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Abstract Extreme tidal events are one of the most
predictable natural disturbances in marine benthic
habitats and are important determinants of zonation
patterns in intertidal benthic communities. On coral
reefs, spring low tides are recurrent disturbances, but
are rarely reported to cause mass mortality. However,
in years when extremely low tides coincide with high
noon irradiances, they have the potential to cause
widespread damage. Here, we report on such an event
on a fringing coral reef in the central Great Barrier
Reef (Australia) in September 2005. Visual surveys of
colony mortality and bleaching status of more than
13,000 corals at 14 reef sites indicated that most coral
taxa at wave-protected sites were severely aVected by
the event. Between 40 and 75% of colonies in the
major coral taxa (Acropora, Porites, Faviidae, Mussi-
dae and Pocilloporidae) were either bleached or
suVered partial mortality. In contrast, corals at wave-
exposed sites were largely unaVected (<1% of the
corals were bleached), as periodic washing by waves
prevented desiccation. Surveys along a 1–9 m depth gra-
dient indicated that high coral mortality was conWned
to the tidal zone. However, 20–30% of faviid colonies
were bleached throughout the depth range, suggesting
that the increase in benthic irradiances during extreme

low tides caused light stress in deeper water. Analyses
of an 8-year dataset of tidal records for the area indi-
cated that the combination of extended periods of
aerial exposure and high irradiances occurs during
May–September in most years, but that the event in
September 2005 was the most severe. We argue that
extreme low-tide, high-irradiance events are important
structuring forces of intertidal coral reef communities,
and can be as damaging as thermal stress events.
Importantly, they occur at a time of year when risks
from thermal stress, cyclones and monsoon-associated
river run-oV are minimal.

Introduction

The tidal zone is one of the most physically challenging
habitats in marine benthic habitats (Paine and Levin
1981; Menge and Branch 2001). It is an area of periodic
aerial exposure (Brown et al. 1994b; Stapel et al. 1997),
frequent strong wave action (Dollar 1982; Denny 1994)
and large temperature Xuctuations (Helmuth 1998). The
intertidal zone is also an area of high solar irradiance
and potential UV stress; both of these factors may have
deleterious eVects on photosynthetic organisms such as
corals (Brown et al. 1994a; Shick et al. 1996). Neverthe-
less, the tidal zone, and in particular the growing reef
margin (i.e. the reef crest), is the most productive zone
on coral reefs (Barnes and Chalker 1990; Chisholm
2003) and accounts for more than half the species rich-
ness on coral reefs (Karlson et al. 2004). Such richness
indicates that the range of conditions in the tidal zone is
generally within the dynamic tolerance range of corals.

The stress eVects of aerial exposure on reef-Xat
organisms during extreme low tides are well documented,
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1624 Mar Biol (2007) 151:1623–1631
although mainly in early studies (Glynn 1968; Fishel-
son 1973). High levels of mortality have been observed
in low-diversity coral communities following extreme
low tide events (Loya 1976) and extensive coral bleach-
ing has resulted after the coincidence of low tides and
unusually cold winter weather (Hoegh-Guldberg et al.
2005). However, the timing, predictability and coral-
community consequences of potentially destructive
events are less obvious. In situations where lowest
astronomical tides occur around noon and coincide
with minimal cloud cover, prolonged aerial exposure
and elevated or reduced temperatures in combination
with high irradiance may exceed the tolerance limit of
most corals and lead to widespread damage. Extreme
low tides occur twice annually, autumn and spring (ver-
nal and autumnal equinoxes, Allen 1997). Yet, the low-
est astronomical tides do not occur every year, do not
necessarily occur around noon and may occur under
signiWcant cloud cover. Thus, the alignment of pro-
longed aerial exposure and supra-optimal irradiance
constitutes a rare physical disturbance. Analogous to
cyclones, extreme low-tide, high-irradiance events may
represent a cyclical disturbance pattern that helps
maintain high species diversity by periodic exclusion of
competitively dominant taxa (Connell 1978; Rogers
1993).

