Pulido & McCook 2002), and the differences in algal assemblages will have major impacts on
the future of the reef (e.g., Table 3) and on the effectiveness of management strategies. Clearly, there
is not yet sufficient evidence to draw strong conclusions about these differences but the urgency of
impending degradation warrants some preliminary comments. Where algal communities are dominated by CCA and closely cropped filamentous turfs, coral replenishment is likely to be strongest.
Blooms of seasonal algae may have a relatively low impact unless the bloom period overlaps with
coral spawning and/or settlement periods. Canopies of large, leathery algae, such as Sargassum, are
likely to seriously inhibit coral replenishment and recovery but the most severe impacts seem likely
to arise with thick and dense mats of fleshy algae, which render most of the substratum inaccessible,
especially in conjunction with heavy sediment deposition. The density of any algal assemblages will
strongly influence the extent of such barriers and the extent of chemical and nutrient gradients.
Options for direct management responses to algal dominance are largely limited to proactive steps to prevent establishment of undesirable algal assemblages. Once established, there is
little that can be done to remove algal blooms at any significant scale. Proactive strategies should
aim to maximise the relative success of filamentous turfs and CCA, minimise the growth and
accumulation of larger, fleshy algae and minimise the extent to which algae interact with anthropogenic sediments and nutrients. Perhaps most important is the protection of herbivore guilds, especially herbivorous fishes, which maintain low algal biomass, in turn enhancing coral recruitment
(McCook 1999, Hughes et al. 2007, Mumby et al. 2007). Measures to reduce pollution, especially
increased sediments, may reduce competitive dominance by larger, fleshy algae and will minimise
sediment trapping and formation of detrimental chemical or microbial microhabitats within the
algal assemblage.
More generally, measures that enhance the overall resilience of the reef ecosystem, such as
maintaining coral health, ecosystem biodiversity and trophic structure and integrity (Hughes et al.
2003, McCook et al. 2007), will serve to maintain the capacity of the system to resist and recover
from disturbances and indirectly slow or prevent increases in algal dominance. Particularly important is to reduce the frequency and severity of disturbances, such as coral bleaching and cyclones.
Both disturbances and loss of resilience depend critically on climate change, and the most critical
overall need is for urgent and dramatic actions to reduce the rate and extent of climate change, by
reducing emissions of greenhouse gases.
Globally, increasing reef degradation, especially due to the impending impacts of changing
climates (Hoegh-Guldberg et al. 2007), means that the extent and duration of algal dominance
will increase and the effects of this dominance on coral replenishment are likely to cause a severe
bottleneck for reef recovery. Although much attention has focused on the global-scale effects of
climate change on corals as the primary reef builders, there has been less detailed consideration of
climate effects on key processes and interactions, such as the interactions between algae and coral
replenishment. Increasingly frequent and severe mass bleaching of corals will result in increasingly
extensive algal colonisation of dead corals. But recent work (Diaz-Pulido et al. 2007b) has also
shown that climate change, particularly ocean acidification, will have major effects on reef algae,
probably enhancing dominance by turfing and fleshy algae and decreasing the abundance of CCA.
Such changes will alter the context for coral replenishment, interacting synergistically with stresses
on corals, and leading to increasing dominance by thicker algal mats and larger fleshy algae, in turn
causing increased inhibition of coral replenishment. As climate change and other human impacts on
coral reefs increase, understanding and addressing the changing dynamics of coral replenishment
on algal-dominated reefs become increasingly important.
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Appendix
List of coral taxa and algae used in published studies of algal impacts on coral settlement or postsettlement survival. Approximately 800 species of corals have been taxonomically identified worldwide (Veron 2001).
Coral

Reproductive
mode

Acropora digitifera
Acropora florida
Acropora formosa
Acropora gemmifera
Acropora hyacinthus
Acropora microphthalma
Acropora millepora

S
S
S
S
S
S
S

Acropora nasuta
Acropora palifera

S
B

Acropora sp. 1
Acropora sp. 4
Acropora sp. 6
Acropora sp. 7
Acropora spp. 8, 9, 10, 11
Acropora surculosa
Acropora tenuis

