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Abstract Corals in shallow waters are subjected to
widely fluctuating temperatures on a daily basis. Using
continuous temperature recordings, we examined the
temperature regime in one such area, a backreef moat
with low tide depths of 1-2 m on Ofu Island in Ameri-
can Samoa. The moat supports a high diversity of 85
coral species [H'(jog0)=3.37] with 25-26% live coral
coverage. In one section of the moat, a 4,000-m? pool
inhabited by 52 coral species, the mean summer
temperature was 29.3 °C, but daily temperatures fluc-
tuated up to 6.3 °C and briefly reached a peak of
34.5 °C. The duration of hot water events, e.g., 232 °C,
averaged 2.4 h per event (maximum 5 h) and occurred
on 35 summer days, although daily mean temperatures
did not exceed 30.5 °C and were generally within 0.5 °C
of that occurring outside the moat at an exposed coastal
area. While there was a previous mortality of many
acroporids during a long-term (several month) warming
period in 1994, at least nine Acropora species and a
diverse range of other taxa withstand the current tem-
perature regime.
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Introduction

Reef-building corals live in waters where temperatures
are surprisingly close to the corals’ upper tolerance limit
(reviewed by Glynn 1993; Brown 1997; Hoegh-Guldberg
1999). An increase of only 1-2 °C above the mean
temperature level can severely stress or kill the corals if
conditions persist for several days or more (e.g.,
Berkelmans and Willis 1999). This has led to concern
about whether corals will be able to acclimatize or adapt
rapidly enough to projected increases in temperature
due to global warming, or whether corals will experi-
ence worldwide mortalities in the next few decades
(Hoegh-Guldberg 1999).

At the same time, it has been commonly observed
that corals living in very shallow waters are often able to
tolerate high water temperatures for short periods (e.g.,
Brown 1997). For example, in the Gulf of Oman (Indian
Ocean), corals exist in waters that can fluctuate 19.6—
33.0 °C annually and 8.2 °C daily (Coles 1997). Our
paper expands upon these findings by providing detailed
analyses of nearshore temperature fluctuations and the
species of corals that tolerate them in a very different
type of habitat, the fringing reef of a small oceanic island
in American Samoa. Using continuous temperature re-
cordings, we were able to examine the frequency and
duration of hot water events tolerated by these corals.

Methods

Study area

Ofu Island, located in the Samoan Archipelago (14°S, 170°W), is a
small volcanic island (7.5 km?) with a well-developed fringing reef
that is 80-180 m wide (Fig. 1). The study area is a large backreef
moat (40-90 m wide) that extends along most of the island’s 1.5-
km southeastern shoreline. The moat has water depths of 1-2 m at
low tide when water circulation is minimal because there are no
deep channel outlets, but the moat is thoroughly mixed during high
tides (tidal range 1 m). No streams enter the area, but small
amounts of freshwater percolate into the moat along the shoreline.
The moat consists of an interconnected network of pools with ex-
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Fig. 1 American Samoa, showing locations of Ofu Island and the
study area, a backreef moat on the fringing reef that consists of a
series of interconnected pools 1-2 m deep at low tide

tensive coral patches. Two pool areas were examined in this study:
pool A is smaller and shallower (4,000 m% 1.1 m deep at low tide)
than pool B (27,000 m?, 1.9 m deep at low tide).

Water temperatures in the study area are typically highest
during the 8-month summer season of October-May, which is
characterized by 2 °C warmer air and water temperatures and
more rain than during the June-September period (Craig et al.
2000).

Sampling

Water temperatures were measured with data loggers (Onset
Computer Corp.) with an accuracy of 0.25 °C at 30 °C. Loggers
were periodically immersed in ice water to ensure that their accu-
racy had not drifted from 0 °C, and new loggers were overlapped
with existing loggers in order to compare temperatures that were
within 0.3 °C of each other. Shaded temperatures were recorded at
0.5-h intervals at near-bottom depths of 1 m (pool A) and 1.5 m
(pool B) at low tide. This slight difference in depths is not

problematic for two reasons: (1) temperature comparisons at two
depths in pool A (1 and 0.35 m) revealed no temperature stratifi-
cation over a 5-month period, and (2) the slightly deeper depth in
pool B simply represents a habitat (less subject to the temperature
fluctuations) that does not occur in pool A. Recordings began in
October 1998 (pool A) and December 1999 (pool B). For com-
parative purposes, temperatures were also monitored along an
exposed coastline location on the neighboring island of Tutuila.
Temperatures there were recorded at 2-h intervals in outer Vatia
Bay at a depth of 10 m, a depth selected because it is less influenced
by surface temperature fluctuations. Although Tutuila and Ofu
islands are 100 km apart, exposed nearshore habitats in this open-
ocean region are generally well mixed; thus the water temperatures
in exposed coastal areas on both small, steeply sloping islands are
expected to be similar.