Here, we document the eVects of an extreme low-
tide, high-irradiance event on a coastal coral reef in the
central Great Barrier Reef lagoon during September
2005. We examine the spatial extent of the event along
gradients of wave-exposure and depth and the tempo-
ral periodicity of similar events using historical tidal
data and simulated irradiance regimes for the region.
This combined approach allows us to evaluate the
implications of destructive tidal and irradiance regimes
for the dynamics of shallow-water coral communities.

Methods

Study area

Surveys were conducted at 14 sites on reefs surround-
ing Orpheus and Pelorous Islands (18.38°S, 146.30°E)
(Fig. 1). These islands support extensive fringing reefs,
which are representative of inshore reefs of the central
region of the Great Barrier Reef. The western, leeward
side of the islands is characterized by high turbidity
(Anthony and Fabricius 2000), and the eastern side is
inXuenced by waves generated by the prevailing south-
easterly trade winds (Larcombe et al. 1995; PandolW
and Greenstein 1997). Nine sites were chosen along the
western, wave-protected side of the islands to achieve

good representation of the varying environmental con-
ditions prevailing in the diVerent bays. Three of those
sites were within Pioneer Bay, which has a well-devel-
oped reef slope to 6–9 m. Five sites were selected along
the eastern, exposed side of the islands to provide good
representation of the habitats there. To ensure repre-
sentation by key coral taxa at all sites (see below), only
sites with a coral cover >25% and with a well-devel-
oped community composition were selected.

Environmental data

We analysed long-term temporal patterns in the occur-
rence of extreme low tides as well as reporting in situ
point measurements of tidal height and irradiance at

Fig. 1 Map of study sites around Pelorous and Orpheus Islands
(Australia). The Wve eastern (wave exposed) sites are repre-
sented by open stars and the nine western (wave protected) sites
by closed stars. The location of the light logger station in Pioneer
Bay (Orpheus Island) is marked “LL”
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Mar Biol (2007) 151:1623–1631 1625
low tide for July–October 2005. Hourly tidal records
(observations) were obtained from the Maritime Safety
Queensland (Brisbane) for oVshore of Lucinda (18°31
S, 146°23 E) between the years 1997 and 2005. Hourly
records of surface irradiance for the years 2003–2005
were obtained from the Orpheus Island weather station
located in Pioneer Bay. Because long-term irradiance
logger data do not exist for the location prior to 2003,
surface irradiances for the years 1997–2002 were esti-
mated based on weekly (rolling) noon maxima (Emax)
for 2003–2005 (see Anthony et al. 2004). To estimate
irradiance as a function of time of day [E(t)] we used
the relationship E(t) = Emax·sin3(�t/12 h) (Marra 1978).
By using weekly rolling irradiance maxima (represent-

ing little or no cloud cover) as estimates of irradiance
for the period 1997–2003, our comparison of the sever-
ity of the low tide, high-light stress event in 2005 with
that of events in previous years was highly conservative.
To analyse long-term trends in the alignment of low
tides with high irradiances, we compiled hourly tidal
records and surface irradiances. For every day between
1 January 1997 and 31 December 2005, we calculated
the total amount of irradiance accumulated in the inter-
tidal during times of aerial exposure. That is, for every
hour that the tidal height was <0.4 m and the benthos
air-exposed, the amount of light reaching the intertidal
was estimated (Anthony et al 2004) and each hourly
estimate was summed over the entire day.

Fig. 2 Time series of inte-
grated daily irradiances for 
corals in the intertidal zone 
(<0.4 m above lowest astro-
nomical tide) around Orpheus 
and Pelorous Islands. Tidal 
data are actual tidal heights 
from the nearby logger station 
(Fig. 1). Solar irradiance data 
prior to 2003 are predicted 
values in the absence of clouds 
(Anthony et al. 2004) and 
irradiance values after 2003 
are data obtained by the 
weather station at Orpheus 
Island Research station
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In addition to long-term projections of the tidal-light
regime, we obtained detailed patterns of benthic irradi-
ance and turbidity before and during the extreme low
tide event in 2005 from in situ light loggers. SpeciWcally,
downwelling underwater irradiance was recorded hourly
in Pioneer Bay, Orpheus Island from 18 July to 14
October 2005 at two depths: (1) on the reef crest at a
depth corresponding to the lowest astronomical tide
(LAT) and (2) at the base of the reef slope (14 m below
LAT). All irradiance sensors were cosine corrected and
designed to record within the photosynthetically active
range (PAR, 400–700 nm). The underwater sensors
were calibrated underwater against a Li192S sensor
(Licor, Nebraska). Both loggers (DataXow Systems,
Christchurch, New Zealand) were equipped with cus-
tom-made automated sensor wipers to prevent biofoul-
ing. Furthermore, the positioning on the loggers at two
depths allowed us to estimate light attenuation (kD) in
Pioneer Bay during this period using Lambert–Beer’s
law (van Duin 2001; Anthony et al. 2004).