S
S
S
S
S
S
S

Acropora willisae
Agaricia agaricites
Agaricia danai
Agaricia humilis

S
B
B
B

Agaricia humilis

B

Macroalgae
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Bacteria/microalgae2
Sargassum spp.3, Padina spp.3, Lobophora sp.3, mixed CCoA3, Chlorodesmis
fastigiata3, Lobophora variegata3, filamentous turf3,4 Hydrolithon
reinboldii5, Lithoporella melobesioides5, Neogoniolithon fosliei5,
Porolithon onkodes5, Titanoderma prototypum5 Amphiroa anceps6,
A. foliacea6, Hydrolithon onkodes6, Lithophyllum insispidum6,
L. kotschyanum6, Mesophyllum sp.6, Neogoniolithon brassica-florida6,
Peyssonnelia sp.6, Hydrolithon onkodes7 & bacteria7
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon sp.8, Lobophora sp.8, Peyssonnelia sp.8, Porolithon sp.8,
filamentous turf (<15 mm height in combination with 10 mm sediments)9
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon sp.1, Lobophora sp.1, Peyssonnelia sp.1, Porolithon sp.1
Lobophora variegata1
Peyssonnelia sp.1
Hydrolithon reinboldii1
Lyngbya majuscula10
Hydrolithon reinboldii1,5, Lithoporella melobesioides5, Neogoniolithon
fosliei5, Porolithon onkodes5, Titanoderma prototypum5, Lobophora
variegata1, Peyssonnelia sp.1
Lithophyllum sp.7
CCoA11, endolithic algae11, filamentous turfs11
Microalgae/bacteria 12, mixed CCoA both on dead Millepora complanata
CCoA sp. 112, sp. 212, sp. 312, sp.412, sp. 512, Hildenbrandia sp.12, microalgae
or bacteria12, mixed CCoA12, Porolithon sp.12
Hydrolithon boergensii1,13,14,17,18, H. reinboldii1, Neogoniolithon
megacarpum13,18, Porolithon pachydermum13, Peyssonnelia sp.1, Halimeda
opuntia15, filamentous turfs (thick & ungrazed; thin & grazed; primarily
Cladophora spp. & Cladophoropsis spp.)16; mixed CCoA (Hydrolithon,
Mesophyllum, Pneophyllum, Porolithon & Titanoderma)16, unidentified
CCoA11, endolithic algae11, filamentous turfs11
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Coral

Reproductive
mode

Agaricia tenuifolia
Agaricia spp.
Cyphastrea sp.
Favia favus
Favia fragum

B
B
S
S
B

Gonioastrea retiformis
Montipora capitata

S
S

Oculina arbuscula
Pocillopora damicornis

B

Porites astreoides

B

Porites porites
Stylophora pistillata
Tubastrea aurea

B
B
B

Macroalgae
Hydrolithon boergensii13, microalgae/bacteria12, mixed CCoA12
Lobophora variegata24, Dictyota pulchella24
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Halimeda opuntia15, filamentous turfs (thick & ungrazed; thin & grazed;
primarily Cladophora spp. & Cladophoropsis spp.)16, mixed CCoA
(Hydrolithon, Mesophyllum, Pneophyllum, Porolithon & Titanoderma)16
Hydrolithon reinboldii1, Lobophora variegata1, Peyssonnelia sp.1
Ulva fasciata25, Acanthophora spicifera25, Pterocladiella caerulescens25,
Sargassum polyphyllum25
Sargassum spp.19, Dictyota spp.19, Dictyopteris spp.19, Zonaria spp.19,
Lobophora spp.19
Lyngbya majuscula10, L. confervoides20, Halimeda opuntia20, Laurencia
papillosa20, Peysonnelia rubra20, Sargassum polycystum20,
Chondrophycus poiteaui/Laurencia poiteaui21, Dictyota confervoides21,
D. menstrualis21, D. pinnatifida21, D. pulchella21, Lobophora variegata21,
L. polychroa21, induced algal phase shift by herbivore exclusion22
Sargassum hystrix23
Hydrolithon sp.8, Lobophora sp.8, Peyssonnelia sp.8, Porolithon sp.8
Hydrolithon boergensii13