Coral species and percent cover were determined in May 2000
by visually estimating the spatial coverage of each species in 0.25-
m? quadrats with 10x10-cm gridlines. For each haphazard toss of
the quadrat, the percent coverage of a species in each of the 25
grid squares was summed (1 square=4% of quadrat). The aver-
age percent cover for a species was the sum of all quadrat per-
centages for that species divided by the sample size (n=47 and 54
in pools A and B, respectively). A Shannon-Wiener species di-
versity index was calculated as: H’log2 = —Zp,log,p;, where p; is
the proportion of corals in category i. Additional time was spent
searching for coral species not found in quadrats in pools A and B
in order to get a better estimate of the total number of species
present.

Results
Temperature environment

Mean summer temperatures in Ofu’s backreef pools
were about 29 °C (Table 1), but temperatures fluctuated
widely on a daily basis (Fig. 2). During daytime low
tides, the pools would heat up until cooled by the re-
turning high tide. Summer water temperatures fluctuat-
ed by up to 6.3 °C per day (Fig. 3), reaching a peak of
34.5 °C in pool A, the warmer of the two pools. The
duration of hot water periods, e.g., 232 °C, in pool A
averaged 2.4 h per event and occurred on 35 days during
the summer of 1998-1999, with hotter events occurring
less frequently (Fig. 4). Figure 4 also shows the maxi-
mum duration of hot events (e.g., 5 h at =32 °C) expe-
rienced by the corals described below.

Nonetheless, daily mean water temperatures did not
exceed 30.5 °C at any time during this study and were
generally within 0.5 °C of that occurring outside the
moat at an exposed coastline in outer Vatia Bay

Table 1 Temperature summa-

ries for backreef pools A and Site Season Water temperature (°C)
B during summer (Oct.-May) Mean SD Maximum Minimum  Range
and annual periods. An open-
coast site (;’af‘“a at 10-m depth)  po ;A Summer 1998/1999  29.3 0.88 34.5 26.7 7.8
f/lggier’;rtﬁen toirngeor?zﬁi-rlgosnh Summer 1999/2000  29.1 0.92 33.7 26.4 73
e B e Annual 1999 28.8 0.86 34.3 26.4 7.9
(pools A and B), 2 h (open Annual 2000 28.6 1.04 337 25.1 8.6
coast) Pool B Summer 1999/2000  29.3 0.55 31.9 27.6 43
Annual 2000 28.6 0.79 31.9 26.2 5.6
Open-coast Summer 1999/2000 29.3 0.32 29.9 28.3 1.7
Annual 1999 28.8 0.53 29.9 27.7 22
Annual 2000 28.7 0.73 30.1 26.9 3.3
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Fig. 2 Water temperatures in pool A during 1998-1999
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Fig. 3 Daily ranges of summer temperatures (Oct.—May) in pools
A and B

(Fig. 5). Water temperatures cooler than ambient ocean
temperatures were presumably caused by heavy rain-
fall.

In the larger and deeper pool B, mean summer water
temperatures were similar to those in pool A (Table 1),
but temperatures did not fluctuate as widely (Fig. 3), the
duration of hot water events was briefer (Fig. 4), and
maximum temperatures were 1.8 °C lower during 1999—
2000.

Corals

A diverse assemblage of 85 coral species was present in
combined quadrats and supplementary observations in
pools A and B (Table 2). In the quantitative samples, the
two pools were nearly identical in the number of species
present (27-30), species diversity [H’ 002y = 3.374-3.375],
and percent live coral coverage (25-26%). However,
additional searching found more species in pool B (total
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Fig. 4 Mean (above) and maximum (below) duration of summer
hot water events in pools A (1998-1999) and B (1999-2000).
Frequency of hot events (above) refers to number of days during
which a brief period of hot water occurred
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Fig. 5 Mean daily temperatures in pool A compared to open-coast
water temperatures measured at Vatia at 10-m depth

of 79 species) than pool A (52 species). Most corals in
pool A (88%) were also present in pool B, but only 58%
of the corals in pool B were found in pool A.
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Table 2 Coral species in Ofu Island’s backreef pools. Numbers
indicate percentage of coral coverage in quadrats (0.25 m?);
n=47 in pool A, n=>54 in pool B. Additional corals observed in
these pools are also indicated (p). Totals differ slightly due to

Table 2 (Contd.)