Coral bleaching and mortality surveys

At all 14 sites around Orpheus and Pelorous Islands, we
assessed the impact of the extreme low tide event on the
coral communities via surveys of the Wve dominant coral
taxa: the genera Acropora and Porities, and the families
Faviidae, Mussidae, and Pocilloporidae. These taxa make
up the majority of the coral communities on the Great
Barrier Reef (Done 1982; Devantier et al. 2006) includ-
ing reefs around Orpheus and Pelorus Islands (Baird and
Marshall 2002). We also included soft corals of the gen-
era Lobophyllia and Sinullaria in the surveys as these
often constitute >10% of the benthic community in the
study area. At all sites, surveys were conducted on the
reef crest at a depth of 1 m above to 1 m below lowest
astronomical tide (LAT). Furthermore, to assess whether
the low tide–high irradiance event impacted corals in
deeper water, three sites on the inshore (western) side of
the islands were also surveyed at a further four depths
between 2 and 9 m below LAT. For all surveys, the status
of coral colonies was based on visual assessments and
categorized as either healthy, bleached, <50% colony
mortality or ¸50% colony mortality. Corals were scored
as healthy if they had normal colouration over their
entire colony surface, and bleached if they were strik-
ingly pale (corresponding to colour categories 3–6 and <3
of the reference chart by Siebeck et al. 2006). Only par-
tial mortalities clearly attributable to the recent event
(evidenced by tissue sloughing, visible skeleton and
minor algal colonization) were scored. We treated sepa-
rate colonies as discrete individuals. Because surveys
included 400–1,500 (average 648) colonies at each site

and each depth, and covered areas up to 200 m long at a
given site, multiple clones of each species were likely to
be represented at each site and at each depth.

Results

Analyses of the long-term temporal patterns of
extreme low tides (<0.4 m above lowest astronomical
tides) coinciding with high noon irradiances indicated
that stress from combined air and high-light exposure
is most likely to occur during the Austral winter and
spring (Fig. 2). Interestingly, the timing and potential
severity, here estimated as the accumulated amount
of irradiance during periods of air exposure, of such
events varied strongly between the years from 1997 to
2005. In 2005, only two signiWcant periods of stress
occurred, 17–22 August and 12–18 September (Fig. 2).
Despite signiWcant cloud cover on September 15, the
integrated amount of irradiance impinging on the air-
exposed corals (depths shallower than 0.4 m above LAT)
in September 2005 was twice or three times greater than
in August and orders of magnitude greater than at any
other time of the year (Fig. 2).

During the period 12–18 of September, tidal heights
fell to 0.1–0.2 m above LAT in the early afternoon. All
coral colonies in the reef-Xat and reef-crest assem-
blages on the western sites were fully emerged and
exposed to high irradiances from a clear sky. Although
tidal levels on eastern sites were similar to those at the
western sites, intertidal colonies on the eastern, wave-
exposed sites were only partially air-exposed due to

Fig. 3 Temporal patterns of low tides (upper panel) and associ-
ated solar irradiances (lower panel) around Pelorous and
Orpheus Islands during Winter–Spring 2005. Vertical lines indi-
cate time periods during which the reef-crest assemblages were
air-exposed as well as subject to high solar irradiances. Horizontal
lines represent exposure point for inter-tidal corals (»0.4 m
above LAT)
123