Note: Coral reproductive mode is listed as brooders (B) and spawners (S; mode unknown for Oculina arbuscula). Superscript
numbers indicate references as follows: 1Morse et al. 1996, 2Webster et al. 2004, 3Birrell 2003, 4Birrell et al. 2005,
5Harrington et al. 2004, 6Heyward & Negri 1999, 7Negri et al. 2001, 8Baird & Morse 2004, 9Potts 1977, 10Kuffner &
Paul 2004, 11Van Moorsel 1985, 12Morse et al. 1988, 13Morse & Morse 1991, 14Morse et al. 1994, 15Nugues & Szmant
2006, 16Petersen et al. 2005, 17Raimondi & Morse 2000, 18Steneck & Morse (cited in Morse & Morse 1991), 19Miller
& Hay 1996, 20Maypa & Raymundo 2004, 21Kuffner et al. 2006, 22Lewis 1986, 23River & Edmunds 2001, 24Box &
Mumby 2007, 25Vermeij et al. in press.
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Colour Figure 1 (Birrell et al.) Different algal assemblages dominating reef habitats, creating large differences in the suitability of the habitat for coral replenishment. A. Crustose calcareous algae, especially from
the Order Corallinales, form a calcified crust over the substratum and are generally associated with habitats
that promote coral recruitment. B. Filamentous algal turfs, closely cropped by herbivorous fishes and sea
urchins, create a low turf (1–5 mm in height), which is compatible with coral recruitment. C. Aggregations
of Cyanobacteria (microalgae) may form longer filaments (30–100 mm in height) and often generate hostile
chemical conditions. D. Thick mats of larger, more robust corticated algae may create a dense layer over much
of the reef substratum (50–150 mm in height), trapping sediments and generating chemical and nutrient conditions that may be inimical to coral settlement and early recruits. E. A dense mat of the ephemeral, corticated
brown alga, Chnoospora implexa, covering large areas of reef and live corals (up to 500 mm high). Because
this mat was highly seasonal, and short-lived, it subsequently disappeared, with little apparent impact on the
underlying corals. The impact of such a mat on coral replenishment would depend strongly on the timing
of the bloom relative to coral spawning and settlement. F. Dense mat of the corticated, foliose brown alga,
Lobophora variegata, covering corals killed during a mass bleaching event and rendering the substratum
apparently inaccessible to coral recruits. G. Canopy of the leathery macrophyte, Sargassum (brown alga),
which may reach heights of up to 3–4 m and densities of 100 plants m −2, pre-empting space for coral recruitment and significantly altering light and hydrodynamic regimes.
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Colour Figure 2 (Birrell et al.) Disturbance, algal colonisation and effects of algae on coral recruitment.
A. Colonisation of severely bleached coral tissue by fine filamentous algae. Disturbances that lead to coral tissue death usually result in colonisation of exposed coral skeleton by some form of benthic algae. Subsequent
succession may result in very different algal assemblages, with very different consequences for coral replenishment. B. Overgrowth of damaged corals by the corticated, foliose brown alga, Lobophora variegata, has
dramatically reduced substratum available for coral settlement. C. Healthy coral recruit attached to a crustose
calcareous alga; such algae may enhance settlement of coral larvae. D. Coral recruit emerging from filamentous algal turf. The recruit would have been more strongly affected by physical and chemical conditions in
the turf during settlement and early growth. E. Acropora corals emergent from a dense mat of Lobophora
variegata (as in B and Figure 1F). F. Leathery macrophytes (e.g., Sargassum) may form an extensive canopy,
but still retain significant understorey substratum suitable for coral settlement and recruitment, such as the
filamentous turfs shown here. G. Trapping of sediments by filamentous algal turfs may enhance stress experienced by coral recruits and significantly reduce the suitability of habitat for their survival and growth.