Coral species Percent cover

rounding Pool A Pool B
Coral species Percent cover Oulophyllia sp. P P
Pavona cactus P
Pool A Pool B Pavona decussata P P
Pavona divaricata p p
Acropora aculeus p Pavona minuta p
Acropora austera P P Pavona varians 0.1 0.1
Acropora carduus p Pavona venosa 2.4 0.8
Acropora crateriformis p Platygyra daedalea 0.5 0.3
Acropora digitifera p Platygyra pini 0.0 0.3
Acropora donei 1.7 Pocillopora damicornis 4.1 2.0
Acropora elseyi p Pocillopora danae 1.2 p
Acropora muricata 4.0 Pocillopora eydouxi 0.5 p
Acropora gemmifera p p Pocillopora meandrina p p
Acropora grandis 0.2 Pocillopora verrucosa 0.7 p
Acropora horrida 0.2 Porites annae p
Acropora humilis p p Porites cylindrica 7.5
Acropora hyacinthus p p Porites lichen 4.6 1.0
Acropora intermedia 2.8 Porites mound spp. 0.5 3.1
Acropora latistella p Porites sp. #2 p
Acropora microphthalma ) Psammocora contigua 1.0 0.1
Acropora nasuta p Stylocoeniella armata 0.0 0.0
Acropora pulchra 1.5 p Symphyllia recta p
Acropora samoensis P Turbinaria reniformis P P
A ’ r o 7
cropora fenuts P P Total coverage 25.3% 26.2%
Acropora valida p al
Acropora verweyi 0.2 Total spp. 32 79
Astreopora myriophthalma p 0.0
Coscinaraea collumna p
Cyphastrea microphthalma 0.0 . . . .
Ef.},fmopom sp. P P P The dominant species differed at the two sites. In pool
Favia favus P A, Porites lichen, Pocillopora damicornis, Pavona venosa,
Favia helianthoides p and Leptoria phrygia accounted for 52% of the total
Favia matthaii 0.3 p coral cover. In pool B, Porites cylindrica, Porites mound
Favia pallida p p P . and A. intermedia : ted
Favia speciosa p Spp., cropora muricata, an . Intermedia accounte
Favia stelligera 0.0 p for 66% of coral cover.
Favites abdita p p
Favites complanata p P
Favites flexuosa p . .
Favites halicora p Discussion
Favites russelli p )
Fungia fungites P 0.0 Coral diversity in American Samoa is high, with over
g “’;g’fl scular, ’a/ . 02 80 200 species recorded (Hunter et al. 1993; Maragos et al.
aaﬁ\‘?aﬂfa‘mcu ars : ‘ 1994; Mundy 1996; Birkeland et al. 1997; Green et al.
Goniastrea edwardsi 0.2 p ) .
Goniastrea favulus P 1999). At least 85 species are present in the backreef
Goniastrea pectinata P P moat on Ofu Island, and the high diversity of corals
Goniastrea retiformis 0.4 0.2 there [H'(og2)=3.37] is similar (with high species over-
Heliopora coerulea 0.3 p lap) to that recorded outside the moat on the exposed
Hydnophora exesa 0.4 0.0 . , -
Hydnophora microconos P P reef front in Fa_gatele Bay [H’(042) = 2.65-3.63] located
Leptastrea purpurea 0.0 0.1 on nearby Tutuila Island (Green et al. 1999). In recog-
Leptoria phrygia _ 2.1 0.2 nition of Ofu’s diverse coral assemblage and picturesque
Leptoseris mycetoseroides p coastline, the southeastern portion of the island was
Lobophyllia corymbosa p desi ted " 1 K in 1988
Lobophyllia hemprichii p esignate . a hational parx in : . .
Millepora dichotoma 1.0 0.5 The ability of these backreef corals to withstand brief
Millepora platyphylla 0.2 p but frequent exposures to high water temperatures is
%qum aea curta 82 0.2 typical of corals inhabiting shallow-water environments
ontipora cfflorescens : (Brown 1997; Coles 1997; Berkelmans and Willis 1999).
Montipora foveolata 0.0 p . . .
Montipora monasteriata P The qu data demonstrate thqt this tolerance is exh¥b1ted
Montipora tuberculosa p 0.8 not by just a few hardy species but rather by a diverse
Montipora turgescens p assemblage of coral species. This situation appears to be
Montipora venosa 2.0 0.2 similar to that described at two other geographically
Montipora verrucosa 0.0