Mar Biol (2007) 151:1623–1631 1627
washing by the surf. Maximum irradiances on the reef
crest, as measured by the in situ light loggers in Pioneer
Bay, increased from »1,000 to »1,800 �mol m¡2 s¡1

(Fig. 3). Light attenuation in Pioneer Bay varied
between 0.08 and 0.17 m¡1. Based on Lambert–Beer’s
law (Kirk 1994) this corresponds to between 50 and
80% light attenuation over the 9-m depth transect. At
the eastern sites, light attenuation was approximately
half that at the western sites (Mia Hoogenboom,
unpublished). During the study period, temperature
increased from 22 to 26°C only, which is signiWcantly
lower than the threshold temperature for coral bleach-
ing in this region (Berkelmans 2002), and therefore
unlikely to represent a signiWcant stress factor.

Results of the coral surveys in October (15–17) 2005
indicated a dramatic diVerence in the stress responses
of key coral taxa between western (wave-protected)

and eastern (wave-exposed) sides of the islands. On
the eastern sites, <1% of coral colonies was aVected by
the event, for all coral taxa. In contrast, on the western
sites, all hard coral taxa were markedly aVected. Corals
in the family Pocilliporidae were most severely aVected
with 79% of colonies displaying some signs of bleach-
ing or mortality, while »50% of colonies in all other
major taxa were in some way aVected by the event
(Fig. 4). Notably, soft corals did not show any signs of
bleaching or mortality at any site. The degree of stress
shown by the scleractinian coral colonies was taxon-
speciWc (Fig. 5). While the majority of aVected Acro-
pora colonies had >50% colony mortality, faviids
appeared more resistant, with the majority of aVected
colonies displaying signs of bleaching only. Compari-
sons of stress responses between crest and slope habi-
tats (four zones ranging from »1 to 9 m below LAT)

Fig. 4 Comparison of num-
ber of healthy versus aVected 
(stressed) coral colonies be-
tween eastern (wave exposed) 
and western (wave protected) 
sites for the major coral taxa 
in shallow water (crest habi-
tat) 2–6 weeks after the low 
tide, high-irradiance events
123



1628 Mar Biol (2007) 151:1623–1631
for Acropora, Porites, faviids and mussiids indicated
that high mortalities were largely conWned to the inter-
tidal crest habitat. However, a large proportion of
faviid colonies were also bleached in deep water
(Fig. 6). It must be noted that coral surveys were con-
ducted approximately 1 month after the most severe
September low tide event. In this short timeframe,
recovery from bleaching and mortality are unlikely
and the full extent of bleaching may take months to
become evident, as many taxa show delayed responses
to bleaching stress (Marshall and Baird 2000). Thus,
the estimates of bleaching and mortality presented
above are likely to be conservative estimates of the
magnitude of the low-tide, high-irradiance event.

Discussion

Extreme low tides coinciding with high-midday irradi-
ances are annual events that in some years can cause

widespread damage to intertidal coral communities.
Our analyses of an 8-year dataset (1997–2005) of tidal
records and surface irradiances indicated that the risk
of air exposure coinciding with high light pressure is
highest during the period May–October (Austral win-
ter). However, although low noontides are annual sea-
sonal events (Glynn 1968; Fishelson 1973), their timing
and severity (hours of exposure to air and high irradi-
ance) vary strongly between years. Based on the calcu-
lated, accumulated amount of irradiance during days of
air exposure, the event in September 2005 was likely to
be the most severe low tide, high-irradiance stress dur-
ing the 8-year period (Fig. 2). This was despite the fact
that irradiance data prior to 2003 were estimated
assuming clear skies (Anthony et al. 2004), and thus
tended to overestimate historical daily irradiances.

Of the more than 6,000 coral colonies surveyed on
the crest at western sites of Orpheus Island, >50%
were aVected by this tidal event, either in the form of
bleaching or partial mortality. This level of damage is

Fig. 5 Detailed comparisons 
of the severity of stress-
response (visual assessments 
of health status) for all coral 
taxa for the western sites in 
shallow water (crest)
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comparable to that recorded by Loya (1976) following
a similar tidal event in Eilat, Red Sea (1970). Notably,
the level of coral mortality resulting from the tidal
event at Orpheus Island was greater than the mortality
observed at the same reefs following the thermal
bleaching event in the summer of 1998 (Baird and
Marshall 2002), which was one of the worst on record
(Hoegh-Guldberg 1999, 2004). Similar to the pattern
for thermal bleaching, members of genus Acropora
and family Pocilloporidae were most aVected by the
tidal event, whereas faviids, mussids, Porites, and in
particular soft corals, were the least aVected. Massive
scleractinian corals with thick tissue layers, such as
faviids and mussids, are able to retract their tissues into
the skeleton and thereby withstand long periods of
aerial exposure and high solar radiation (Brown et al.
1994a). Importantly, because Acropora was the
dominant group on the reef crest, and among the most

vulnerable to other stressors such as thermal bleaching
(Marshall and Baird 2002) and cyclones (Connell
et al. 1997), colonies surviving the winter tidal event
are likely to have weakened defences against upcom-
ing summer stressors. Allocation of resources towards
tissue repair following the tidal event is likely to
impact negatively on energy stores, and thereby
increase the risk of starvation following thermal
bleaching in summer (Anthony et al. 2007). Further-
more, the timing of extreme low tide, high-irradiance
events coincides with key stages of the gametogenic
cycle (Babcock et al. 1986). This may, thus cause low-
ered fecundity as energy stores are diverted to tissue
repair or energy acquisition is reduced as a conse-
quence of bleaching (Baird and Marshall 2002;
Anthony et al. 2007). As a result, the overall repro-
ductive output of the coral population at Orpheus and
Pelorous Islands is likely to have been reduced in
2005 as a result of both mortality removing individu-
als from the population and reduced fecundity of
remaining colonies. Severe tidal events thus have the
potential to devastate the intertidal reef community
by several means: (1) high mortality of dominant
framework builders, (2) physiological stress and
reduced energy reserves prior to the onset of subse-
quent stressors and (3) reductions in the reproductive
potential of coral communities.

The primary mechanism likely to be driving the dra-
matic diVerences in stress responses between coral
communities on western and eastern sites is the con-
trasting wave regimes. Prevailing southeasterly winds
in the Coral Sea and within the Great Barrier Reef
lagoon generate sea wave heights of up to 1 m on most
days on the eastern side of the islands (personal obser-
vation). SpeciWcally, during the periods of extreme low
tides in August and September 2005, wind strengths
were 10–15 knots from a southeasterly direction, gen-
erating signiWcant swells at the eastern sites. As a con-
sequence, intertidal benthic communities at eastern
sites were only air-exposed for seconds at a time due to
the breaking surf. In contrast, wave-heights at the west-
ern protected sites were minimal (less than 0.3 m) and
corals on the reef crest were air-exposed at all times
during the extreme low tides.

Of secondary importance is the large diVerence in
light attenuation between eastern and western sites. A
reduction in water depth due to falling tides causes a
much greater relative increase in benthic irradiance in
turbid water than in clear water (Anthony et al. 2004).
In plants and photo symbioses such as corals, sudden
episodes of supraoptimal irradiance can lead to pho-
toinhibition, photodamage and bleaching (Brown
et al. 1994a; Hoegh-Guldberg and Jones 1999), often

Fig. 6 Severity of stress responses along a 9 m depth gradient
for Acropora, Porites, faviids and mussiids at the western sites of
Pelorous and Orpheus Islands
123



1630 Mar Biol (2007) 151:1623–1631
resulting in mortality (Gleason 1993; Baird and Mar-
shall 2002; McClanahan 2004). In benthic aquatic habi-
tats, the light environment is highly dynamic, driven by
at least three variables: tidal regime, cloud cover and
turbidity (Anthony et al. 2004). Because corals pho-
toacclimate to average irradiances (analogous to plants
and algae, Falkowski and Raven 1997), the extreme
low tide, high-irradiance event would have led to
greater light stress for the more shade-acclimated cor-
als on the western sites than for the more light-adapted
corals at the eastern sites. This is also supported by the
observation that 20–30% of faviid and pocilloporid col-
onies underwent bleaching in shallow as well as deep
water on the western side of the islands.
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