distant locations. Brown and Suharsono (1990) found



that reef flats near Java were subjected to summer diel
temperature ranges of 5-6 °C, but coral species richness
was high (75 species) and coral cover was 22-26% (prior
to a warming event in 1983 that killed 80-90% of the
corals). Similarly, in the Gulf of Oman, Coles (1997)
recorded summer fluctuations of up to 8.2 °C per day in
areas inhabited by 24 coral species with 50-75% coral
coverage and no apparent symptoms of coral stress.

Ofu’s backreef corals are probably subjected to
environmental stresses more extreme than recorded in
this study. For example, (1) during daytime low tides,
pool surfaces are often calm, thus facilitating trans-
mission of solar radiation, (2) dissolved oxygen may be
low when waters stagnate during nighttime low tides
(the minimum dissolved oxygen saturation observed in
pool A was 14.6%, personal observation), and (3)
heavy rainfall would reduce salinities in the backreef
pools. The synergistic effect of these variables could be
considerable (Coles and Jokiel 1978), but bleaching in
the moat is typically slight (<1%, personal observa-
tion). However, less extreme increases of only a degree
or two in water temperature but over a prolonged
period of time (several months), as occurred through-
out the territory in 1994 (Goreau and Hayes 1995),
appear to have caused extensive mortalities among
branching acroporids in the moat at that time
(personal observation).

The degree to which the Ofu corals might be ge-
netically distinctive compared to those on neighboring
reefs is questionable, because the backreef pools
are flushed by daily high tides and because most of
the corals found there are broadcast spawners rather
than brooders (the main exception being Pocillopora
damicornis). However, unless all recruits of these
species are naturally able to tolerate widely fluctuating
temperatures upon settlement (i.e., without time for
acclimation), natural selection would quickly eliminate
any recruit unable to tolerate the backreef environ-
ment. Some degree of adaptation to the moat envi-
ronment seems possible, because moat waters have a
high residency period during low tides, so it is con-
ceivable that some coral recruitment there could be
self-seeding (e.g., Sammarco and Andrews 1988).

In view of global warming, the fate of these shallow-
water corals is uncertain. It is unclear whether corals
subjected to such environmental variability have higher
thermal tolerances (Cook et al. 1990; Goreau and
Macfarlane 1990; Hoeksema 1991), or whether no such
advantage is conferred (Berkelmans and Willis 1999)
and these corals will be among the first to die because
they are already near their lethal temperature limit and
will not be able to adjust to the rapid pace of global
warming (Hoegh-Guldberg 1999). In the remote oceanic
location of American Samoa where the territory’s small
islands are buffered by a vast ocean, it might be expected
that global warming will have less impact than else-
where; however, air temperatures here have risen
steadily over the past 20 years and are now 1-2 °C
warmer than during the period 1960-1980 (Craig et al.
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2000; National Oceanic and Atmospheric Administra-
tion 2000). This, in turn, may affect shallow-water
environments either directly by increasing water
temperatures or indirectly by causing climatic uncer-
tainty and possibly an increased frequency of hurricanes
in the region.
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Discussion section: Newly available dataset (Climate
Monitoring and Diagnostic Laboratory, National Oce-
anic and Atmospheric Administration) does not confirm
that air temperatures have increased in American Samoa.
The following two sentences should have been deleted:
In the remote oceanic location of American Samoa
where the territory’s small islands are buffered by a vast
ocean, it might be expected that global warming will

The online version of the original article can be found at
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have less impact than elsewhere; however, air tempera-
tures here have risen steadily over the past 20 years and
are now 1-2 °C warmer than during the period 1960—
1980 (Craig et al. 2000; National Oceanic and Atmo-
spheric Administration 2000). This, in turn, may affect
shallow-water environments either directly by increasing
water temperatures or indirectly by causing climatic
uncertainty and possibly an increased frequency of
hurricanes in the region.
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